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Abstract

Measuring production cross sections of W-boson pairs (WW*+W ™) at particle colliders
provides an important test of the predictions of Standard Model of particle physics in
both perturbative quantum chromodynamics and electroweak domains. In this the-
sis, fiducial and differential cross-section measurements of W1~ production are pre-
sented. A dataset recorded with the ATLAS detector between 2015 and 2018 in proton-
proton collisions at a center-of-mass energy of /s = 13 TeV at the Large Hadron Col-
lider is analyzed, corresponding to an integrated luminosity of 140 fb™".

The event selection targets leptonic decays into an electron and a muon of opposite
electric charge (W*W~ — e*v,uFv,). In contrast to many previous measurements
that enhance the W W™ signal purity by vetoing hadronic jets in the final state, the
first measurement of the W'~ production cross sections using a fully jet-inclusive
selection is presented in this thesis. Contributions from top-quark and lepton misiden-
tification backgrounds are estimated using data-driven techniques. The latter relies on
the definition of lepton selection criteria targeting non-prompt lepton contributions. An
accurate modeling of prompt leptons fulfilling these selection requirements is ensured
by performing a dedicated calibration using the tag-and-probe method. The associated
uncertainties are drastically reduced, no longer being a limiting factor in the precision
of WHTW™ cross-section measurements.

The fiducial W+ W~ cross section is determined in a maximum-likelihood fit with an
uncertainty of 3.1 %. The measurement is extrapolated to the full phase space, resulting
in a total W+ W~ cross section of

o(pp — WTW™) =127 £ 1 (stat.) + 4 (syst.) pb,

providing the most precise measurement of the W*W ™ production cross section
achieved in hadron-hadron collisions to date. Differential cross sections are measured
as a function of twelve observables describing the kinematics of leptons, jets, and the
missing transverse energy of the W W~ system. State-of-the-art theory predictions
are in excellent agreement with the reported measurements. Differential distributions
at reconstruction level are used to constrain anomalous electroweak gauge boson self-
couplings and interactions between the Higgs scalar field, leptons, and quarks in the
framework of a dimension-six effective field theory.

To address the numerous challenges in environments of high instantaneous luminosity
expected during the operation of the LHC Run 3 and High-Luminosity LHC, upgrades
of the experimental detectors were carried out between 2019 and 2022. These involved
the replacement of the innermost muon chambers in the ATLAS detector’s endcaps with
the New Small Wheels (NSWs). A new facility to test small-strip Thin Gap Chambers
(sTGC), one of the main technologies of the NSW, has been commissioned in Freiburg.
Design, installation, and validation of the gas and high-voltage systems necessary for
operating a sSTGC prototype under nominal conditions of LHC data-taking are reported
in this thesis.






Zusammenfassung

Die Messung des Wirkungsquerschnitt der Produktion von W-Bosonpaaren (W W ™)
an Teilchenbeschleunigern stellt einen wichtigen Test der Vorhersagen des Standard-
modells der Teilchenphysik sowohl im Bereich der perturbativen Quantenchromody-
namik als auch der elektroschwachen Wechselwirkung dar. In dieser Arbeit wer-
den Messungen des fiduziale und differentielle Wirkungsquerschnitts des W+~
Prozesses vorgestellt. Es wird ein Datensatz von Proton-Proton-Kollisionen analysiert,
welcher zwischen 2015 und 2018 mit dem ATLAS-Detektor bei einer Schwerpunkt-
senergie von /s = 13 TeV am Large Hadron Collider aufgenommen wurde. Dieser
entspricht einer integrierten Luminositat von 140 fb™".

Die Ereignisauswahl zielt auf leptonische Zerfélle in ein Elektron und ein Myon mit
entgegengesetzter elektrischer Ladung ab (W*W~ — eFv,.uFv,). Im Gegensatz zu
vielen fritheren Messungen, die die Reinheit des W+ W ~-Signals erhohen indem sie
hadronische Jets im Endzustand ausschliefien, wird in dieser Arbeit die erste Messung
der W+ W ~-Wirkungsquerschnitte unter Verwendung einer vollstindig jet-inklusiven
Auswahl présentiert. Beitrage von Top-Quark- und Leptonenfélschungs-Untergriinden
werden unter Verwendung datengetriebener Techniken abgeschétzt. Letztere beruht
auf der Definition von Leptonenauswahlkriterien, welche nicht-prompten Lepton-
beitrdge abschédtzen, deren Modellierung durch eine dedizierte Kalibrierung mit der
Tag-and-Probe Technik verbessert wird. Die damit verbundenen Unsicherheiten wer-
den drastisch reduziert und sind nicht mehr der limitierende Faktor fiir die Prdzision
der W*W ~-Wirkungsquerschnittsmessungen.

Der fiduziale W*+W ~—-Wirkungsquerschnitt wird in einem Maximum-Likelihood-Fit
mit einer Unsicherheit von 3.1 % bestimmt. Die Messung wird auf den gesamten
Phasenraum extrapoliert, was zu einem Gesamt-W W ~-Querschnitt von

o(pp— WTW™) =127 & 1 (stat.) £ 4 (syst.) pb

fithrt und die préziseste Messung der W*W ~-Wirkungsquerschnitte darstellt, die
bisher in Proton-Proton-Kollisionen erreicht wurde. Differentielle WIrkungsquerschnitt
werden als Funktion von zwolf Observablen gemessen, die die Kinematik von Lepto-
nen, Jets und fehlender transversaler Energie des W W ~-Systems beschreiben. Mod-
ernste theoretische Vorhersagen stimmen ausgezeichnet mit den berichteten Messun-
gen tiberein. Differentielle Verteilungen auf rekonstruiertem Niveau werden verwen-
det, um anomale elektroschwache Eichboson-Selbstwechselwirkungen und Wechsel-
wirkungen zwischen dem Higgs-Skalarfeld, Leptonen und Quarks im Rahmen einer
effektiven Feldtheorie der Dimension sechs einzuschranken.

Um den zahlreichen Herausforderungen in Umgebungen hoher instantaner Lumi-
nositdt zu begegnen, die wihrend des Betriebs des LHC Run 3 und High-Luminosity-
LHC zu erwarten sind, wurden zwischen 2019 und 2022 Aufriistungen der experi-
mentellen Detektoren durchgefiihrt. Dies umfasste den Austausch der innersten My-
onkammern in den Endkappen des ATLAS-Detektors durch die New Small Wheels
(NSWs). In Freiburg wurde eine neue Einrichtung zur Priifung von Small-Strip Thin
Gap Chambers (sTGC), einer der Haupttechnologien des NSW, in Betrieb genommen.
Das Design, die Installation und die Validierung der Gas- und Hochspannungssysteme,
die fiir den Betrieb eines sSTGC-Prototyps unter den nominalen Bedingungen der LHC-
Datennahme erforderlich sind, werden in dieser Arbeit beschrieben.
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Introduction

“I do not insist,” answered Don Quixote, "that this is a full adventure, but it is the beginning of one, for
this is the way adventures begin.”

— Miguel de Cervantes Saavedra (1547 — 1616).

In the quest to unravel the mysteries of the cosmos, humanity’s innate curiosity about
the nature of its surroundings has been an enduring force, propelling civilizations through
epochs of scientific inquiry and technological progress. From the earliest days of Meso-
potamia, or the later philosophical inquiries of ancient Greece, the pursuit of understand-
ing the fundamental constituents of matter has been a recurrent thread through human
history. This journey has led to insights into celestial motions, the formulation of gravi-
tational laws, advancements in chemistry with classifications of elements, breakthroughs
in electricity and magnetism encapsulated in Maxwell’s Equations [1], and the quantum
theory. Today, these questions resonate in the field of particle physics, where researchers
seek to understand the fundamental building blocks of the universe and the forces that
govern their interactions. This Ph.D. thesis serves as a modest contribution to the lineage
of human fascination with the question: What are things made of? By delving into cutting-
edge experiments and theoretical calculations, it aims to bridge the gap between the an-
cient inquiries of our predecessors and the forefront of contemporary particle physics
research.

The postulation of the electron [2] in 1897 was crucial to describe the structure of the
atom [3]. Since the beginning of the 20th century, the photon is known as the mediator
of light. Postulated as a particle (or light quantum) to describe the photoelectric effect [4],
it also allowed to explain the wave radiation quanta in Planck’s work on the black body
radiation problem [5]. The two approaches were conciliated by A. H. Compton [6, 7]. The
positron [8] (after its postulation by P. Dirac’s theory [9]) the muon, and the antimuon [10]
and their corresponding neutrinos [11, 12, 13, 14] were known experimentallyl. The ef-
forts to understand the patterns proposed by the Eightfold Way [18], crucial to find the
Q™ baryon in 1964 [19], paved the way to the concept of quarks as presented by Gell-
Mann [20], Zweig [21], and Petermann [22] to explain the flavor symmetry observed
experimentally. Three distinct elementary fermions (up, down, and strange quarks) were
necessary to account for the observed meson and baryon spins, with the color charge [23]
and its confinement [24] to accommodate Fermi-Dirac statistics with the existence of fully
symmetric baryon states such as the A™*. Additionally, further evidence of the theory

'Once suggested by Pauli in relation to beta decays, a first experimental verification was provided by
C. L. Cowan and F. Reines [15, 16, 11] in 1953, while its differentiation with respect to the antineutrino was
found experimentally later by R. Davis and D. S. Harmer [12] in relation to lepton-number conservation,
which has been postulated by E. J. Konopinski and H. M. Mahmoud [17]. B. Pontecorvo suggested that
several kinds of neutrinos should exist [13], and the first piece of evidence of the two-neutrino hypothesis
was obtained in 1962 [14].
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of Quantum Chromodynamics (QCD) as a meaningful description of nature came from
the three-jet event measurement [25], first achieved by the four different collaborations
at the PETRA e~ e™ accelerator (1978-86), regarded as an experimental proof of the ex-
istence of the gluon. The theoretical formulation of asymptotic freedom was obtained
in 1973 by D. Gross, F. Wilczek [26, 27] and D. Politzer [28, 29]. The running of ag was
also confirmed by various experiments®>. Owing to the cooperative effort of many ex-
perimental and particle physicists around the world, the Standard Model of particle physics
(SM) was then acknowledged to explain natural phenomena such as the radioactive beta
decay (initially explained by Fermi in 1933 [31]) and the existence of atomic nuclei.

Simultaneously, the theory of electroweak (EW) interactions emerged. A decisive step
was achieved in 1956 by C. S. Wu with her experiment establishing the parity-violating
nature of weak interactions [32]. Weak interactions had to be described by a chiral theory.
The unification of electromagnetic and weak interactions in the EW theory was described
by S. Glashow [33], A. Salam [34] and S. Weinberg [35]. The renormalizability of the EW
theory was proven in 1971 by G. "t Hooft and M. J. G. Veltman [36, 37]. Observations of
the neutral currents by the Gargamelle experiment [38] and the discovery of W= [39, 40]
and Z bosons [41, 42] in 1983 by the UA1 and UA2 experiments at the SppS proton-
antiproton (pp) collider at CERN [43, 44, 45] provided an outstanding confirmation of the
formulation of the EW theory.

The so-called November revolution started when charm and bottom quarks were con-
firmed via the discovery of J/1) mesons (by both the Brookhaven National Laboratory [46],
and the SLAC SPEAR accelerator [47]) and bottonium states. Additionally, the discov-
ery of CP violation in the kaon system, as documented in experiments like KTeV [48] and
NA48 [49]in 1999, needed the introduction of a third-generation quark. This concept was
elucidated in 1973 by M. Kobayashi and T. Maskawa, who demonstrated that it was the
only viable way for the CKM matrix to incorporate a complex CP-violating phase [50].
This idea gained further support with the detection of the bottonium T (the ground state
of the bb quark-antiquark pair) in 1977 at Fermilab [51], following the earlier discovery
of the tau (7) lepton in 1975 at SLAC [52]. The top quark’s higher mass exceeded the
energy capabilities of available e~ e accelerators such as PETRA at DESY, TRISTAN in
Japan, PEP and SLC at SLAC, and LEP at CERN, delaying its discovery until 1994 at the
Tevatron proton-antiproton collider at Fermilab [53], while some indirect determinations
of the top quark’s mass were already underway in 1993 at LEP and SLC [54].

The Large Electron-Positron (LEP) collider [55, 56, 57] offered a clean and controlled
environment for precise measurements of the EW parameters. These measurements in-
clude the confirmation of the number of light neutrinos [54] (supported later by the dis-
covery of the 7 neutrino in 2000 with the DONUT experiment at Fermilab [58]), the
masses and decay widths of the W* and Z bosons [54, 59], the EW mixing angle rep-
resented by sin? fy, and the characterization of gluon and vector boson self-couplings,
among many others. However, the missing piece in the puzzle of the SM was the elu-
sive Higgs boson>. These consequences strongly motivated the construction of the Large

For a review, see Ref. [30].

*While some constraints on its mass of mz < 1 TeV were derived from e~ e™ collider analyses and theo-
retical considerations, none of these machines were capable of definitively discovering the Higgs boson with
sufficient statistical significance [60, 61]. It was understood that vector-boson scattering processes would vi-
olate unitarity at high energies without the presence of a massive scalar field. This understanding led to the
establishment of a bound on the Higgs mass, suggesting it to be less than or around 1 TeV.
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Hadron Collider (LHC) at CERN [62, 63, 64]. The spontaneous breaking of the gauge
symmetry [65, 66, 67] describing EW interactions causes three of the four mediators of
this force, namely the W= and Z bosons, to acquire mass by means of interactions with
the Higgs field. The photon v, as the fourth mediator, remains massless. The discovery of
the Higgs boson was announced by the ATLAS [68] and CMS [69] Collaborations in 2012.
The first LHC run of proton-proton (pp) collisions, spanning from 2009 to 2012, primarily
focused on probing the Higgs boson’s interactions with gauge bosons at center-of-mass
energies of 7 and 8 TeV. The subsequent run, operating at /s = 13 TeV of pp collisions
from 2015 to 2018, enabled the study of the Higgs Yukawa couplings with the third gener-
ation of charged fermions, specifically the top and bottom quarks, as well as the 7 lepton.
Furthermore, the LHC has conducted a multitude of cross section and parameter mea-
surements, with increasingly competitive precision compared to previous e e* collider
experiments®.

The production of W-boson pairs (W1W ™) is sensitive to the properties of gauge
vector boson self-interactions, and provides a test of the SM predictions in perturbative
QCD and the EW theories. Two mechanisms are involved in W+ W™~ production: (i) the
radiation of two W bosons from the proton constituents and (ii) their production via the
exchange of a virtual photon or a Z boson. Both production mechanisms exhibit infinite
growth with energy, but they interfere destructively. This ensures exact cancellation of ef-
fects from longitudinally polarized gauge bosons if the coupling strengths of W+ bosons
to quarks, the photon, and the Z boson agree with SM predictions. To date, hadron
colliders provide the highest achievable center-of-mass energies allowing the study of
these predictions. Additionally, W*W ™~ production constitutes a large background in
the measurement of, e.g., Higgs boson production and searches for physics beyond the
SM. Apart from measuring the mass and width of the W= bosons, this process was ex-
ploited at LEP to also characterize the self-couplings among gauge vector bosons with
high precision [59]. The W W~ production rates have been measured in pp collisions at
Vs =5TeV [72], TTeV [73,74], 8 TeV [75,76,77] and 13 TeV [78, 79, 80, 81, 82], and in pp
collisions [83, 84, 85] at the Tevatron collider [86].

Precise theoretical calculations, incorporating perturbative corrections in QCD and
EW theories, are vital for the description of the W W™~ process and the analysis of col-
lision data at high precision. Strong interactions confine outgoing quarks and gluons
into bound states from initial and final state real QCD radiation, observable as hadronic
jets. Ongoing improvements in these calculations further motivate experimental mea-
surements of W W~ production. Production rates of pairs of W+ bosons are measured
in this thesis, comparing them to state-of-the-art theoretical predictions. The first part of
this thesis is devoted to the discussion of the theoretical foundations. Chapter 1 offers
a brief overview of quantum field theories forming the Lagrangian density of the SM,
which can be extended with extra operators to account for anomalous interactions that
might be proven at the energy regime of the LHC in the context of Effective Field Theories
(EFTs). Chapter 2 includes its application for physics at hadron colliders, offering also an
overview of state-of-the-art Monte Carlo event generators. Chapter 3 supplements these
two chapters, including a brief review on the simulation of W W~ production and more
specific information on the state-of-the-art generators relevant to this process.

*Prominent examples are the experimental determinations of the 1W-boson mass, which has reached an
accuracy of 16 MeV [70], or as(mz) = 0.1183 £ 0.0009 [71].
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The ATLAS experiment, placed at one of the interaction points of the LHC, is de-
signed for particle measurements in hadron-hadron collisions. This thesis focuses on the
measurement of two W= bosons produced in pp collisions at a center-of-mass energy of
Vs = 13 TeéV, using a dataset with an integrated luminosity of 140 fb~! recorded between
2015 and 2018. The W bosons are identified through their decay products into leptons
(electrons or muons) accompanied by associated neutrinos, serving as clear signatures of
an electroweak process. The expectedly larger instantaneous luminosity during the third
run of data-taking at the LHC, and particularly in the High-Luminosity LHC (HL-LHC),
pose multiple challenges that need to be addressed for a successful physics program. Do-
ing so, upgrades were implemented from 2019 to 2022, involving the replacement of the
innermost muon chambers in the ATLAS detector’s endcaps with the New Small Wheels
(NSWs). The second part of this thesis addresses the experimental setup and statistical
methods used. In Chapter 4, the LHC accelerator complex is outlined before the descrip-
tion of the ATLAS detector and its subsystems. The methods to reconstruct and calibrate
the relevant objects for this thesis such as leptons and jets are also presented. The NSW
in the context of the HL-LHC program, focusing on the relevance of the small-strip Thin
Gap Chamber (sTGC) technology, is presented in Chapter 5. The author has designed,
installed, and validated gas and high-voltage systems required for running a sTGC pro-
totype in nominal data-taking conditions in a new test laboratory in Freiburg. The results
of this work are also discussed in this chapter. The statistical methods used for fiducial
and total cross-section measurements in this thesis are outlined in Chapter 6.

The final part of this thesis focuses on fiducial and total cross-section measurements
of WHW ™ production, including their interpretation in the context of EFTs. It begins with
a review of prior W+ W~ measurements and defines the analysis strategy in Chapter 7.
As the leptonic W W™ decay involves two neutrinos in the final state, the full recon-
struction of the W+ bosons is not possible. This leads to a significant contamination from
other SM processes mimicking the W+ W~ signature. The experimental challenges are
intensified by the high instantaneous luminosity provided by the LHC, necessitating the
understanding of the detector effects and background processes visible in the data. The
expected number of event candidates arising from top-quark pair production (tt), the
largest background for this measurement, is reduced by rejecting events containing jets
with b-hadron decays (b-jets). This background contribution is precisely estimated with a
data-driven method, allowing for the reduction of uncertainties arising in the theoretical
modeling of top-quark pairs and the efficiency of identifying b-jets. Another large source
of uncertainties in measurements of W W ™~ cross sections arise from W -+ jets events
with a misidentified or non-prompt lepton. The author developed a data-driven method
to estimate these contributions with high precision. Requirements targeting the selection
of such leptons are defined for the extrapolation of the data-driven background into the
signal region. The author also performs, for the first time in W*W ™~ measurements, a
dedicated calibration of prompt leptons fulfilling these selection criteria. These contri-
butions were crucial in minimizing the primary systematic uncertainties in this analysis,
facilitating the level of precision achieved in the reported cross-section measurements.
The remaining backgrounds are estimated based on theoretical predictions. The dilep-
ton invariant mass is required to be greater than 85 GeV, to reduce the background due
to Drell-Yan production of leptonically decaying 7-lepton pairs. The details of the back-
ground estimation techniques employed for the W W~ cross-section measurements per-
formed in this thesis are studied in Chapter 8. The measurement presented in this thesis,
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for the first time in hadron-hadron colliders, extends the event selection to include final
states with no restrictions on the number of reconstructed hadronic jets other than b-jets,
significantly reducing sensitivity to theoretical uncertainties subject to large logarithmic
corrections and enhancing the precision of the measurement. It is also advantageous
from an experimental perspective as jet-related uncertainties are reduced. Chapter 9 de-
tails the methodology followed in the experimental determination of the W W~ fiducial
cross sections whose results, presented in Chapter 10, have been publicly released in
Ref. [87]. The author contributed to the study of the state-of-the-art theoretical calcula-
tions aiming to describe the reported measurements and to extrapolate the results in the
fiducial volume to the full phase-space. In Chapter 11, the results are interpreted to con-
strain anomalous couplings defined using the SM degrees of freedom in an EFT. Owing to
the increased dataset and enhanced precision, the limits obtained by the author improve
results in global fits of Higgs, electroweak and top-quark data at the 95 % CL [88, 89] for
the operators most sensitive to W+ W~ production.
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Theoretical Foundations of Particle
Physics






Chapter 1
The Standard Model of Particle Physics

“The hidden harmony is better than the obvious.”

— Pablo Picasso (1881 — 1973).

In physics, the behavior of natural phenomena can be predicted based on four funda-
mental forces acting on matter: the electromagnetic, strong, weak, and gravitational in-
teractions. Contemporary understanding interprets matter as composed of fundamental
particles. The Standard Model of particle physics (SM), a Quantum Field Theory (QFT),
offers a framework for precise calculations in the description of matter and its interac-
tions, detailed in Refs. [90, 91]. This chapter provides an overview of the SM, summa-
rizing its particle content in Section 1.1. The strong interaction is incorporated into the
SM as described in Section 1.2, while Section 1.3 introduces the electroweak (EW) uni-
fication, explaining the interplay between electromagnetic and weak interactions. The
spontaneous symmetry breaking mechanism is presented in Section 1.4, and the result-
ing terms complete the SM Lagrangian. This Lagrangian enables the computation of
fiducial and differential cross sections for various processes as outlined in Section 1.5.
However, the SM Lagrangian falls short in explaining certain experimental observations,
listed in Section 1.6. Deviations with respect to the SM can be parameterized in the con-
text of Effective Field Theories (EFT) whose formalism, outlined in Section 1.7, is used in
this dissertation to interpret fiducial differential cross-section measurements of W W~
production.

1.1 The Particle Content of the Standard Model

The SM characterizes the laws of nature at the most fundamental scale, where compo-
nents of matter are assumed to be indivisible. Elementary particles and their interac-
tions need to be addressed respecting the conservation laws of physics. The Noether
theorem [92] plays a crucial role when connecting these requirements by proving a di-
rect mathematical relation between continuous gauge symmetries in a theory with physi-
cal conservation laws. As a gauge theory, EW and strong interactions emerge in the SM
by postulating renormalizability and local symmetry invariance under the non-abelian
group SU(3)¢ ® SU(2), ® U(1)y!. Every symmetry has a corresponding charge, which
allows charged quantum fields (associated to particles) to interact under the correspond-
ing symmetry. Quantum fields are classified according to their spin, taking half-integer
numbers? (1/2, 3/2, ...) for fermionic fields and integer values (0, 1, ...) for bosonic fields.
Fermions, i.e. fundamental particles associated to quanta of a fermionic field, come in
three generations and can be divided into six quarks and six leptons, whether they are

To date, a unified description of gravitational, electromagnetic, strong and weak interactions as a quan-
tum theory with satisfactory results has not been achieved.

*Natural units /1 = ¢ = 1 are used in this dissertation. Therefore, energy, momenta and masses are quoted
in units of electronvolts (€V).
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charged under the SU(3)c symmetry or not, respectively. Leptons can be divided into
three electrically-charged massive® leptons called electron (e), muon (u), and tauon (7),
three neutral neutrinos v, v,, and v;, and their corresponding antiparticles4. All genera-
tions share the same quantum numbers but differ in their particle masses.

The strong interaction, governed by the gauge group SU(3)c whose invariance im-
poses the conservation of three charges denoted as color [23], is described in the SM by
mediation of eight gluons. Only quarks and gluons carry color charge and therefore in-
teract through the strong interaction. The color charge can take values of red, green and
blue, and their corresponding antivalues. Only particles with vanishing net color, the
so-called hadrons, have been experimentally observed. The valence quarks of a hadron
define its quantum properties according to the quark model [20, 21, 22]. Following this
evidence, only mesons (composed by two colored-opposed quarks) and baryons (superpo-
sitions of all three colors or anticolors) can be produced. This phenomenon is known as
color confinement [24]. The QFT describing strong interactions within the SM, known as
Quantum Chromodynamics, is described in Section 1.2.

As all stable matter in the universe is composed only by elementary particles of the
first generation, the second and third generations contain unstable particles that decay
into lighter ones. These particle decays are described in the SM by the electroweak inter-
action, whose formalism is outlined in Section 1.3. EW interactions arise from the gauge
group SU(2);, ® U(1)y, where SU(2), acts only on left-handed particles with associated
weak isospin (T') while U(1)y acts on particles with weak hypercharge (Y'). The third com-
ponent of 7' (T3), when added to Y, provides the electric charge Q = T3 + 4. The photon
v, a massless gauge boson that conveys the interaction between electrically-charged par-
ticles, and three massive gauge bosons, W5 and Z, mediate the EW interaction among
particles. Under the SU(2);, group, quantum fields forming doublets are referred to as
left-handed fermion fields, while singlet fields are known as right-handed fermion fields.
This structure introduces maximal parity violation®, as proven experimentally in 3~ de-
cays [32]. Weak interactions also introduce the violation of charge and parity discrete
symmetries (known as CP violation) in the quark sector, regulating mass and interaction
eigenstates of up-down quarks parameterized by the Cabibbo—Kobayashi—-Maskawa (CKM)
matrix [93, 50], whose standard formulation can be found in Refs. [94, 95].

Since the EW gauge symmetry does not allow gauge bosons to be massive, it is neces-
sary to break this symmetry to generate massive electroweak gauge bosons in the SM, W+
and Z, according to experimental evidence [39, 40, 41, 42]. This is done by introducing a
new complex scalar doublet with four new degrees of freedom in the theory [66, 67, 65].
Only one of them has physical meaning, the Higgs field, with the rest being removed
by gauge transformations during the Electroweak Symmetry Breaking (EWSB), introduced
in Section 1.4. The EW gauge bosons and fermions acquire mass once the symmetry
is broken. The massive nature of W+ and Z bosons restrict weak interactions to short
ranges. In 2012, a Higgs boson candidate was discovered by the ATLAS [65] and the

%In contradiction with experimental evidence (see Section 1.6), neutrinos are considered to be massless in
the traditional formulation of the SM.

If not explicitly stated, the label £ will be used to denote a lepton £~ and its corresponding antilepton s
without distinction.

5Tf not explicitely stated, W+ and W™~ bosons are indistinguishably referred to as W# bosons.

®Parity refers to the discrete symmetry transformation that drives spatial coordinates to their opposite,
P(%) = —Z.
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Figure 1.1: Elementary particles in the Standard Model. Adapted from [96].

CMS [69] collaborations at the Large Hadron Collider (LHC) [62, 63, 64]. To date, its
mass (mg = 125.25 + 0.17GeV7), decay width (T = 3.27%1MeV?), its couplings, and
other quantum properties such as spin or electric charge are consistent with the SM pre-
dictions [101, 102, 95]. The aforementioned lepton, quark and boson content of the SM
is summarized in Figure 1.1, where the fundamental particles are classified according to
their quantum numbers and masses.

1.2 Quantum Chromodynamics

Strong interactions can be described by a QFT imposing Lorentz and local gauge invari-
ance under trasformations of the quark color fields ¢ under the group SU(3). Such a QFT
is known as Quantum Chromodynamics (QCD). The free Dirac Lagrangian density® of free
color spin-half fermion fields #pji;ac,c can be written as

3
gDirac = Z Qj (Z"Y'uau - m) qj » (11)
J

"The last tabulated value [95] is given, although the latest measurements have already achieved a preci-
sion of 0.01% [97, 98].

8This points to the tabulated value, corresponding to the measurement performed by the CMS Collabo-
ration [99]. A measurement performed by ATLAS was recently released [100]. Both make use of the off-shell
contributions to the ZZ — 4¢ decay channel.

°In the following, the Lagrangian density will be referred to as Lagrangian.
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by summing over the three color charges. The contraction of the Dirac matrices v* [9] is
given by v#0,,, and m is the mass of the quark. Local gauge invariance is required in SU(3)¢
by means of the transformation ¢; — ¢’*®'T g;, where T = {T,}, with a = 1, ..., 8, is the
set of eight generators of the SU(3) symmetry group. These generators are related to the
Gell-Mann matrices A (3 x 3 matrices) by T, = )‘—2“ in the fundamental representation. Since
the generators T do not commute!?, the group is non-abelian. Introducing vector fields

with transformation properties given by the covariant derivative

0y — O+ igngZ, (1.2)

(1.3)

a a a 1 C
Gy, — GL =Gy — gﬁuaa(x) — fabean(7)GY,

coupling the eight massless!! gluon fields G, with a coupling strength g5, yields local gauge
invariance under SU(3)¢ in the Lagrangian of QCD,

3
— . — Aa a 1 a v

Loco = > G5 (i9"0 —m) g5 — gs <Qj7“2qg‘> Gu— 1GwGa - (1.4)

J

Gl = LGy, — &,Gﬁ — gs fachZGf, denotes the field strength tensor. The kinetic term for
the gauge fields is given by —;G%,G4”. As a peculiarity of SU(3) and its non-abelian
structure, additional interaction terms arise in QCD from this strength tensor, allowing
self-interactions between gluon fields.

An additional gauge-invariant renormal- B | ‘mledeCf;y ('NiLIC‘)}‘:H
. 2 Fa a . —_— : low Q% cont. (NLO) o
izable term 0qcpsy22GY, Gy, being Gj, = 03 | Heavygﬁmﬁ Emigg ]
e“”p‘sG‘;(s the dual gluon field strength tensor [ ¢'e jets/shapes (NNLO+res) =
and €77 the completely antisymmetric Levi- 025 F EW e e L0y o -
Civita tensor, introduces physical implications [ pp (top, NNLO) =
in Eq. (1.4) such as the violation of the discrete N% 02 f 1
CP symmetry in strong interactions. The value
of fqcp, which dictates the amount of this vio- 015
lation, is strongly constrained by experimental !
measurements (fqcp < 1071%) and therefore 01
omitted. This choice introduces a fine-tuning b = a,M;2)=0.1179 £ 0.0009
in the theory widely known as strong CP prob- 0.05 " ” -
lem, discussed in e.g. Ref. [103]. st 201 Q[GeV]

Experimental evidence heavily supports Figur? 1.2: Summary of measurements of as as a
the existence of quarks. However, no free function of the energy scale Q. Source: [95].
quark was experimentally found to date!?. The
hypothesis of color confinement [24], describing colored objects as confined to color-singlet
states, explains the absence of any object with non-zero color charge propagating as
a free particle. Color confinement is believed to originate from the gluon—gluon self-
interactions that arise from the non-abelian structure of QCD. To date, no analytical proof

YCommutation relations are [T,, Ty] = i fapeTe, where fape are the structure constants of the group SU(3).
"'Gluon mass terms break the gauge invariance of Zocp.
12The manifestation of fractionally charged particles in nature could indicate the existence of free quarks.
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W
W W+ W V4

W+ W= W= w= v, 4

Figure 1.3: Feynman diagrams for electroweak gauge boson self-interaction terms.

of this concept has been found [104]. Another consequence of the color confinement hy-
pothesis is that gluons, as colored particles, are also confined to colorless objects. There-
fore, gluons do not propagate over macroscopic distances.

The value of the coupling constant of strong interactions ag = g2/4m depends on the
energy scale () of the interaction,

127
33 — 2n4) log | -9
( nf) 0g (A?QCD>

being ny the number of quark flavors. In the low-energy regime, below the confinement
scale Agcp, values of ag are large enough that perturbation theory is not convergent.
Techniques in lattice QCD are employed in these circumstances!®>. Processes such as
hadronization, described in Section 2.3, lie within this energy regime. At sufficiently
high energies, the evolution of ag with () can be computed up to a certain order in per-
turbation theory. This dependence of ag on the transferred energy is shown in Figure 1.2.
The value of ag becomes smaller with increasing (). This phenomenon, known as asymp-
totic freedom [26, 28, 27, 29], is strongly supported by experimental results from multiple

experiments across several orders of magnitude in Q.

as(Q?) =

1.3 The Electroweak Sector of the Standard Model

In the SM, electromagnetic and weak interactions are described in a unified framework
named the electroweak theory that requires local gauge invariance under transformations
of the SU(2), ® U(1)y group. In this group, fermion fields are represented by left-handed
(LH) doublets x, and right-handed (RH) singlets v'r. For first-generation leptons“, they
are expressed as a function of electron and neutrino fields, e and v, as

Ve
e

xm:):( ) r=en. (15)

Local gauge invariance under symmetry groups SU(2);, and U(1)y is imposed by

YL — oiB(2)Y +iaa(z)Ta XL, (1.6)

13 An extensive review on Lattice QCD techniques can be found in Ref. [95].
“The derived expressions for the first-generation quarks as well as second and third quark and lepton
generations are analogous.
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Yr — POV g, (1.7)

where the three Pauli matrices 7, are the generators of SU(2)7, while the weak hypercharge
Y appears as generator of the group U(1). Both 3(z) and a,(z) are the local phase trans-
formations. The value of the hypercharge for a LH fermion field takes Y = —1, being
Y = —2 for RH fermion fields. By transforming the derivative d,, to the covariant deriva-
tive, the Lagrangian describing interactions between massless gauge boson fields and
massless fermion fields is obtained,

LEw = LEW, int T LEW, kin

_ . Ta 7/1; - . 1 " 1 "
= XL’YM Za,u - gw?W;f + LBM XL + ’(/}R’YM [Zau + g;;Bu] '(/}R - ZWEUWé - me,Bl )

2 4

(1.8)
where, the kinematic term Zgw  in for the massless gauge field strength tensors B, and
W, was included to preserve gauge invariance in terms of the weak coupling constants g,,
and g,,. Interactions between massless gauge boson fields and massless fermion fields
Wi (a = 1,2,3) described in this theory are in contradiction with experimental evi-
dence [39, 40, 41, 42]. In order to address these, the physical fields W=*, 7 wand A, of W+
and Z bosons as well as the photon v, respectively, are expressed as linear combinations
of the original gauge fields B, and W,

1 A cos 0 sin 0 B
+ 1 1172 1 — w w o
Wi = V2 [WN :FZW“] ’ ( Zy ) < —sinfy cos Oy > ( Wg > ’ (1.9)

where the weak mixing angle 6y needs to
be sinfy = gl,/\/92 + g/2 to obtain the
A, current from electrodynamics. The
expansion of Zgw kin = —%WSVW# v
1B,,B" , for EW gauge fields (1.8) in- 20 i
troduces, in the same way as seen in

Section 1.2 for QCD, self-interaction terms
among the EW bosons. Figure 1.3 shows *

the corresponding Feynman diagrams. 101 & .

30

"LEP

Oy (PD)

eoo!o‘

The non-abelian structure of the EW __’,'-7"" YESWW/RacoonWw
theory is crucial to ensure its renormal- i e v, xenanes (aante
izability. In absence of the gauge vec- s

. . . , . ,

tor bpson self-couph'ngs (Flgure 1.3), the 160 180 500
predicted cross sections in the EW the-

mt Vs (GeV)
ory would not respect unitarity. The pro-
duc.tlon OfﬁV[i—b'o son p‘alrs in_electron- Figure 1.4: Total W™W ™~ production cross-section
positron (e7e )lntera.dlons cap be uged (cww) measurements from the LEP-II combination,
as an example. If diagrams involving compared to SM theory predictions at various center-
e.g. the triple-gauge Coupling ZWW ,the of-mass energies (v/s). Experimental uncertainties are

cross section would grow faster than shown, along with scenarios excluding the ZWW gauge

. . + — + — .
. . — 4. _ coupling (dashed line) and e™e™ — W™ W™ production
the total cross section in e”e™ inter via only t-channel neutrino exchange (dotted line). The

action. The confirmation of the non- shaded blue curve accounts for theoretical uncertainties
abelian structure of the EW sector was on the SM prediction, below 2% [59].

provided by the Large Electron-Positron
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(LEP) collider at CERN [55, 56, 57] measuring the total eTe~™ — WTW ™~ production cross
section at different center-of-mass energies [59], as shown in Figure 1.4.

Local gauge invariance under the symmetry group SU(2); ® U(1)y forbids these
gauge boson fields and the fermion fields to be massive!®. Adding mass terms for these
fields destroys renormalization and unitarity, which are crucial for the predictive power
of the theory. To address the experimental observations tackling the aforementioned in-
conveniences, additional terms need to be added to Zgw. This necessity leads to the
appearance of the Higgs field in the theory, that allows the EW gauge bosons to acquire
mass, whose values have been observed experimentally with high accuracy. This mech-
anism is introduced in the following.

1.4 Spontaneous Symmetry Breaking, the Higgs Boson and the
Standard Model Lagrangian

Addressing the inconsistencies between the SM predictions and the experimental mea-
surements of EW interactions requires an extension of the theoretical framework out-
lined in Section 1.3 to incorporate mass terms for fermions and massive gauge vector
bosons within a renormalizable formulation of #gw. To achieve this, a new complex
scalar boson field ¢ is introduced, characterized by a non-vanishing expectation value in
the ground state. The interaction between the field ¢ and the gauge boson fields is estab-
lished through the covariant derivative, inducing a phenomenon known as spontaneous
symmetry breaking within the group SU(2);, ® U(1)y,

Liow = (Dud) D*¢ — V(¢) = (Do) D — 1216 + Ao1o, (1.10)

with D, = (z’@u — LT Wi — i%Bu) being the covariant derivative for SU(2); ® U(1)y.
The potential V' (¢) is the most general way to keep both renormalizability of the theory
(at most ¢ terms) and gauge invariance with ;2 < 0 and A > 0, having a local maximum
and infinite-degenerated minima. Only multiplets in SU(2)7, ® U(1)y can be considered
for ¢ to ensure gauge invariance. The symmetry U(1)g needs to be unbroken, so that
non-zero hypercharge and isospin are required for ¢ while the photon remains massless.
This new complex scalar field has 4 degrees of freedom. Three of these, the so-called
Goldstone modes [105, 106], can be absorbed by gauge transformation in the theory (as
longitudinal polarization modes of the massive gauge bosons). The remaining degree of
freedom h(x), the scalar Higgs field, generates the Higgs boson mass. These features lead

to a potential
1 0
P(x) = 7 < o+ hz) > , (1.11)

with minimum at |¢g| = \/% =7 also known as its vacuum expectation value. For the
chosen vacuum expectation value to break the SU(2);, ® U(1)y symmetry, the physical
Higgs field is electrically neutral since Y = +1, 7 = % and T3 = —%. The interactions of
this field with the EW gauge bosons, arising from Eq. (1.10), provide the corresponding

That is, terms of the kind my, mw W, W* or mp B, B" break the required local gauge invariance
when they are included ad-hoc in the Lagrangian.
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mass terms in the Lagrangian. The EW gauge boson masses are related to the vacuum
expectation value of the Higgs field,

g-v 3 myy v? P?+yg
mW = —_, mH = 2/’1‘ s mZ = =
2 cos Oy 2

/2

. ma=0. (112

Along the same calculation, self-interactions of the Higgs field arise. The aforemen-
tioned couplings also resolve unitarity and renormalizability of the EW theory'® men-
tioned in Section 1.3.

Even though the Brout-Englert-Higgs mechanism incorporated the mass terms for
the EW gauge bosons into the Lagrangian (1.10), the mass terms for fermions are still
missing. The same Higgs doublet (1.11) is sufficient to explain also the fermion mass
terms by means of spontaneous symmetry breaking of the same group. Gauge invariant
terms Zyykawa Under the SU(2);, ® U(1)y symmetry can be incorporated. As an example,
the corresponding term for lepton fields xr, and 1z is shown,

DPyrukawa = —Gy [XLCZ)@Z]R + "ZJRd)*XL] ) (113)

with arbitrary parameters Gy, and ¢ = e, p1, 7. Using the same parameterization (1.11) for
the Higgs field, the mass terms for the different leptons and the interaction terms of the
different leptons with the Higgs field % are

G - _ Gy - _
Ayrukawa = Zmass + fh%,int = % (ELER + EREL) - 7% (KLER + EREL) h. (114)

Adding the Lagrangian terms from QCD given by Eq. (1.4), the EW sector (1.8) de-
scribing the kinematics for the vector gauge bosons, their self-interactions, lepton and
quark kinematic energies and interactions with vector gauge bosons, the couplings of
vector gauge boson fields to the Higgs (1.10), and the Lagrangian term describing lepton
and quark masses and their couplings to the Higgs field (1.13) provides the full SM La-
grangian Zs\i. Most of the precision measurements carried out in particle collider exper-
iments so far are in agreement with the SM predictions [95]. As an example, a summary
of SM cross-section measurements performed with the ATLAS experiment at the LHC is
shown in Figure 1.5.

1.5 Branching Ratios and Cross Sections in Particle Physics

Characterizing the decays of unstable particles is one of the main tasks in particle physics.
Since an unstable particle can decay into different final states (so-called decay modes),
determining the probability per unit of time to decay into a specific final state, the so-
called decay rate I', is of great interest. The sum of all individual decay rates provides the
total decay rate T'yor, with the lifetime of the particle being its inverse, ', . Once the rates to

16 As an example, the predicted cross section of vector boson scattering W W~ — W1 ™ in the absence
of the Higgs boson would be proportional to the center-of-mass energy of the system /s as, o ~ s/mw,
where mw is the mass of the W boson. The cross section o would then grow faster than the total cross
section of the pp interaction. Introducing diagrams involving the Higgs boson in the computation of the
cross section solves this divergence, ensuring unitarity.
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individual decay modes have been computed, the fraction of given unstable particles in
an initial set that decay into a certain final state, so-called branching ratio, can be inferred.

In collisions of two objects, one of the most interesting variables to measure is the
cross-sectional area of a target for a given projectile. In particle physics, a scattering
process can be classified as either elastic, i.e. the particles in the final state are the same
as in the initial state (a + b — a + b), or inelastic, when one or more of the initial-state
particles can break down, yielding n particles!” in the final state (a + b — Y1, ¢;). Each
of the possible scattering events has its own exclusive cross section ox for the final state
X, with the total cross section being the sum of all of them. To determine a cross section
o, the experimentalist can scan only a certain region of the phase space ), referred to as
fiducial phase space. The proportionality between an infinitesimal do given an infinitesimal
variation of the phase space df2 is called differential cross section D, so that do = D(6)d(?,
where 0 specifies the variable in which the infinitesimal variation is taking place. Given
an incoming beam of particles with uniform luminosity L (i.e. the number of particles per
unit of time and area), the number of particles produced within an infinitesimal region
of the phase space d{2 after the scattering process is given by dN = Ldo = LD(6)d2
This means that, using the number of particles per unit of time d/N (event rate) covered
within dQ2, where the luminosity is predetermined by the accelerator facility providing
the beam, a differential cross section can be defined as do/d$2 = dN/LdS2.

Considering a general processa + b — ¢ + c2 + ... ¢, the computation of a cross
section of a scattering process involving particles a and b into a final state of n particles
X =c1 + c2 + ... ¢, is then given by the (Fermi’s) golden rule,

_ 9 ) _ (2m)4 o T A3k,
o = 2 |l |2 AD (i + K kl,...,kn)_%.kb/wﬂ }‘[1( g0 o+ — Zkz

(1 15)
where d®,, denotes a Lorentz-invariant differential n-particle phase-space volume and
k; is the four-momentum of the particle ¢;, k; = (k:?, I;:Z) The computation of scattering
cross sections can be decomposed in (i) the scattering amplitude .#x, which contains
the likelihood of a process involving fundamental particles to take place, and (ii) the
density of accessible quantum states, which depends on the kinematics of the process
being considered. The former is given by the QFT under consideration, fulfilling unitarity
constraints such that total probabilities lead to conservation of total cross sections or total
decay rates. The latter relies solely on the experimental conditions.

1.6 An Incomplete Theory

The history of the SM presents a long list of achievements in both experimental and the-
oretical domains. Theoretical physicists, on the one hand, provide the framework neces-
sary to interpret experimental results. On the other hand, experimental physicists design
and conduct experiments to test the theories, refining and validating the theoretical con-
cepts. Despite its remarkable success, numerous aspects of the SM and the Higgs sector
remain unexploredls. To unravel the mysteries that remain elusive, described in the fol-

7The incoming particles a and b might or might not be included in the final state particles c;.
®These include, e.g., investigations into the Higgs boson’s interactions with the first and second-
generation fermions as well as the Higgs's self-couplings, characterizing the structure of the Higgs potential.
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lowing, the collaboration of the experimental and theoretical domains is crucial.

The extensive volume of data collected at the LHC to date has corroborated the SM
and has not revealed any significant deviations from its predictions, as Fig. 1.5 summa-
rizes. Nevertheless, the evidence of physics not described by the SM persists. The SM in
its current form is therefore acknowledged to be an incomplete theory. Several phenom-
ena remain unaccounted for within the SM Lagrangian, with perhaps the most notorious
being the gravitational force. Observations from cosmology indicate that visible matter
constitutes just a mere 5% of the total energy content of our universe, supported by nu-
merous gravitational observations began by Zwicky’s work in 1933 [108]. A substantial

the SM fails to describe this mysterious substance. The remaining 69% is attributed to dark
energy, initially conceived with Einstein’s cosmological constant and subsequently inte-
grated into cosmological models with the advent of inflationary theories [112]. Addition-
ally, the SM does not provide a comprehensive mechanism for the matter-antimatter asym-
metry observed in the universe [113]. Although the SM satisfies all three of Sakharov’s
conditions for baryogenesis [114], it is quantitatively inadequate.

Despite the initial presumption of massless left-handed particles, the well-established
evidence of neutrino oscillations [115] has proven, within the current theoretical knowl-
edge, that neutrinos must be massive!”. The precise mechanism through which neutrinos
acquire mass is still to be found. Among many unresolved questions in neutrino physics,
another important aspect is whether neutrinos should be described in terms of Dirac or
Majorana fields, as an observation of neutrinoless double-beta decays would suggest.

The SM relies on a total of 19 free parameters, offering no insight into the origin of
their specific values. The pronounced hierarchy observed among fermion masses and the
tight constraints on fqgcp driving to the strong CP problem remain enigmatic within the
SM formalism. While anomaly cancellations, necessary to preserve gauge symmetries
at the quantum level, lead to the quantization of electric charge, the SM fails to offer a
profound explanation for why particle charges should exclusively manifest in fractions
of the elementary electron charge.

Furthermore, despite the central role of the Higgs boson in the SM, the Higgs mass
suffers instability due to radiative corrections, with m? being highly sensitive to scales
associated with new physics. Given that the measured Higgs mass aligns with the elec-
troweak scale, resolving this challenge within the SM requires substantial cancellations
and unnatural fine-tuning of the Lagrangian parameters. This is referred to as the hierar-
chy problem [117].

Indications of new physics have also emerged from deviations of the data from the SM
predictions. Findings from Fermilab regarding the anomalous magnetic dipole moment
of the muon seemed to exhibit deviations from SM predictions, attaining a significance
level of 4.20 [118]. These results were recently updated with a precision of 0.2 parts-per-
million (ppm) [119], to be contrasted with updated theoretical calculations. Additionally,
an analysis based on Tevatron data from the CDF collaboration in 2022 reported a mea-
surement of the 1¥-boson mass that exceeded the SM prediction with a remarkably high
significance of 7o [120], to be corroborated by LHC experiments. If even a subset of these

For a updated review on neutrino masses, mixing, and oscillations, including the experimental evidence,
see Ref. [95]. See Ref. [116] for a more pedagogical overview of neutrino physics.
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findings was confirmed, it could potentially unveil a pathway towards new physics.

This brief but yet inevitably incomplete set of evidences motivates to actively seek
physics beyond the SM. Particle colliders represent invaluable instruments for investi-
gating the fundamental constituents of our universe, with the LHC continuing to play an
important role in this endeavor.

Precision Measurements as Path Towards New Discoveries

After a careful scrutiny of the data at the
TeV scale, no new particles beyond the ds
ones of the SM have been directly de- ¥
tected. While direct searches aim to de-
tect new particles whose mass lie within
the energy regime of a given collider
(Bsn < Econ, Figure 1.6a), indirect ap-
proaches are sensitive to contributions
from new physics at an energy scale be-
yond the experimentally reachable ener-

New particle a
1

SM

gies (Ey, > FEcon, Figure 1.6b), quantify- Ew E.p M
ing deviations mainly at the high-energy .

tails of differential distributions. The tri- dm b
umphant history of the SM has proven SM New

that indirect hints of new particles are re-
markably effective, paving the way to a
better understanding of nature. One way
to quantify such deviations is by further
generalizing the SM Lagrangian with ad-
ditional higher-dimensional operators, in-
troducing new interactions between fun-
damental particles. The observed phe-

nomenology beyond the SM (BSM) could  Figure 1.6: Two hypothetical cases in a differential
then be parameterized in an effective field cross section as a function of an observable with di-

theory constraining the free anomalous mensions of mass M, when the characteristic collision
Vi

. . . energy E.on is (a) greater or (b) lower than the thresh-
Couplmg strengths with experlmental data old Ei, where new physics is realized. The latter can

of increasing precision. This approach is pe evaluated in the context of the SM Effective Field
used in this dissertation, whose principles Theory (SMEFT). Source [121].

are presented in Section 1.7.

particle

Ecmll E[h M

Both direct and indirect approaches are fully complementary. The quest for precision
is also highly beneficial for direct searches, since they provide improved understanding
of, e.g., detector and SM predictions that compose the background contributions. The
steadily improved precision of LHC measurements, planned for further enhancement
with the upcoming high-luminosity upgrade? [122] that is projected for completion by
2029 [123], is highly encouraging to pursue this approach. In parallel, a vigorous en-
deavor must be devoted in improving the accuracy of theoretical predictions, so that the

»The High-Luminosity LHC targets seven times greater instantaneous luminosity (5-10** cm ™2 s~ ') than
the LHC provided between 2015 and 2018, collecting a dataset of about 250 fb™" per year [122].
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associated uncertainties do not become the limiting factor in the convergence of preci-
sion. This is definitely not a straightforward task, given the intricate nature of theoretical
simulations involving LHC events, as further discussed in Chapter 2.

1.7 The Standard Model as an Effective Field Theory

The quest for a theory of everything has been a primary effort in the past century. This
pursuit has enabled physicists to envision a coherent framework that unifies quantum
theories of matter and gravity into a single, comprehensive theory applicable across all
regimes, ideally characterized by a reduced (potentially vanishing) number of free pa-
rameters. Such a theory, when extrapolated to low energies, would converge to the SM.
However, a shift in perspective has happened in recent decades, focusing rather on the
development of theories of something designed to be valid within specific, well-defined
regimes. These approaches, commonly referred to as Effective Field Theories (EFTs), sim-
plify the formal description of the theory at scales where the intricate details are not
relevant. An introduction to EFTs, elucidating their underlying principles, is given in the
following. The Standard Model Effective Field Theory (SMEFT), the theoretical frame-
work for the understanding of fundamental interactions in the energy range character-
ized by the presence of non-SM particles that can be probed at the LHC, is emphasized.
In this dissertation, the differential cross-section measurements of W W~ production
are interpreted to constrain contributions from anomalous couplings within the context
of the SMEFT. The outcomes of this analysis are presented in Chapter 11.

Introduction

Numerous scientific breakthroughs have been achieved across an extensive range in the
energy scale over the past two centuries. These range from explorations of the fundamen-
tal particles of nature at the smallest distances up to the astronomical scales, as vast as the
observable universe itself. In QFTs, it is convenient to use the energy of the process of in-
terest as the referred scale A. As we move towards lower energies that can be formalized
after integrating out the UV degrees of freedom, the defined effective Lagrangian Zgr1 can
still describe the physics phenomenology under study, providing all low-energy observ-
ables without referring to the full UV-complete Lagrangian. A powerful simplification of
ZrrT can be achieved in the presence of scale separation [124], i.e. when the mass of the
fundamental objects whose kinematic properties are described by the full Lagrangian is
much larger that the energy scale of the process, E < M. In such a case, Zrrr can be
expressed as a local Lagrangian, i.e. in terms of polynomials of the field and its derivatives.
In a local Zxrt, a power counting scheme can be implemented, where a specific order
with respect to the expansion parameter is specified in each term. Contributions from
terms beyond a certain order in A become highly suppressed within the relevant regime
and can be neglected, since £ < A. This systematic approach ensures that calculations
can be performed with the desired level of precision, and the Lagrangian comprises a
finite number of terms once the order in the expansion is specified. This facilitates a
step-by-step process of renormalization.

A classical example of how an EFT can enhance the comprehension of a specific the-
ory is found in Fermi’s theory of weak interactions [31]. When examining the low-energy
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regime, the muon decay ¢ — ev.v, can be approximated by a 4-fermion interaction.
Fermi ingeniously introduced this effective contact interaction to describe muon decay
accurately without relying on the at-the-time unknown and experimentally inaccessible
W propagator fields. This contact interaction is characterized by the effective Fermi cou-
pling strength constant G which since then has been precisely measured [95]. With
the development of experimental technologies and the full higher-energy EW theory, the
process was elucidated through the mediation of a W boson. This underscores the sig-
nificance of employing an EFT in the absence of a comprehensive understanding of the
complete theory, as it not only yields accurate predictions but also serves as a catalyst for
exploration and advancements within the existing theory.

While the SM offers highly precise predictions within specific energy ranges, it might
fail to comprehend significant effects at higher (or lower) energy scales. Nevertheless,
these limitations are widely acknowledged and efforts have already been made to ad-
dress them within its working energy scales. These efforts include the development of
various EFTs such as the soft Collinear Effective Field Theory (SCET) [125], the Chiral
Perturbation Theory (ChPT) [126, 127], the Heavy Quark Effective Theory (HQET) [128]
or the Standard Model Effective Field Theory (SMEFT) [129, 130, 131, 132]. The latter is
further discussed in the next section, following [133] as the main reference.

The Standard Model as an Effective Field Theory

If an EFT using the SM degrees of freedom is considered to describe general fundamental
interactions in the energy range A < O(TeV), motivated by the lack of discovery of new
physics at the LHC, the SMEFT is a commonly used approach. This EFT is constructed
as the local Poincaré-invariant QFT describing physics within the energy regime of the
LHC above the EW scale (A > my) with the SM degrees of freedom and invariant under
the local SM gauge symmetry, SU(3)¢ x SU(2) 1, x U(1)y2!. To cancel the UV divergencies
in the non-renormalizable theory of SMEFT, an infinite number of terms need to be con-
sidered in the effective Lagrangian Zsyrrr. The assumption of scale separation allows
the SMEFT to be local, allowing to use power counting on the canonical dimension of an
gauge-invariant interaction to organize these infinite terms in the Lagrangian as powers
of the energy scale A,

ZSMEFT—ZZd—ZZCdezd—ZZ cld Oid; (1.16)

d=2 1 d=2 1

where i runs over all independent gauge-invariant operators constructed out of the SM
fields at a given dimension, and C; 4 are field-independent coupling constants denoted to
as dimension-d Wilson coefficients (or dim-d for brevity). The Wilson coefficients can be writ-
ten in terms of dimensionless couplings strengths c; 4 such that a Lagrangian of dimen-
sion four, [ ZsverT] = 4, can be built with Wilson coefficients of dimension [C; 4] = 4 — d.
The dimensionless coefficients c; 4 are functions of the couplings and mass ratios in the

! An alternative approach can be followed by imposing the EW gauge symmetry SU(3)c x U(1)em, re-
ferred to as the Higgs EFT (HEFT). In the HEFT, the generators of the larger SU(3)c x SU(2)w x U(1)y
gauge symmetry that do not belong to SU(3)c x U(1)em are described as a non-linear transformation of the
scalar Goldstone bosons absorbed by the W and Z bosons. The differences between HEFT and SMEFT in
the description of anomalous interactions are discussed in Refs. [134, 135].
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UV completion of SMEFT, as well as of the SM couplings. The construction of the ZsnEpT
by power counting relies on the assumption that ¢; 4 ~ 1. Therefore, (dimensionless) tree-
level scattering amplitudes in SMEFT will be proportional to .# ~ C; 4E4~* ~ (E/A)%4.
This means that, the higher the dimension of the SMEFT operator, the smaller its contri-
bution on the phenomenology of ZsyrrT is (since A > F), and therefore the larger its
suppression becomes. This allows to truncate the SMEFT Lagrangian at some partic-
ular dyax, ignoring the rest of contributions for the remaining high-dimensional terms
and constraining ZsverT to a finite set of operatorsZz. SMEFT with the standard power
counting and truncated at a finite d,ax is as renormalizable as the renormalizable theo-
ries in the standard sense (e.g. in the SM when dy,ax = 4). In the SMEFT, all new physics
is assumed to be above the high energy scale A ~ 1 TeV. However, scattering amplitudes
still grow with increasing energy approaching A, reaching a regime where unitarity is
violated.

Up to d = 4, all possible gauge-invariant operators constitute the SM Lagrangian,
showing one of the main goals of the SMEFT: reproducing the SM as the leading terms
of the EFT expansion. Beyond d = 4, the following gauge-invariant interactions at d = 5
of the form % = —(Z_JHT)C&JK(Z_KHT) + h.c. can be considered [136], with C5 being a
3 x 3 matrix in the generator space, giving rise to Majorana neutrino masses after EWSB.
It also generates a mass term for left-handed neutrinos®® like m, ~ (¢/A)v?. A great
fraction of the SMEFT research focuses on dim-6 operators, first introduced in Ref. [129].
These 3045 independent operators bring a broad phenomenology in Higgs physics, elec-
troweak precision, flavor and nuclear physics, etc. The so-called Warsaw basis [137] is
widely used to parameterize the SMEFT interactions described by dim-6 operators. %
can be decomposed in bosonic operators (constructed out of the SM gauge and Higgs
tields without involving any fermionic fields), Yukawa-like interactions, current-like and
dipole operators. Four-fermion interactions constitute the remaining category and ac-
count for most of the dim-6 operators, split into four-lepton, two-lepton and two-quark,
one-lepton and three-quark, and four-quark interactions. The number of operators keeps
growing when increasing dmax: 1542 independent operators arise at dim-7, 44807 at dim-
8, and so on [138], complicating their analysis enormously. However, the lack of experi-
mental evidence for non-SM physics described by contributions of dim-6 SMEFT opera-
tors motivates to neglect higher-dimension operators in ZsyerT, which are considerably
more suppressed. Explorations beyond dim-6 operators are usually not necessary and
justified only in rare circumstances when the anomalous interactions cannot be probed
at dimension 6.

Upon the assumption of baryon number conservation, the SMEFT landscape reduces
up to 59 independent dim-6 gauge-invariant operators [137]. To establish experimental
constraints on these operators, the association between each Wilson coefficient and the
dedicated observable of interest must be derived. This task is performed in the context
of global EFT fits [89, 88], conducted within the parameter space spanned by the base of
Wilson coefficients. After the components of the Wilson coefficient base are fitted to the

22This truncation would not be valid anymore if £ ~ A, in which case all the infinite number of terms of
the expansion would be needed. The SMEFT would be unusable in such a regime.

BGiven the current neutrino mass bounds, the required energy scale is very large: taking ¢ ~ 1 and
m, ~ 1 eV implies that conservation A ~ (v?/m, ) ~ 10'3 GeV.

*This is the case, for instance, for photon-induced processes or vector boson scattering, where dimension-
8 operators are necessary.



24 CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

data across the observable X, any deviations observed in the coefficients from their null
values during this fitting process serve as an indicator of new physics phenomena mani-
festing at the corresponding effective interaction vertices. If no deviations are observed,
the SMEFT can be used to impose bounds on the scale and parameters of various UV
theories or scenarios.

To evaluate the influence of each individ-
ual operator on X, the SMEFT provides a sys-
tematic framework, expressed as a perturba-
tive expansion based on powers of 1/A2,

Ci(Eey /A = const

(-‘”-'_/1: . 2
Ci(Eqy /4mA)” = const

Linear bound
X = Xoat g5 S OX P41 S GO XD 0. Quidratichoumd
' b (1.17)
This expansion encompasses the SM descrip-
tion of the observable X, Xgqy, alongside the
interactions arising from the effective dim-6
operators scaling proportionally with C;/A?,
commonly referred to as linear terms, and
quadratic terms proportional to C;C;j/A*. The
interference terms associated with dim-8 oper- . .
ators between SM diagrams and effective cou- Figure 1.7: Schematic representation of the report-
) . ~ ing procedure for extracting Wilson coefficient
pling terms, which occur at the order of A™*, 7 145 in SMEFT. Source [121].
are not included in Eq. (1.17). Non-SM opera-
tors arising at d > 6 are also neglected. The effect of anomalous interactions on SM ob-
servables such as gauge massive boson decay widths must be taken into account, which
can be used to further constrain the Wilson coefficients [139].

When quadratic terms O(A™?) are included in the fit but dim-8 operators are ex-
cluded, only a subset of the dim-8 parameter space is considered. Nowadays, it is com-
mon practice to use the difference between fitting results obtained via the linear-only and
linear + quadratic models as a function of a certain energy upper cutoff®®, Egy, to qual-
itatively estimate an uncertainty due to the missing O(A~*) contributions [140], as il-
lustrated in Figure 1.7. The regions above the curves labeled as C;(Ecyt/ A)? = const.
and C;(FEeyt/4mA)? = const. correspond to the ranges where either the calculation of the
higher corrections fails or the perturbative unitarity condition is violated. The optimal
value of the cutoff E, is found where these two methods of analysis yield close con-
straints on the Wilson coefficient C;. The inclusion of quadratic terms proportional to A~4
is recommended for several reasons. Firstly, if only terms of the order of A~2 are kept, the
effects from A~ are not accounted for. Secondly, the interference of dim-6 operators with
the SM contributions might have an important influence. If these terms are neglected, the
calculation of the SMEFT cross section might be ill-defined?®. Lastly, comparing the lim-
its of both linear-only and linear + quadratic approaches clarifies the applicability range
of the SMEFT approach, helping to obtain more reasonable constraints. This strategy is
described in detail in Ref. [141].

PKinematical variables such as the total energy of the parton process or the total transverse energy Hr
can be used.

*This is especially the case if the linear term in an important Wilson coefficient is negative while the SM
contribution is very small.



Chapter 2

Phenomenology of Proton-Proton
Collisions

“Whatever is most abstract may perhaps be the summit of reality.”

— Pablo Picasso (1881 — 1973).

To test theoretical predictions against any experimental observable obtained in col-
lider environments, the formal results from the Lagrangian formalism studied in Chap-
ter 1 turn out to be insufficient. In order to compare experimental data to theory pre-
dictions, so-called General Purpose Monte Carlo (GPMC) generators such as HERWIG [143,
144,145], PYTHIA [146, 147, 142], SHERPA [148], POWHEG [149, 150], or MADGRAPH [151]
(among others!) are used, reproducing high-energy hadron-hadron (hh) or lepton-lepton
(¢¢) collisions event by event?. In experimental particle physics, this provides a paramount
tool to understand not only phenomenological aspects of the theory under consideration,
but also the behavior of the experimental setup by adding detector effects to the simula-
tion. The latter can also be exploited in the planning and optimization of future experi-
ments. GPMC simulations provide a list of particles with their corresponding kinematic
properties at different levels of the production and the decay chain. Firstly, the parton level
provides information on the quarks and gluons involved in the simulation (i.e. before
hadronization®), where unstable particles such as top-quarks or W+ bosons may also be
accessible. At the particle level, only information about objects in the final state, such as
hadrons or jets4, is accessible. Finally, the detector or reconstruction level includes effects
from the finite detector response and resolution on the kinematics of the event. Details
on general-purpose event generators for LHC physics can be found in Refs. [95, 152].

GPMC generators are built in several steps, from the high-energy interaction up to
the non-perturbative effects. Figure 2.1 illustrates the full process. Due to the running of
ag, the short-scale interactions can be characterized in perturbation theory by computing
cross sections at a given order. Section 2.1 presents the computation of the so-called matrix
element, as given by the SM once the hadron structure has been taken into account. Un-
fortunately, fixed-order predictions present limitations in reproducing collision events,
especially if a large activity from gluon radiation is expected. An approximation to all or-
ders via parton shower algorithms, summarized in Section 2.2, is necessary in these cases.
At larger distances, the soft phenomena are described by QCD-inspired models matched
to experimental data. These include hadronization models, outlined in Section 2.3, that
produce the colorless particles in the final state comparable to experimental results. The

LA full list of event generators can be found in Refs. [95, 152].

’In this dissertation, data recorded in pp collisions are analyzed. In the following, the description will
be devoted to pp collisions only, although the presented formalism can be used in #¢ collisions as well as
generalized to any other hh interaction.

$Hadronization models are discussed in Section 2.3.

“Particles are considered stable if their decay length c, being { the mean lifetime of the particle, is greater
than 1 cm. The definition and modeling of jets, and the reconstruction techniques with the ATLAS detector,
are introduced in Section 4.3.4.
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Figure 2.1: Pictorial representation of a ¢t event produced in a simulated pp collision with PYTHIA 8.3 [142].
First, the initial state of the process (taking in consideration the structure of both protons in the collision)
is simulated. Initial state radiation of gluons and photons is taken into account at this stage. The hard
scattering comes next, incorporating the partonic cross section déo. In the same collisions, multiple parton
interaction (MPI) can take place. Photons are radiated off the leptons (yellow curly lines). The underlying
event is also simulated. Gluons undergo fragmentation and hadronize into baryons which decay into lighter
particles. The beam remnants are also taken into account in MC simulations. Source: [142].

remaining collision activity composes the so-called underlying event, including hadrons
originating from the beam remnant.

2.1 Fixed-Order Perturbation Theory and Parton Distribution
Functions

Only interactions between fundamental particles are described in the SM. Therefore, pre-
dictions of a process of interest need to take into account the proton structure and all
possible initial states in a pp collision. In the parton model [153], a pp collision is described
as the collision of two fundamental proton constituents (known as partons) carrying a
certain momentum fraction of their corresponding proton. To date, there is no way to
determine experimentally the energy fraction carried by a parton. Therefore, the prob-
ability functions f,(z,) of a certain parton a to carry a momemtum fraction z, of the
proton momentum needs to be defined. The probability density functions are known
as Parton Distribution Fractions (PDF). The factorization theorem [154, 155, 156] allows for a
separation of cross-section calculation into the two following parts. First, a short-distance
(or high-energy) component that can be computed by means of the perturbative approx-
imation in QCD or EW theories, or both. And lastly, a long-distance (or low-energy) part
extrapolated from phenomenological models. The theorem allows to separate the com-
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putation parton by parton. In QCD, the cross section for a process X in a pp collision,
p1p2 — X, can be written by generalizing Eq. (1.15) as a sum of partonic cross sections®

A6 ap—s x (Ta, T, L, iRy Q2),
X'eX

do
plm_}X Z/ dz,dwy Z /d<I>X'fa xa7MF,Q2)'fb<$bvﬂFvQ2)'

. do’abﬁX(‘rm Th, UFy LR, QQ)
do

DX/(é) — ﬁv MF) )
2.1)

where two massless partons a and b in the initial state with momentum fractions z, and
xp from the first and second proton in the collision, respectively, produce the final state
X at the partonic center-of-mass energy . The partonic cross section depends on the
renormalization scale ;1 at which ag is evaluated in the computation of the matrix element.
The sum over X' includes all orthogonal final states composing X included in the pro-
cess a + b — X under study. The phase space spanned by the final state X’ is denoted by
d®x-. The parton distribution functions f,,, with ¢ = a, b, rely on non-perturbative cal-
culations. So does the fragmentation function Dx:, which parameterizes the dependence
of the transition from the free quarks to the bound states in the hadronization process
(described in Section 2.3) across a given observable® . These components are described
in more detail in the following.

Using Eq. (1.15), the computation of the partonic cross section can be inferred as

2

(}ab—>X($a,$b,,UfF,,UfR7 Z/d(I)X—i-k Z b_)X_;'_k xaaxlnlu’Fnu’RvQ2) ) (22)

being .4, x +1, refers to the transition matrix element (ME) of the process a+b — X, with
k additional quarks and/or gluons. In this way, the phase space for inclusive production
of X can be divided in processes with k additional particles in the final state. These ac-
count for corrections from real emissions. The sum over [ introduces additional diagrams
involving virtual corrections (also referred to as loops). The number of real and virtual cor-
rections fixes the order in perturbation theory considered in the computation. The case
k =1 = 0 corresponds to the leading order (LO) prediction for inclusive X production.
Real emissions k£ = n with [ = 0 provide the cross section of X production in associ-
ation with n additional partons (denoted to as X + n jets for QCD corrections’) at LO,
while varying both k and [ such that k£ 4+ [ < n provides the X production cross section at
next-to-leading order (NLO) for n = 1, next-to-next-to-leading order (n = 2, referred to
as NNLO), or any n up to N"LO. The N"LO prediction includes the N"~1LO computa-
tion for X + 1 jet, N"~2LO computation for X + 2 jets, and so on. In practice, no ME of a
hard-scattering can be computed to all orders in the perturbative expansion®. Predictions
for most SM and BSM processes at LO and NLO in QCD have been automated in GPMC

®Variables computed at partonic level are denoted by a hat.

®Inclusive observables such as total cross sections can be computed without measurable objects (e.g.
hadrons) because a sum over all possible final states a + b — X is involved.

7See Section 4.3.4 for a definition of jets.

$Techniques such as parton showers or resummation, presented in upcoming sections, can be used to ap-
proximate contributions from higher-orders.
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generators. NNLO predictions (or even N®LO in cases such as Higgs or Drell-Yan pro-
duction) are currently the state-of-the-art. Predictions of W*W ™ production, the process
of interest in this dissertation, are further discussed in Chapter 3.

The matrix element |.#,;,_, x/|* in Egs. (2.1) and (2.2) is computed at a certain order in
the perturbative expansion in, e.g., QCD. It implies summing over color and spin indices,
a procedure performed in QFT via the Wick’s theorem [157] and the Lehnman-Symanzik-
Zimmermann (LSZ) reduction formula [158]. Then, |.#,;,_, x:|* can be computed taking
into account all Feynman diagrams contributing to the scattering process at hand, where
each interaction vertex is proportional to the product of some coupling constants char-
acteristic of the theory. The ME relies on the arbitrary energy scales pr and g, whose
meaningful values are given by the characteristic scale of the process. The higher the or-
der in perturbation theory at which the ME is computed, the weaker the dependence of
the cross-section calculation on pr and ;1 becomes. For this reason, precise predictions
require the highest available order in perturbation theory. The choice of the given pp
and g is arbitrary and, to date, no mathematical formalism to propagate uncertainties
arising from the dependence on ;. and pg is available. It has become customary to vary
pr and pp individually by a certain factor (usually a factor of two?), accounting for all
possible combinations in the so-called 7-point configuration.

The introduction of virtual corrections usually leads to divergences that need to be ei-
ther suppressed or subtracted. In general, only partons with momenta much lower than
the energy scale of the process a + b — X are allowed in the ME corrections, to avoid
the presence of so-called ultraviolet (UV) and infrared (IR) divergences. IR divergences can
be avoided by redefinition of the bare particles in the ME. Dressed particles are conven-
tionally used, i.e. the momenta of the collinear radiation within a given proximity are
attributed to the given particle. Since experimentally-observable quantities of dressed
particles such as charge or mass are renormalized, their definition is IR-safe.

Given a production cross section of a given final state X, the ratio of a higher-order
result over the LO prediction is usually denoted as K-factor, K EI(\DNLO = at((l)\l)l)\gLO / at]z)? x-
In hadron collisions, new partonic channels arise in higher-order corrections when cal-
culating the cross section, leading to a significant increase of the higher-order corrections
in some processes, far outside the respective scale uncertainty variations at LO'°. Giant
K-factors are particularly relevant for processes such as diboson production, especially

in association with additional partons [159].

The PDFs f, (x4, ur, Q%) in Eq. (2.1) provide the probability density functions pa-
rameterizing the likelihood of parton a to carry a momentum fraction equal to z, in-
side the hadron given an energy scale of pp. Due to the factorization theorem, it is
possible to measure the PDFs at a certain energy scale Q? and extrapolate results to
different energy scales by means of the Dokshitzer, Gribov, Lipatov, Altarelli and Parisi
(DGLAP) evolution equations [161, 162, 163], relying on the Altarelli-Parisi splitting func-

*There is some dispute on whether a factor of 2 is sufficiently large to account for all uncertainties and on
which permutations of pr and pr should be considered.

These discrepancies can become more prominent when considering certain fiducial regions in, e.g., cal-
culations of differential cross sections. Either due to computational difficulties or the constraints defining
the fiducial region, some kinematic regions (especially in the LO prediction) might be constrained. The extra
radiation at higher orders also extends constrained regions of the phase space. This problem is partially
alleviated by the implementation of parton showers or resummation, described in the following sections.
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tions'! encoding the probability for the parton i to emit a parton j carrying a fraction of

the original parton momentum. The energy threshold at which perturbative and non-
perturbative calculations are performed is controlled by the factorization scale jir, intro-
duced as an input in the calculation. The PDFs cannot be obtained from theoretical con-
siderations, requiring fits to experimental results from Deep Inelastic Scattering (DIS) ex-
periments such as the H1 [165] and ZEUS [166] experiments at the HERA ep collider,
but also from experiments at the Tevatron and the LHC. These fits are usually stored
in grids available for the community [167]. PDF fits are performed by several indepen-
dent collaborations such as NNPDF [168], MMHT14 [169], CT18 [170], MSHT20 [171],
or MSTW2008 [172], but also by the experimental collaborations such as HERA [173],
ATLAS [174], CMS [175, 176], or the PDF4LHC Working Group [177]. The unpolarized
proton PDFs are shown in Figure 2.2 as derived by the NNPDF Collaboration. The va-
lence quarks of the proton (uud) are visibly enhanced at high z, likely to carry a high
fraction of the proton momentum. The low x regime is dominated by the sea quarks and
gluons, especially at high transferred energy. An exhaustive review of splitting functions
and PDFs can be found in Refs. [178, 179, 180].

The use of NNLO PDF
fits, mandatory to match
the level of precision of
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Figure 2.2: NNPDF3.1 parton distribution functions of gluons, valence
and sea quarks composing a proton at NNLO along two different en-
NNPDF3.1LUXQED [186], ergy scales of (left) 10 GeV? and (right) 10* GeV2. Source: [160].
while progress from the

MMHT Collaboration has also been reported [187]. Chapter 3 presents the impact of
photon PDFs in the production of W-boson pairs.

Resummation

The reliability of a perturbative expansion for the computation of the ME |.Zx|? in Eq. (2.2)
builds upon (i) small coupling parameters and (ii) well-behaved coefficients. While the
former can be confidently applied in high-energy pp collisions, the latter needs careful
consideration. Terms may lead to large numerical corrections to the cross section after
the subtraction of the formal divergencies. In such a case, powers in ag may increase and
the truncation in the perturbative expansion becomes meaningless. Resummation solves

I The exact form of the DGLAP and Altarelli-Parisi functions can be found in, e.g., Ref. [164].
2Progress towards splitting functions [181, 182] and PDFs [183] at N®LO is currently being pursued.
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this issue by isolating and summing up the ill-defined terms to all orders in ag. Contri-
butions of the form

do o) 2n—1 m2
— ~ Zag Z [logm <2WW> +... (2.3)

dprww = 7 ‘= Prww

arise in the production cross section of W-boson pairs. The logarithmic terms become
singular for low transverse momentum of the diboson system, p7yw — 0. This behavior
is enhanced in regimes where, for instance, prw is much smaller than the diboson
mass, prww < mww, e.g., when parton radiation recoiling against the WW ™ pair is
suppressed. These singularities cancel out once real and virtual corrections are combined
at all orders. At any order n in perturbation theory, the highest power of the logarithm
is m = 2n — 1 (leading logarithm, LL), as they are usually the ones that are the most
numerically significant, followed by m = 2n — 2 (next-to-leading logarithm, NLL), and so
on up to a given order NPLL. Resummation affects the central value of the computed
cross section, but it also reduces its theoretical uncertainty'®. To date, resummation up to
N3LL matched to NNLO fixed order predictions in QCD are publicly available [188, 189].

Electroweak Corrections

Although the EW coupling constants ayw (~ 0.01) are much smaller than ag (~ 0.1), EW
corrections become increasingly important at the precision frontier. Real EW corrections
rely on an energy scale set to the mass of the radiated gauge boson, providing a cut-off
for integrals to avoid divergence during the emission. These results in EW Sudakov factors

a-EVV,real ~ jﬂ IOgQ (i) 00, (24)
7r miy,
where s is the hard scale at which the process is being evaluated, equivalent to the QCD
scale in QCD corrections, and 4y is the LO partonic cross section. Analogous but nega-
tive Sudakov factors arise for virtual corrections exchanging W= or Z bosons. The net
effect of real corrections is usually small, being virtual corrections the subject of most
theoretical studies [190, 191, 192]. The size of the leading relative EW corrections can be
estimated using Eq. (2.4) as 6 EW — GEW virtual/00- Electroweak corrections are typically of
the order of a few percent, but these can be enhanced in certain kinematic regions'4. The
implementation of automated NLO EW corrections in GPMC generators such as MAD-
GRAPH [193] and SHERPA [194] is completed at fixed order.

2.2 Parton Showers and Matching

The radiation of a large number of soft objects such as partons or photons must be in-
cluded in fixed-order predictions, limited by the chosen order in perturbation theory and
the energy scales. This is crucial to be able to compare these predictions to experimental
conditions. The computational demand of exact calculations of such radiation would be

13 Resummation includes additional terms that depend on the renormalization and factorization scales 1z
and pr, such that the effect of the scale variations on the prediction is reduced.

Using Eq. (2.4), EW corrections of 6=% (/s = 1 TeV) ~ 10% are expected in regions of high invariant
mass or transverse momentum.
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‘ ‘ Parton shower ‘ Matrix elements ‘
Number of partons No limitation (resummed to all orders) Small, limited by computing power
Separated particles Approximation Exact calculation
Collinear particles Exact computation Computation fails (collinear divergencies)

Interference, spin, color Approximation Exact

Table 2.1: Pros and cons of matrix element and parton shower calculations of extra radiation.

unpractical. In contrast, algorithmic approximations are implemented via parton show-
ers (PS). These were first developed in the 1980s [195, 196, 197] and are becoming more
sophisticated over the years [152, 198]. A parton shower models the emissions from all
initial- and final-state partons before and after the hard scattering, complementing the
ME computation by incorporating the partons missed beyond the factorization scale.

The general workflow of a parton shower includes recursively generating sequences
of soft and/or collinear emissions, ordered in decreasing momentum or angle, based on
the probability that each involved parton splits into two lower-energy ones. The most
common approach, known as collinear factorization followed by the HERWIG [199] and
PYTHIA [200] PS models, is then applied iteratively to all outgoing partons in both the
initial- or final-states, performing the splitting until the shower reaches a hadronization
scale of about 1 GeV. Instead of focusing on collinear emission, an alternative formulation
can be achieved by instead considering soft emission as the basic splitting mechanism,
where a parton pair (called dipole) leads the branching process [201]. This approach is
the foundation of the Catani-Saymour dipole factorization [202], used by default in SHERPA
showers. In the PS algorithms, the necessary MEs are typically computed with LL preci-
sion, constituting one of the leading uncertainties of theoretical predictions.

Extra radiation can therefore be accounted for by
either (i) higher orders in the ME calculation or (ii)
by the PS. From the advantages and disadvantages
of both approaches, summarized in Table 2.1, one can
observe that both are rather complementary. The best
of both prescriptions can be achieved by combining
them using the so-called matching schemes, where the
PS is initiated out of the diagrams produced by the

fixed-order ME. As illustrated in Figure 2.3, careful S
consideration with Feynman diagrams beyond LO w
must be taken to ensure that contributions from dif- 00000,

ferent configurations of the ME-PS matching of the .

same radiation (diagrams on the same diagonal) are

accounted only once. Several matching algorithms Figure 2.3: Illustration of initial state ra-
up to NNLO in QCD [204] are followed by different ?‘:Zﬁ?;la;igi i?;?)rt?;emamx element
. . parton shower
MC generators. First approaches were implemented  (horizontal axis). Source [203].

by the CKKM scheme [205], leading to variants such

as CKKW-L [206]. Multipurpose MC generators at LO such as MADGRAPH [151] include
these algorithms. At NLO, the matching to the PS exploits the increased accuracy of the
ME, but must consider the extra radiation. This is done by, e.g., the MC@NLO [207]
and the POWHEG BOx [149, 150] matching schemes, evolving to the also widely used
AMC@NLO [208]. HERWIG7 implements variants of POWHEG and MC@NLO ap-
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proaches, while SHERPA [148] developed a variant of the MC@NLO method. A com-
parative study of these algorithms is presented in Ref. [209].

For applications requiring high accuracy in the kinematics of more than one hard,
large-angle parton radiation from the ME, the MEPS@NLO [210] or MINLO [211] meth-
ods have been proposed. Solutions beyond NLO have been found via NNLO+PS gen-
erators, i.e. generators that, besides being NLO accurate for the production of an asso-
ciated jet, are also NNLO accurate for fully inclusive observables. The MINNLOpg
method [212], used in this dissertation, extends the MINLO approach based on the
POWHEG matching via reweighting [213]. Event generation of W W~ production, rel-
evant for this thesis, is available in both MINLO [214] and MINNLOpg [215, 216]. A
complete list of the available matching algorithms at different orders in perturbation the-
ory and their formal approaches is presented in Refs. [95, 152, 217] and citations therein.

2.3 Hadronization, Underlying Event, and Pile-up

After the PS model is processed, colored partons are grouped into a set of color-neutral
hadrons. These hadrons may then subsequently decay further into secondary particles,
either leptons, photons or additional hadrons. This non-perturbative transition, known
as hadronization, takes place at the so-called hadronization scale, Qnaq ~ 1GeV. In the
absence of first-principles solutions to the relevant dynamics, event simulation programs
use QCD-inspired phenomenological models such as the string or Lund model [218, 219]
(implemented in PYTHIA [146, 147]) or the cluster model [220, 221, 222] (based on the
concept of preconfinement [223, 224] and available in HERWIG [143, 145] and SHERPA [225])
to describe this transition.

After the aforementioned algorithms have been applied in the GPMC simulations,
there are still some experimental signatures to be described, known as the underlying
event. Additionally, multiple parton interactions (MPI) [226] can take place within the same
protons in the hard collision, although the fraction of such events is typically small. The
additional activity caused by non-interacting partons of the proton is known as beam
remnant. The beam remnants must be included when applying hadronization models
to the entire final state, as it is only upon this inclusion that color is conserved. It is
necessary to keep track of the color flows between the MPI and the beam remnant with
so-called color-reconnection schemes [227, 228]. Color reconnection plays an important role
in WHW~ production, especially in hadronic decay modes [229]. More details on the
soft-QCD component of pp event simulations can be found in Refs. [95, 152].

If multiple pp interactions among the colliding bunches take place, the process is usu-
ally referred to as pile-up. Pileup increases with higher luminosity, becoming hard to
handle in busy environments in pp colliders with high instantaneous luminosity such as
the LHC. Further details are given in Chapter 4.



Chapter 3

W -boson Pair Production in the
Standard Model

Scientific knowledge is a body of statements of varying degrees of certainty. Some most unsure, some nearly
sure, none absolutely certain.

— Richard Feynman (1918 — 1988).

The SM provides a mathematical formalism describing the production, interaction,
and subsequent decays of gauge vector bosons, which can be used to derive predictions
as discussed in Chapter 2. The non-abelian symmetry and local gauge invariance of
the electroweak sector of the SM, presented in Chapter 1, also allows self-interactions
between gauge vector bosons. Experimental testing of these predictions is crucial for val-
idating the theory. This dissertation focuses on diboson processes, particularly W+Ww—,
the most abundant diboson process for testing SM predictions (see Fig. 1.5). The chapter
outlines the main phenomenological features of W*W ™~ production, serving as bench-
marks for theory predictions. Additionally, diboson processes, with W+W ™ as a key ex-
ample, are essential for disentangling potential signals with lower cross sections, such as
those from Higgs boson production!, from other background contributions. The propet-
ties of WTW ™~ production relevant to these tests are summarized in Section 3.1. Finally,
diboson processes, specifically W*W~, play a crucial role in constraining BSM contri-
butions which introduce anomalous Triple Gauge Couplings (aTGCs), as discussed in
Section 3.2.

3.1 Phenomenology of W* W~ Production at the LHC

W-boson pair production can be realized in hadron collisions mainly via ¢g scattering
and gluon-gluon fusion (gg). Illustrative Feynman diagrams are depicted in Figure 3.1.
In pp collisions, the production of W-boson pairs is dominated by ¢g annihilation, con-
taining ¢-channel (Fig. 3.1a) and s-channel. The exchange of a Z/7* decaying into W W~
via the triple gauge coupling vertex is involved in the latter.

The total production cross section of W-boson pairs was first calculated in 1979 [230]
for the lowest-order diagrams in Figs. 3.1a and 3.1b. The analytic expression of the
partonic cross section is proportional to the partonic center-of-mass energy as ~ In5/5,
whose scaling behavior highly depends on the gauge boson self-couplings described in
the theory. Moreover, longitudinally polarized W= bosons introduce additional linear
and constant terms in 3, diverging with infinitely large center-of-mass energies. In a
renormalizable theory such as the SM, the divergent terms among the diagrams shown
in Figure 3.1 cancel out exactly at all values of \/s. In the SM, the issue is addressed

IThe total production cross section of a single Higgs boson is about 55 pb in pp collisions at /s = 13 TeV,
roughly a factor of 2 smaller than the production of W W ~. The background-to-signal ratio becomes more
challenging when considering W W ™ final states, with a branching ratio of 20 % [95].
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Figure 3.1: Illustrative Feynman diagrams for W W~ production via (a) the t-channel and (b) s-channel in
qq scattering, (c) gluon-gluon fusion, and (d) off-shell Higgs production.
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Figure 3.2: Differential cross sections of pp — WtW ™~ — u*e™ v, production at a center-of-mass energy of
/s = 13 TeV as a function of the invariant mass of the W W~ system (mww ) computed with MATRIX [231].
Fixed-order predictions are displayed for (a) W W ~ production at LO, NLO, NNLO (both full and only via
qqg — WW production), and nNNLO accuracy in QCD, including also EW corrections at NLO; and (b)
g9 — WW and vy — WW production at LO and NLO. Uncertainties include effects from the 7-point scale
variations of ur and ur, the dependence on the as value, and the PDF choice (NNPDF3.1-LUXQED [186]).
The predictions are derived in a fiducial jet-inclusive phase space defined in Section 9.1.1.

via the inclusion of triple gauge couplings such as ZWW and YW W predicted by the
non-abelian structure of the EW sector, allowing the production of W-boson pairs by
s-channel decays of Z bosons (Fig. 3.1b). Measurements of W' W~ production cross
sections therefore allow testing the non-abelian structure of the EW theory. As shown
in Section 1.3, the total cross-section measurements of ete™ — WHW— production at

the LEP collider serve as empirical confirmation of the non-abelian structure of the SM
(Fig. 1.4).

At NLO in QCD, W+ W~ production via quark-gluon (g9 and gg) scattering can also
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take place implying additional partons in the final state according to the SM predictions.
K-factors arise at NLO, increasing the LO prediction by about 40 %, lying far outside the
scale uncertainties at LO [232]. This feature of W* W~ predictions is shown in Figure 3.2
as a function of myw in a jet-inclusive fiducial phase space (defined in Section 9.1.1). The
large increase in the NLO calculation (Fig. 3.2a) can be explained by the sizable contribu-
tions of the new diagrams introduced by the qg and gg initial states? in the calculation at
O(ag) for pp collisions at the LHC center-of-mass energies, which are not contemplated
at LO. The differences also depend on the differential distribution of interest. There-
fore, caution has to be taken when relying on the modeling of W*W ™~ production at
LO, both in normalization and differentially. At NLO, the production cross sections are
also underestimated. Additionally, W-boson pairs can be produced via non-resonant gg
production, referred to as gluon-gluon fusion (g9 — WW), via a quark loop (Fig. 3.1c)
in absence of additional final-state parton radiation. This production mode contributes
at O(a2) in perturbative QCD and increases the total W W~ production cross section
by about 10 % [232] with respect to NLO. The NLO correction of this production mode
added to the NNLO QCD prediction of ¢gg — WW constitutes part of the N3*LO correc-
tion to WHW ™ production and the combined prediction is therefore labeled as nNNLO.
In high-energy pp collisions, g9 — WW production has a sizable contribution due to
the enhanced gluon luminosities at high momentum transfer to the partons in the pro-
ton structure (see Fig. 2.2). As observed in Figure 3.2a, the NNLO/NLO K-factor is
dominated by pure perturbative corrections of ¢g¢ — WW production [233], although
gg — WW has a sizable contribution to the enhancement of the NNLO prediction with
respect to NLO. Resonant production of a Higgs boson via gluon-gluon fusion which
further decays into a W-boson pair is also involved, as depicted in Fig. 3.1d, and its in-
terference with the W+ W~ diagrams must also be considered [234, 235, 236].

After the first LO predictions [230], approximate NLO corrections were published [237,
238] considering stable W bosons. After the one-loop helicity amplitudes became avail-
able [239], full NLO calculations were possible [240, 159] considering the decay products
of the W bosons, allowing predictions in fiducial regions closer to experimental envi-
ronments. Full NNLO calculations for ¢qg -+ WW production have been available for
almost a decade [232, 233], where scale uncertainties reach the level of a few percent.
At this level in perturbation theory, diagrams resulting in single-top and t¢ production
can arise in the calculation. While single-top and Wt production is realized at NLO in
WHrw-— production, ¢t enters the computation at NNLO. These contributions can be han-
dled by assessing the number of quark flavors considered in the PDF set [232, 233], dis-
tinguishing mainly between four-flavor and five-flavor schemes (i.e. including b-quark
PDFs in the set and considering it to be massless in perturbative corrections). If five-
flavor schemes are chosen, single-top and Wt diagrams must be subtracted. The con-
tributions from t¢ production at NNLO should be subtracted in both flavor schemes.
The gg — WW production was computed for the first time in Refs. [241, 242], also in-
cluding leptonic final states [243, 244], spin correlations, and off-shell effects [245]. This
process is currently available up to NLO including both resonant and non-resonant di-
agrams combined with g7 — WW production up to O(ag) [246, 247]. As presented in
Figure 3.2b, an increase of 70 % in the gg — WW production mode arises after con-
sidering NLO QCD corrections. EW corrections, necessary to reach the percent level

2Unless specified, W W~ production via qg, qg, and gg will be inclusively referred to as gqg — WW.
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of accuracy in both inclusive and differential observables, were first available consider-
ing on-shell W bosons [248, 249, 250] and now also including off-shell effects [251, 252].
Figure 3.2a shows the effect of NLO EW corrections on the predicted fiducial cross sec-
tion of the fully-leptonic W*W~ — e*u v, production as a function of myw in
a jet-inclusive phase space defined in Section 9.1.1. A reduction of about 4% of the
fiducial cross-section is predicted after EW corrections at NLO accuracy have been ac-
counted for, which becomes more prominent at high my 1 where the Sudakov factors
illustrated in Eq. (2.4) are larger. Fixed-order predictions of W+ W~ production includ-
ing the aforementioned processes and corrections are publicly available in programs such
as MATRIX [232, 233, 253, 247, 231] (including transverse momentum resummation with
RADISH [254, 189]) or MCEM [255, 256] (including jet-veto resummation). Detailed sim-
ulation of WHW ™ events is available in generators such as POWHEG BOX [257], HER-
WIG [258], or SHERPA [259] up to one jet. Nowadays, unified descriptions of fixed-order
predictions of WHW ™~ production up to NNLO in QCD matched to parton showers are
available, allowing both high accuracy and a fully differential description of experimen-
tal data [215, 216, 260, 261]. Efforts towards including EW corrections in such schemes
are also ongoing [262, 263]. Predictions of polarized W W ™ final states are available up
to NNLO in QCD using the double-pole approximation [264] and NLO QCD in semilep-
tonic decays [265], and analysis techniques to extract production cross sections of polar-
ized W bosons and polarization fractions relying on template fits to theoretical predic-
tions [266] but also longitudinal massive gauge boson tagging to increase experimental
sensitivity in fully leptonic [267, 268] and semileptonic final states [269].

When both QCD and EW corrections are sizable, effects at NNLO from mixed QCD-

EW contributions O(asayy ) become important. Different schemes on the combination of
NNLO QCD and NLO EW corrections can be consider to account for these effects [231].

* A purely additive combination,
donnro Qepentoew = doro(l + dqep + dpw) + doty (3.1)

¢ and a factorized multiplicative scheme that applies the EW correction to the entire
NNLO QCD cross section

donnLo QepentoEw = doro(1 + dqep) (1 + drw) + dofly . (3.2)

The multiplicative prescription generates extra O(asaw ) and O(aZay), approxi-
mating the higher-order mixed QCD-EW corrections®.

Experimental collaborations* usually veto additional hadronic activity surpassing a
certain threshold in transverse momentum p}**® to enhance the purity of W W™ signal
events over background processes. In such cases, the measured fiducial cross section in
this jet-vetoed selection is extrapolated to the inclusive selection using a jet-veto efficiency
Eveto = Oveto/Tincl., Where the fiducial jet-vetoed and inclusive cross sections (oyeto, and
Tincl., Tespectively) are determined from SM predictions. However, these type of vetoes

3This factorization assumption is justified, e.g., in scattering energy regimes @@ > myw dominated by
Sudakov logarithms while the QCD effects arise at energies below (. The multiplicative approach is not
justified in regions affected by giant EW K factors [231].

*An overview of the experimental measurements of W+ W ™ production is presented in Section 7.2.
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can lead to more unreliable fixed-order calculations since large logarithms of the form
log(p¥e /mww ) arise when the energy scale introduced by p¥e*© is much smaller than the
scale of the process myyw, as shown in Eq. (2.3). In such a case, the predictions must
be recovered via resummation [270, 271, 255, 272, 256]. Transverse momentum [273, 274,
271, 260], jet-veto [270, 275], and threshold [276] resummation approaches are available.

Photon-induced W+W = production (yy — WTW) also contributes at leading order
when EW radiative corrections in the proton are accounted for. As shown in Figure 3.2b,
this production mode contributes especially at high myw [248, 252]. At the current level
of precision in W+W ™ production at the LHC, photon PDFs and vy — WW produc-
tion must be included for an accurate assessment of the cross-section prediction since
photon-induced contributions are larger than the corresponding PDF uncertainties [186].
The contribution of vy — WW to the WTW~ differential production cross section in-
creases from 1% at myyy = 300 GeV up to 35 % at myyw = 3 TeV, although contributions
to the W-boson transverse momentum distributions are of the order of 1 % [186]. In this
work, the NNPDF3.1LUXQED PDF set [186], containing photon contributions, is used.
In W W~ production at the LHC, lepton PDFs can be neglected [277].

3.2 Sensitivity to Anomalous Couplings in W*IW "~ Production

The access of W-boson pair production to the self-couplings among massive gauge vec-
tor bosons in the SM gives sensitivity to test anomalous interactions that are not con-
templated in the SM prescription. In the past, W+ W~ production has been exploited in
colliders such as LEP and the Tevatron to set limits on aTGCs using the anomalous cou-
pling formalism [278], which assigns arbitrarily constant values to the coupling strengths
of the anomalous couplings among gauge vector bosons [279, 280], limited by unitarity
constraints [281]. In this formalism, the W bosons are required to decay on-shell and the
longitudinal components of the neutral gauge bosons are neglected. Moreover, the contri-
butions of the coupling terms at higher orders are not suppressed at energies £ > myy, so
they cannot be neglected. EFTs, discussed in Section 1.7, offer several advantages when
compared to the anomalous coupling formalism [131, 282]. The assumptions introduced
in the anomalous coupling formalism are not required, and it is possible to constrain
anomalous couplings without loss of generality. In the SMEFT Lagrangian expansion
(Eq. 11.1), operators at higher-orders are suppressed by powers of energy scale A~1. As
discussed in Chapter 11, even though dim-6 operators would violate unitarity at large
s/A?, the EFT is known to be inapplicable at this regime by definition. In addition, con-
straints in the anomalous coupling formalism can be reinterpreted as dim-6 Wilson coef-
ficients by well-defined expressions given in Ref. [131], which also reduces the number of
free parameters. EFT interpretations have been used in the past [283, 284, 285, 286, 287]
in the production of massive gauge vector bosons, although this approach was not much
pursued by the community. It was not until the analyses of the full dataset of pp collisions
at \/s = 13 TeV that the SMEFT formalism was widely adopted in studies of LHC results.

An illustration of the effects from an anomalous triple gauge coupling among three
W bosons on the SM prediction is depicted in Figure 3.3. The cross section including the
contributions from anomalous couplings is computed by squaring the sum of the SM am-
plitudes with the ones introduced by a WW W coupling with its corresponding strength
given by the Wilson coefficient ¢y While the contributions from the interference do
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Figure 3.3: Differential W+W ™ cross section as a function of the invariant mass of the diboson system mww
at the LHC in pp collisions at /s = 14 TeV. The SM prediction (solid line), the effects of the dimension-6
operator Owww (dashed line) in a SMEFT of energy scale A = 400 GeV and the unitarity bound on the
cross section (dotted line) are shown. Source: [131].

not grow with energy, the effect from the squared anomalous amplitude leads to a growth
with s?/A* that is observed at the high-energy tails of the distribution. Based on experi-
mental data, bounds on the ¢;/A? terms can be set. If data were found to match the curve
with eyww contributions at all values of myy with sufficient significance, one could
conclude that (i) the energy scale of new physics A is greater than the measured value
at the highest reachable energy in the experimental result and (ii) the value of A chosen
for the predicted contributions of the anomalous coupling is lower than the energy scale
leading to unitarity violation [133].

The characteristic features of the W+ W~ production signature along with its clean
reconstruction and high production rate can be exploited to also constrain specific BSM
models. An example is the production of axion-like particles (ALPs), which are candidates
to describe Dark Matter in extensions of the SM that could also solve the strong CP prob-
lem [288, 289]. These ALPs could couple to diboson final states such as WtW~, ZZ or
Z~ [290, 291]. Constraints on the mass and couplings to gauge vector bosons of such
particles can be set using LHC data [290, 292]. Extensions including vector boson scat-
tering processes have also been investigated [293], including sensitivity in global SMEFT
interpretations [294].
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Chapter 4
The LHC and the ATLAS detector

“Measure what can be measured, and make measurable what cannot be measured.”

— Galileo Galilei (1564 — 1642).

The ATLAS Collaboration conducts fundamental research in particle physics through
experimental measurements in proton-proton (pp) collisions! at the Large Hadron Col-
lider, located at the European Organization for Nuclear Research (CERN) in Geneva,
Switzerland. Over 5900 members (about 2900 scientific authors) from 182 institutions,
representing 42 countries all around the world, constitute this collaboration [295]. In this
chapter, the facilities of the Large Hadron Collider accelerator and their specifications are
outlined in Section 4.1. The ATLAS detector is described in more detail in Section 4.2. To
identify and reconstruct different kinds of particles and the process of interest in this the-
sis, multiple algorithms and selection criteria are applied on the signals recorded in the
different components of the ATLAS detector. The corresponding methodology followed
by ATLAS is presented in Section 4.3.

4.1 The Large Hadron Collider at CERN

Despite the consolidation of the SM with increasing experimental evidence, the Higgs
boson was still to be found after strong exclusions from theoretical and phenomenologi-
cal considerations [61] and experimental searches from the Large Electron Positron (LEP)
collider [55, 56, 57] at CERN and the Tevatron at Fermilab (USA) [86] in the 1990s. Addi-
tionally, various models of BSM physics include new heavy gauge bosons (Z’,1W’), super-
symmetric particles, or new models proposing the existence of extra dimensions leading
to a characteristic energy scale of quantum gravity in the TeV region. The center-of-mass
energy of the collisions under study has to be maximized to be sensitive to such physics
processes. Due to the small production cross sections involved in the aforementioned
processes, especially in their final states of cleanest signatures, large instantaneous lumi-
nosities are required to generate a significant statistical dataset sufficient for observation.
The increased luminosity and enhanced cross sections make possible to conduct even
more precise tests of QCD, electroweak interactions, and flavour physics. I this way, a pp
collider fulfilling these requirements would also act as a top-quark factory with a produc-
tion rate of several tens of Hz, offering a chance to explore its couplings and spin with
unprecedented precision.

At CERN, the European Organization for Nuclear Research founded in 1954 in Geneva
(Switzerland), a particle collider with unprecedented values of center-of-mass energies
and rate of particle collisions? was installed — the Large Hadron Collider (LHC) [62, 63,

! Also, heavy ions such as lead or xenon are accelerated at the LHC for specific studies and their products
are also measured with the ATLAS experiment. Nevertheless, only pp collisions are relevant for this thesis.
The discussion, unless specified, will focus on pp collisions.

’The highest instantaneous luminosity was surpassed by the SuperKEKB e*e™ collider in 2020 [298, 299].
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Figure 4.1: Particle acceleration facilities at CERN from the LINear ACcelerator (LINAC2, replaced by
LINAC4 in 2020 [296], shown in purple), passing through the BOOSTER (in pink), the Proton Synchrotron
(PS, shown in lilac) and the Super Proton Synchrotron (SPS, in light blue) up to the Large Hadron Collider
(LHC, in dark blue). The particle types accelerated are shown as arrows in different colors. In colored rect-
angles, the length if the given accelerator (in curly brackets) and the starting date of operation are given.
Adapted from [297].

64]. To cover the complete unexplored Higgs mass spectrum up to the upper threshold
of 1 TeV required by unitarity constraints and the aforementioned physics searches, the
design parameters of the LHC were carefully selected. Hadrons (either protons or heavy
ions) are accelerated approximately 100 m underground in a collider of a circumference
of 26.7 km. The LHC is composed of eight arcs and eight straight sections installed in the
tunnel that previously hosted the LEP collider.

In collider experiments, the event production rate of a certain process X with produc-
tion cross section oy is inferred as described in Section 1.5,

Nx=—2=0L-ox, (4.1)

where L corresponds to the instantaneous luminosity, representing the flux of colliding
particles. The instantaneous luminosity L is defined by the experimental setup (e.g. the
beam conditions during the collision run) and it has the dimension of number of parti-
cles per area per time. The cross section of the process in place is computed following a
specific physical model evaluated using Eq. (2.1). To explore processes with small cross
sections, the instantaneous luminosity needs to be maximized in order to achieve a con-
siderable statistical set to carry out a precision measurement, or claim either an evidence
or a discovery. The total number of interactions depends on the integrated luminosity £

Nxzax~/L(t)th,C~O'X7 4.2)

whose value is measured in units of inverse barn. At the LHC, units of inverse femtobarn
(fb~!) are commonly used.

Bunches composed of O(10!!) protons are obtained at the LHC by ionizing hydro-
gen using electric fields. The extracted protons are then injected into the pre-acceleration
chain. The pre-acceleration facilities of the LHC employed between 2015 and 2018 [64]
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are presented in Figure 4.1, involving the linear accelerator LINAC2 that accelerates the
protons up to 50 MeV. Further, the particles proceed to the Booster, where the incom-
ing beam is split and accelerated simultaneously to 1.4 GeV in four superimposed syn-
chrotron rings, then recombined and injected into the Proton Synchrotron. The Proton
Synchrotron, speeding up the particles up to 15 GeV. Finally, the Super Proton Synchrotron
(SPS) accelerates the protons up to 450 GeV. These constitute the pre-acceleration facil-
ities, which were historically very important in milestones of the SM validation such as
the discovery of the W+ [39, 40] and Z [41, 42] bosons, and underwent major upgrades
in order to meet the demanding requirements of the LHC. Only about 0.1% of the initial
protons are injected into the LHC, the rest being used by lower-energy experiments along
the chain.

Protons at 450 GeV are then injected into the LHC and accelerated with a separation
of 25 ns (approximately 7.5 m for maximum proton speed) by 16 radio-frequency cavities.
Opposite magnetic dipole fields are needed to bend two counter-rotating proton beams
on a circular path. A total of 1232 superconducting niobium-titanium (NbTi) dipole mag-
nets, that produce a magnetic field of 8.3 T below critical temperature with superfluid
helium at 1.9K, are used to drive, steer, and focus the particle beams. Up to 12 poles
installed within corrector magnets are used to stabilize the beam against disturbances or
field irregularities of the dipole and quadrupole magnets (used to squeeze the beam at
the interaction point) across the acceleration line. The nominal filling scheme of the LHC
allows the accelerator to introduce 2808 bunches per injection period per beam, colliding
at a rate of 40 MHz with a specific crossing angle to prevent parasitic collisions on both
sides of the desired interaction point. After certain assumptions®, the resulting instanta-
neous luminosity is given by

Jfny N1 No

I =
2”\/(03:71 + 02,2)\/(‘75,1 +02,)

xS, (4.3)

where f is the revolution frequency, n; is the number of bunches, N; is the number of
protons in bunch i = 1,2, and 0, ; and 0, ; denote the beam width of bunch 7 along x and
y axes in the transverse plane, respectively. As a good approximation, beam sizes can
be assumed to be gaussian-distributed with equal widths. The factor S depends on the
operating conditions (such as the crossing angle of the two beams) [301] and it usually
takes values around 0.8 [302]. The instantaneous luminosity is determined using dedi-
cated detectors and experimental techniques such as Van der Meer calibration scans [303].
The ATLAS luminosity-sensitive detectors and the luminosity measurement for the data
collected between 2015 and 2018 are outlined in Section 4.2.6. During this period, the
peak instantaneous luminosity recorded in the ATLAS detector was 21 - 103t cm™2?s71,
measured in 2018.

Designed to operate at center-of-mass energies up to /s = 14 TeV and an instanta-
neous luminosity of L = 103 cm~2s7!, the LHC faced technical constraints such as the
maximum dipole field and magnet quench limits, forcing the center-of-mass energy of
the LHC (tied to the magnetic rigidity of the ring) to steadily increase over time [62]. The

3To obtain the given expression, certain assumptions on the beam configuration need to be made. Uncor-
related bunches with gaussian profiles along the three spatial axes (x, y, s) with the same bunch length are
considered, colliding colinearly head-on with equal and opposite velocities. The revolution frequency of the
two beams is also considered to be synchronized [300].
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Figure 4.2: (a) Peak luminosity for pp collisions at the LHC for Run 1 (red) and Run 2 (blue). The dashed
green line shows the design instantaneous luminosity of the LHC. Source [302]; and (b) Number of interac-
tions per bunch-crossing (1) per year for data recorded by the ATLAS detector in Run 2. Source [304].

periods between accelerator and detector upgrades, known as Runs, correspond to the
timeframes when data is collected. The LHC exhibited exceptional performance surpass-
ing the design luminosity by a factor of two from 2016 to 2018 during Run 2, owing to
reductions in beam emittances and 3* parameters [302]. Details of LHC collision param-
eters across different years of Run 2 are summarized in Table 4.1. However, collisions
are halted during winter months to reduce energy costs. The augmented instantaneous
luminosity resulted in a higher number of collisions per bunch crossing, known as pile-
up. Figure 4.2b illustrates the mean number of interactions per bunch crossing (u) for
datasets recorded at /s = 13 TeV for various years, showing a maximum around ()
= 30 for the integrated results of full Run 2. The majority of high pile-up events, with
values between 30 and 70, occurred in 2017 and 2018 when the instantaneous luminosity
reached its peak.

The collisions take place in four different interaction points, with their products recorded
by nine different experiments. The four largest experiments that are set along the inter-
action points are ATLAS [305] and CMS [306], general-purpose detectors* of comple-
mentary design; the ALICE detector focuses on heavy-ion collisions and studies of con-
finement in QCD and properties of the quark-gluon plasma [307]; and LHCb, which is
designed to carry out optimized measurement on b-hadron decays [3058]. TOTEM (mea-
suring elastic scattering phenomena and total cross sections) is installed at the same in-
teraction point as CMS [309]. LHCf (that studies the origin of ultra-high-energy cos-
mic rays) [310], SND@LHC [311] (neutrino measurements produced at the LHC), and
FASER [312] (for searches of new light and weakly coupled elementary particles) are in-
stalled along with ATLAS; and MoEDAL [313] (for direct searches of magnetic monopoles)
sits with LHCb. This work is based on data recorded using the ATLAS experiment in pp
collisions for the Run 2 period. The different components of the ATLAS detector are
described in the following.

*General-purpose experiments are designed to study a wide range of physics phenomena, including
the Higgs boson and the electroweak sector of the SM, the study of the properties of the top quark, flavor
physics, and searches for physics BSM.
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y Parameter | Design[62] [ 2015 | 2016 [ 2017 | 2018 |
Proton energy [TeV] 7 6.5 6.5 6.5 6.5
Peak L [10%*cm =251 ] 1.0 0.5 1.4 2.1 2.1
Average pile-up (i) 34 13 25 38 37
Maximum 7y, 2808 2244 2220 2556/1868 | 2556
Bunch N; at start of stable beams [10'1] 1.15 1.0-1.25 | 1.0-1.25 1.0-1.25 1.0-1.25
Emittance at injection [pm] 3.75 ~3.0 ~1.6 ~1.6 ~1.4
8* [em] 55 80 40 40-30 30-25
Half crossing angle [cm] 142.5 145 185/140 150-120 10-130
\ Delivered £ [ b~ 1] H — H 42 \ 39.7 \ 50.6 \ 66 \

Table 4.1: LHC parameters during pp collisions for physics analyses during Run 2 delivered to the ATLAS
and CMS experiments. Adapted from [302].

Muon Detectors

Tile Calorimeter

Liquid Argon Calorimeter

Toroid Magnets

Solenoid Magnet

SCT Tracker Pixel Detector TRT Tracker

Figure 4.3: Schematic view of the ATLAS detector and its components. Taken from [314].

4.2 The ATLAS Experiment

The ATLAS® experiment [305] is a general-purpose particle detector at the LHC designed
for precision measurements and searches for new phenomena in high-luminosity envi-
ronments. These are set by the demanding LHC program. Exploring the physics behind
the QCD and electroweak theories of the SM, especially the electroweak symmetry break-
ing mechanism, as well as either discovering or excluding the SM Higgs boson and other
extended Higgs sectors, supersymmetry, new dynamics at the electroweak scale via, e.g.,
new massive electroweak gauge bosons at the TeV regime, new quarks or leptons, lepton
flavor and CP symmetry violation, and many more, are among the fundamental goals of

the physics program of the ATLAS experiment.

°The acronym ATLAS stands for ”A Toroidal LHC ApparatuS”.
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Due to the small cross sections expected for most of the processes under investigation,
the LHC requires very high collision rates. However, due to an inelastic pp cross section
of 80 mb (see Fig. 1.5), the LHC will still produce 10 inelastic events per second at design
luminosity. This brings a significant experimental challenge, as each candidate event for
new physics will be accompanied by an average of 38 inelastic events per bunch-crossing
(Fig. 4.2b). Moreover, QCD jet production cross sections dominate over the rare processes
being studied in pp collisions. As a result, experimental signatures that are unique to
the physics processes in question, such as missing transverse energy (E¥S%) or secondary
vertices, need to be unambiguously identified. This, in turn, places additional demands
on the particle identification capabilities of the detector.

The ATLAS detector is designed to overcome these challenges and exploit the full
discovery potential of the LHC. These challenging purposes require

1. alarge coverage in both azimuthal and polar angles,

2. very fast and reliable detector response composed of radiation-hard electronics and
sensors, including vertex detector close to the interaction point to resolve secondary
vertices crucial for b-jet and 7 identification,

3. a fine detector granularity to disentangle signal particles from overlapping events,

4. a highly efficient tracker system to characterize charged particles with high mo-
mentum resolution and reconstruction efficiency,

5. electromagnetic calorimeters with excellent energy resolution to reconstruct four-
momenta of high-energy particles, identify electrons and photons, and isolate prompt
production from other secondary decays. This must be complemented by a full-
coverage hadronic calorimeter for accurate hadron and jet energy reconstruction,
crucial to perform measurements of EXss,

6. an accurate identification of muons and precise measurement of their momentum
across a broad spectrum with unequivocal determination of the charge of high-
momentum muons, and

7. an effective triggering system on low-energy objects with efficient rejection over
background to only select interesting physics events over the large inelastic pp cross
section and QCD jet production.

In the barrel region, the detector subsystems are installed in concentric layers around
the beam pipe in the central region. Additional detector layers are placed as transverse
discs along the beam pipe in the forward region. Regions at both halves of the detector
cylinder containing these transverse disks are referred to as endcaps. The detector subsys-
tems complement each other for an accurate lepton reconstruction and identification. The
required energy resolution and performance of each of these, assessed by detailed detec-
tor simulations of the full ATLAS detector [315], are presented in Table 4.2. The overall
layout is presented in Figure 4.3. A coordinate system suiting its shape is presented in
Section 4.2.1. The layers can be divided into four main groups according to their roles.
Following the trajectory of the collision products at the interaction point towards the out-
side of the detector, the inner detector measures tracks of charged particles with very high
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Detector component Location Required resolution M Inl coverage -
easurement | Trigger
Tracking opr /1 = 0.06%pr ® 1% 25 —
Electromagnetic calorimeter op/E =10%/VE ®0.7% 3.2 2.5
Hadronic calorimeter Barrel and Endcap op/E = 50%/VE @ 3% 3.2
Forward or/E =100%/VE & 10% [3.1,49]
Muon spectrometer Opr /DT = 10%pr at pr =1 TeV 2.7 ‘ 24

Table 4.2: General performance goals of the ATLAS detector. Units for energy (E) and transverse momentum
(pr) are in GeV. Adapted from [305].

precision and it is covered in Section 4.2.2. The magnet system, composed by a solenoid
surrounding the inner detector and the toroid magnets, is outlined in Section 4.2.4. Mea-
surements on the particle energies for photons and electrons, and separately for most
of the hadrons, are carried out by the electromagnetic and hadronic calorimeters, respec-
tively, as described in Section 4.2.3. Precise measurements of the muon four-momenta
are performed using the muon spectrometer, covered in Section 4.2.5. Dedicated detectors
are used to perform accurate measurements of the recorded luminosity. These are pre-
sented in Section 4.2.6. The trigger and data acquisition systems of ATLAS in Run 2 are
outlined in Section 4.2.7. Section 4.2.8 introduces the detector simulation infrastructure.
Further technical details on any of these components of the ATLAS detector can be found
in Ref. [305].

421 Coordinate System

At the ATLAS detector, the z-axis of the right-handed coordinate system points towards
the center of the LHC, the y-axis is defined upwards and the z-axis is parallel to the
beam pipe. For convenience, spherical coordinates are normally used. The origin of
the coordinate system is determined per event at the nominal interaction point (whose
definition and reconstruction are described in Section 4.3.1). The angular coordinates are
the polar angle 0, defined as the angle from the beam axis, and the azimuthal angle ¢, which
is measured around the beam axis in the transverse plane (given by the z — y plane). The
rapidity y is defined with respect to the beam axis as

1 E+p,
=1 . .
y 2 n(E—pz> (44)

where E denotes the energy of the particle and p. the z-component of its momentum
vector p. Contrarily to other space coordinates, the difference of rapidity between two
objects is invariant under Lorentz boosts along the z-axis. Therefore, the rapidity is more
convenient to describe kinematics in hadron collider experiments than the polar angle 6.
Nevertheless, the pseudorapidity n is used instead since it tends to the rapidity in the limit
of massless particles (i.e the high-energy limit), directly related to the polar angle 6. It is
defined as

n = —Intan <g) , (4.5)

taking values from 0 in the transverse plane (¢ = 90°) to +o00 or —oo (when § — 0°
or § — 180°, respectively) along the beam axis. Based on these definitions, transverse



48 CHAPTER 4. THE LHC AND THE ATLAS DETECTOR

variables such as the transverse momentum pp = |p]sin6 are well-defined in the z — y
plane in terms of i and ¢ as®

p = |p] = pr - coshn. (4.6)
The angular separation in the pseudorapidity-azimuthal angle space between two objects

can also be defined as
AR = \/An? + A¢?. 4.7)

4.2.2 Inner Detector

At the rates and radiation levels of the LHC, semiconductor detectors are the most suit-
able technology for efficient particle tracking [316]. These technologies have revolution-
ized high-energy physics experiments allowing electronic readout of particle tracks and
an increase of two orders of magnitude in spatial resolution with respect to the previ-
ously used wire chambers. A charged particle traversing a material loses energy via
ionization or photon absorption by the material. Semiconductor detectors make use of
this energy generating electron-hole pairs in pn junctions. Tracking detectors must pro-
vide exceptional spatial resolution in high-energy physics to resolve the enormous parti-
cle multiplicity produced in hh collisions at the LHC. Spatially sensitive semiconductor
technologies such as pixel and microstrip detectors are used in the inner tracker of the
ATLAS detector. Due to the small size of the pads (of the order of several um) and the
high drift velocities, the maximum time needed by the charge carriers to pass the space-
charge region is of the order of a few ns, perfectly suited to cope the collision rate of the
LHC (25 ns).

The momentum resolution of a tracking detector can be inferred from the measure-
ment of the curvature k = —q/|¢|R of a circular particle trajectory of radius R, and there-
fore the measurement of the momentum component perpendicular to the magnetic field
of strength B, pr = 0.3|q/e| BR. The determination of the sagitta’ for small curvature an-
gles or equivalently high particle momenta is proportional to the curvature radius. The
resolution on the sagitta can be improved by increasing the number of position measure-
ments of the track, which is therefore proportional to the curvature resolution. Propa-
gating the uncertainty due to the curvature resolution for many position measurements
(N > 10), the momentum resolution of a tracking detector can be determined as [316]

(%) _ prlal omeas [ 720 us)
PT / meas 0.3¢ LI%B N +4’ :

with L, being the distance between the first and last track measurement in the bending
plane. This relation, called the Gluckstern formula, is applicable at high momenta when
multiple scattering can be neglected [317]. At lower momenta, multiple scattering affects
the deflection angle and an additional term must be added, which is inversely propor-
tional to B, Ly, and the velocity of the particle. Since these are defined by the detector
design, one can parameterize the detector resolution as

<UPT> =/ (apr)* +b? = apr © b,
pT meas

®The properties cot @ = sinh 7 and coshn = sin™' @ are useful to derive these relations.
"The sagitta represents the maximum distance of the particle trajectory perpendicular to the line connect-
ing its entrance and exit points within the magnetic field volume.
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Figure 4.4: The r — z cross-section view of the layout of the ATLAS Inner Detector for Run 2. The top panel
shows the entire Inner Detector, whereas the bottom panel shows a magnified view of the Pixel detector
region, where the Insertable B-layer introduced for Run 2 is shown in orange. Source [320].

where a and b measure the contributions from the position measurement (Eq. (4.8)) and
multiple scattering, respectively. Therefore, the momentum resolution of a tracking de-
tector is improved by (i) increasing the precision of the position measurement, (ii) the
size of the detector, (iii) a strong magnetic field, (iv) greater number of position measure-
ments, and (v) particles with high perpendicular momenta to the magnetic field.

To achieve the momentum resolution of o, /pr = 0.05% - pr & 1% required by its
ambitious physics program (see Table 4.2), the ATLAS inner tracker combines several
layers of pixel and strip semiconductor detectors along with a transition radiation detector
that allows for improved particle identification. The ATLAS inner detector [318, 319] pro-
vides a precise pattern recognition, high momentum resolution, and accurate measure-
ments of tracks for electrically-charged particles above 0.5 GeV within a pseudorapidity
of || < 2.5 and full coverage in ¢. This allows a confident reconstruction of primary and
secondary vertices. It is immersed in a 2 T magnetic field generated by a thin supercon-
ducting solenoid that surrounds the inner detector. Momenta of charged particles are then
inferred with high precision from the trajectory curvature, reconstructed from the track
assigned to charged particles built using the hits on the different detectors of the inner
tracker (see Section 4.3.1).

Three independent and complementary subsystems compose the inner detector, pre-
sented in Figure 4.4. Four barrel layers of silicon pixel detectors allow for high resolution
at pattern recognition from 33 up to 155 mm of the detector radii. Each layer provides a
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spatial resolution of 10 um along the azimuthal direction and 115 pm along the axial (ra-
dial) direction of the barrel layers (disc layers). The high granularity of the pixel detector
and its proximity to the interaction point is crucial for the reconstruction of primary and
secondary vertices with high resolution, essential for flavor tagging and 7 reconstruc-
tion. The pixel detector was upgraded in 2014 by inserting the newest, innermost barrel
layer called the Insertable B-Layer (IBL) [321] at 33.5 mm from the beam pipe. The IBL im-
proved the track reconstruction performance by more than 40% [322], providing a better
precision at vertex reconstruction and significant rejection of photon conversion.

Four and two more layers of stereo pairs of silicon microstrip detectors composing the
so-called SemiConductor Tracker (SCT) span the detector radius from 299 up to 560 mm
in the barrel and endcap regions, respectively. In order to reconstruct 2D position infor-
mation using strips, each module is made of two layers of silicon micro-strip detector
sensors glued back to back with a relative stereo angle of 40 mrad® [323] to improve the
measurement of the z coordinate and the radial coordinate for tracks of charged particles
in the barrel and disc layers, respectively. A clear disadvantage is that the amount of
material doubles, increasing secondary interactions in the tracker and also multiple scat-
tering. The SCT layers provide around eight hits per track with an intrinsic resolution of
17um x 500 pm per layer with a data-quality efficiency of 99.85 % in Run 2 [324].

Charged particles crossing the interface of two media with differing dielectric proper-
ties emit transition radiation in the form of photons. These photons can be absorbed by gas
tubes, generating an ionization signal that can be used for tracking and particle identifi-
cation. In the ATLAS detector, the Transition Radiation Tracker (TRT) consists of multiple
layers of gaseous straw drift tubes situated at the outermost part. This tracker detects
transition-radiation photons, covering a track momentum range from 1 to 200 GeV. The
gas tubes are arranged cylindrically and radially in the barrel and endcap regions, re-
spectively. They are constructed with 4-mm diameter wires surrounded by 19 um thick
polypropylene fibers (in the barrel) and foils (in the endcaps), serving as transition radi-
ators. The TRT spans the radial region from 563 up to 1066 mm and exhibits substantial
particle identification capabilities, particularly for distinguishing between electrons and
hadrons (especially pions). It also enhances momentum resolution for || < 2.0 and
pr > 0.5 GeV. In high pile-up events, approximately 35 hits are recorded in the TRT for a
prompt lepton®, with straw efficiencies exceeding 96 % [325].

4.2.3 Calorimeter System

Calorimeters are employed for the experimental determination of energy of highly ener-
getic particles. These particles deposit energy in the detector through a series of inelastic
interactions, ultimately being absorbed after reaching a critical absorption energy in the
material. Particle showers are categorized as either electromagnetic (comprising purely
e* and ) or hadronic (involving hadronic activity). While the momentum resolution of
trackers degrades proportionally with pr (Eq. (4.8)), calorimetry improves energy resolu-

8Arramging the strip layers at small crossing angles, so-called stereo angles, is beneficial in multiple ways.
First, the detector can be oriented in such a way that the worsened spatial resolution in the direction of the
magnetic field is minimized. Secondly, smaller stereo angles reduce the density of wrong hit assignments,
which simplify the patter recognition. The readout chips for the entire strip module can also be placed in
one side of the detector.

? A prompt lepton denotes any lepton produced in the hard scattering process.
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(a) Overview of the ATLAS calorimetry system. (b) Barrel module of the EMCAL.

Figure 4.5: (a) The overall calorimetry system of the ATLAS detector, and (b) an sketch of a barrel module
of the electromagnetic calorimeter (EMCAL) showing the different cell granularity arranged along the three
calorimeter layers and trigger towers across the 1 and ¢ detector coordinates. Adapted from [305].

tion at higher energies (2 — 15%/+/E/GeV for electromagnetic and 35 — 120%//E /GeV
for hadronic calorimeters). Calorimetry is therefore crucial for achieving accurate energy
resolution at high particle energies, being also sensitive to neutral particles interacting
electromagnetically or via the strong force. The shape of electromagnetic showers is the
result of characteristic constributions from both bremsstrahlung and pair production pro-
cesses, terminated when the energy loss through bremsstrahlung equals ionization at a
critical energy E.. Hadronic showers result from highly energetic hadrons interacting
with nucleons in a dense medium, with the main identifier being the nuclear absorption
length, dependent on the inelastic cross section and material density. Hadronic calorime-
ters, typically denser and larger, are designed with a greater nuclear absorption length
compared to electromagnetic showers.

The most significant quality factor of a calorimeter is its energy resolution. It is typ-
ically influenced by the stochastic fluctuations in the number of charged particles that
contribute to the signal. The resolution can be calculated as'’

oE a b

where a parameterizes the stochastic fluctuations of the shower development, b accounts
for the electronic noise, and ¢ includes effects from mechanical and electronic imperfec-
tions. The resolution is therefore enhanced with higher energies, until the constant term
given by c is reached. To determine the shape of the shower, a calorimeter must have
good energy and position resolution, being also complete and hermetic to capture the
full shower. In sampling calorimeters, passive and active media are alternated in layers to
further develop and record the shower decays, respectively [316].

After passing through the inner detector and the solenoid, particles produced in hh
collisions at the LHC reach the calorimetry system of the ATLAS detector [305], designed

10 Assuming that the square root of the number of charged particles that contribute to the signal is propor-
tional to the primary energy and whose standard deviation follows Poisson statistics.
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to efficiently perform at measuring energy and position of different kinds of particles.
The calorimetry system of the ATLAS detector is depicted in Figure 4.5a. The electromag-
netic calorimeter (EMCAL) is divided in two main components: the presampler and a high
granularity liquid-argon (LAr) detector further divided in front, middle, and back layers
with granularities of 0.0031 x 0.1, 0.025 x 0.0245, and 0.05 x 0.025 in the i x ¢ coordi-
nates, respectively. These are sketched in Fig. 4.5b. The finest granularity, offered by
the front layer up to |n| < 2.5, allows for particle discrimination against charged-pion
decays and multiple photon showers such as the ones produced in 7" decays. Further,
it offers a precise estimation of the pseudorapidity of the impact point. In combination
with the middle layer, an estimation of the photon pointing direction can be achieved. At
high energies, most of the EM shower energy is deposited in the middle layer. The two
outer-most layers are only available for |n| > 2.4. In the transition region from the barrel
to the endcap calorimeter at 1.37 < |n| < 1.52, energy measurements are considerably
affected due to the large amount of upstream material in the inner detector. This region
is referred as crack region and it is normally excluded in physics analyses. The endcap
EM calorimeters are divided into two wheels, the outer and the inner wheel covering the
ranges 1.375 < |n| < 2.5 and 2.5 < |n| < 3.2, respectively. Outside the acceptance of the
inner detector the granularity is reduced up to 0.1 x 0.1 in the  x ¢ space. The energy
resolution of the EMCAL is 10 %/vGeV & 0.17 %.

Hadronic activity is absorbed in the scintillator-tile hadronic calorimeter (HCAL) sur-
rounding the EMCAL. The HCAL is divided in three longitudinal segments with a coarser
segmentation than the EMCAL (0.1x0.1 for the barrel region in 77 x ¢ and coarser at higher
7). A scintillator-tile calorimeter carries out the hadronic calorimetry in the ATLAS de-
tector, separated into a large barrel tile up to || < 1.7 and two smaller extended barrel
cylinders, sitting on both sides A and C of the central barrel. The endcaps, in the range
1.5 < |n| < 3.2 are based on liquid argon. The spatial segmentation in the HCAL is much
lower than for the EMCAL (0.1 x 0.1 for barrel region in the 1 x ¢ space) and it gets coarser
for increasing |7|. An energy resolution of 50% /v GeV @ 3% is available for the HCAL in
the barrel and endcap layers, worse than the resolution of the EMCAL.

4.2.4 Magnets

The ATLAS magnet system is a crucial element in particle detection. By bending the
trajectory of charged particles, it enables the determination of their momenta. This is
achieved through the use of four large superconducting magnets that cover a diameter
of 22m and a length of 26 m.

Positioned in front of the calorimeter system, the central solenoid generates a 2T
central field within the inner detector. The large size of the ATLAS experiment is pri-
marily caused by an air-core toroid magnet system, which generates a magnetic field to
curve muon tracks in the r — z plane (in contrast to the r — ¢ plane in the inner detec-
tor) for enhanced momentum resolution. Comprising a barrel toroid with a 0.5 T central
field and two flanking endcap toroids aligned with the central solenoid, all three toroids
feature eight coils arranged symmetrically and radially around the beam axis. The end-
cap toroids, resembling a racetrack shape and housed in aluminum alloy, create a 1.0 T
central field. Figure 4.7 illustrates a schematic of the magnet system.
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Figure 4.6: Arrangement of different technologies of the Muon Spectrometer of the ATLAS detector across
the y — z plane during Run 2 of the LHC. Green and blue sectors illustrate the position of the MDTs installed
in barrel and endcaps, respectively. In the barrel, the middle (outer) station is covered by two (one) layers
of RPCs (white boxes with black edges). Similarly, one layer of TGCs for the small wheel and three in the
middle wheel (pink) are installed in the endcaps. Source [326].

The bending power is assessed through the
field integral [ Bdl, calculated along a straight
trajectory from the innermost to the outermost
planes of the muon chamber. Here, B repre-
sents the field component perpendicular to the
muon trajectory. Within 0 < |n| < 1.4, the bar-
rel toroid yields a bending power in the range
of 1.5 to 5.5 Tm, while the endcap toroids offer
approximately 1 to 7.5 Tm for 1.6 < |n| < 2.7.
The bending power is reduced in the overlap

region of the two magnets (1.4 < |n| < 1.6). Figure 4.7: The eight barrel and endcap toroid
coils of the ATLAS detector are shown in
red. The solenoid winding is placed inside the
calorimeter volume, depicted as a red cylinder.
The pointing direction of the generated magnetic

field (5) and electric current (/) are depicted
At the most outer part of the ATLAS detector, as black arrows. The forward shielding disk is

tracking gaseous detectors compose the Muon  omitted for clarity. Taken from [316].
Spectrometer (MS) with about 5500 individual

chambers. The MS is designed to trigger events with charged particles exiting the barrel
and endcap calorimeters with || < 2.4, where particle momenta can be measured in the
pseudorapidity range of || < 2.7. These charged particles are mostly muons, highly-
penetrating particles that can traverse the full inner detector and calorimetry systems.

solenoid

. endcap toroid

4.2.5 Muon Spectrometer

The location of the different detector technologies across the r — z plane of the AT-
LAS detector is illustrated in Figure 4.6. In the barrel region, precision tracking chambers
are located both between and on the superconducting barrel toroid magnets, arranged in
three concentric layers (inner, middle, and outer) around the beam axis at radii of approx-
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Function | Detector Chamber resolution (RMS) Measurements per track
z/r [mm] | ¢ [mm] | Time resolution [ns] || Barrel | Endcaps
Tracking MDT 0.035 (2) — — 20 20
CSsC 0.04 (r) 5 7 — 4
Trigger RPC 10 (2) 10 1.5 6 —
TGC 2-6 (r) 3-7 4 — 9

Table 4.3: Values for space and time resolutions, and number of measurements per track of the four subsys-
tems of the MS. The values for the spatial resolution do not include alignment uncertainties. Values of time
resolution do not include delays due to read-out electronics.

imately 5, 7.5, and 10m. In the two endcap regions, muon chambers form large wheels
perpendicular to the z axis and located at |z| distances of approximately 7.4, 10.8, 14, and
21.5 m from the interaction point. In the center of the detector, a coverage gap is open for
services to the solenoid magnet, calorimeters, and inner detector. Considering a straight
track, this gap is about || < 0.08 (0.04) in the outer and middle (inner) layers. Additional
gaps in the acceptance occur in sectors installed on the supporting structure of ATLAS.

According to the performance goals of the ATLAS physics program, the pr resolution
is required to be about 10 % for 1 TeV tracks (Table 4.2), which translates into a sagitta
along the z axis of about 500 pm to be measured with a resolution of 50 pm or better. With
the MS alone, a muon pr of up to a few GeV can be measured. Although track reconstruc-
tion combines inner detector with MS standalone measurements (see Section 4.3.1), the
MS standalone track pr reconstruction still provides sufficient momentum resolution and
excellent charge identification.

The spatial and temporal resolution of the four different detector technologies of the
MS are summarized in Table 4.3. The momentum measurement is performed with high
precision by the Monitored Drift Tube (MDT) chambers. These cover the acceptance range
of [n| < 2.7, and only up to || < 2.0 in the inner-most endcap layer. These chambers
consist of three to eight layers of drift tubes, operated at an absolute pressure of 3 bar,
which achieve an average resolution of 80 pm per tube, or about 35 um per chamber. To
cope with the higher muon rates, Cathode-Strip Chambers (CSC) are installed in the for-
ward region (2.0 < |n| < 2.7). These multiwire proportional chambers with cathode
planes segmented into strips in orthogonal directions allow both coordinates to be mea-
sured from the induced-charge distribution. The resolution of one of these chambers is
40 pm and 5 mm in the bending and transverse planes, respectively. To achieve the sagitta
resolution quoted above, the locations of MDT wires and CSC strips along a muon tra-
jectory must be known up to less than 30 pm. To this end, a high-precision optical align-
ment system monitors the positions and internal deformations of the MDT chambers. The
presence of charged particles produced in hadron collisions after the calorimetry sys-
tems is a crucial signature for interesting physics. Therefore, it is essential to introduce
efficient triggering capabilities in the MS. The tracking chambers are complemented by
fast-triggering technologies of charged particles, which are capable of constructing track
information and position (in both 7 and ¢ coordinates) within 10 — 25 ns after the particle
has passed. In the barrel region (|| < 1.05), Resistive Plate Chambers (RPC) are used for
this purpose, while Thin Gap Chambers (TGC) have been chosen for the endcap region
(1.05 < |n] < 2.4). The design goal targets identification of bunch-crossing with > 99 %
probability. The timing resolution of these detectors allows a successful tagging of bunch-
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crossings, which takes place every 25 ns. After determining the coordinates of the track
hits for both tracking and triggering detectors, hits from both systems are matched for
a standalone MS track measurement. More details on muon reconstruction are given in
Section 4.3.3.

4.2.6 Forward Detectors for Luminosity Measurement

Due to the high peak luminosities in LHC collisions, the fraction of non-interacting cross-
ing bunches is minimal. Elevated radiation levels in the very forward region of the
ATLAS detector forbid the use of traditional scintillation counters for luminosity mon-
itoring. Dedicated detector technologies are essential for direct measurements of pile-
up vertices. ATLAS employs two detectors for luminosity monitoring in the very for-
ward region: LUCID [327] (LUminosity measurement using Cherenkov Integrating De-
tector) located at +17m from the interaction point and primarily dedicated to online
luminosity monitoring, and ALFA [328] (Absolute Luminosity For ATLAS), consisting
of scintillating-fiber trackers inside Roman pots at +240m from the interaction point.
LUCID-2, commissioned in 2016 [329], detects inelastic pp scattering to measure inte-
grated luminosity and provides online monitoring of instantaneous luminosity and beam
conditions. The assumption is that the number of interactions in a bunch crossing is pro-
portional to the number of detected particles, even when most of them originate from
secondary interactions. Further details on the design and installation of these detectors
can be found in Ref. [305]. A historical review of the experimental methods used for
luminosity calibration and measurement in hh colliders is available in Ref. [330].

4.2.7 Trigger and Data Acquisition Systems

In the ATLAS experiment, data are collected from collisions of hadrons accelerated by
the LHC. The detector is a complex machine with approximately 100 million read-out
channels. The detector produces about 1.6 MB of data per event every 25ns of bunch
spacing. This results in a rapid memory filling of 64 TB/min, posing challenges for re-
source and disk usage. To address these issues, ATLAS employs a sophisticated trigger
system [331]. A schematic overview of the TDAQ system is shown in Figure 4.8. The
Level-1 trigger system (L1) [332] processes collisions at 40 MHz using fast decisions with
Field Programmable Gate Array (FPGA) components and based on less detailed detector
information. The L1 trigger comprises the Level-1 Calorimeter (L1Calo) [333] and Level-
1 Muon (L1Muon) [326] triggers, which identify Regions of Interest (Rols) and generate
trigger objects (TOBs) based on calorimeter and muon chamber data. Trigger decisions
depend on the number of TOBs surpassing an energy threshold. The L1Calo system also
computes missing transverse energy or total energy in the event, with a latency of about
2.1 ps. The L1Muon estimates muon transverse momenta with a latency of approximately
2 ps. The Muon-to-CTP-Interface (MUCTPI) [334] connects the results from the L1Muon to
the Level-1 Topological (L1Topo) trigger, which processes these objects and makes decisions
based on more complex topological criteria. The Central Trigger Processor (CTP) [335]
collects information from these components and issues an L1-Accept (L1A) signal, reduc-
ing the event rate from 40 MHz to 100 kHz and directing accepted events to the High-Level
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Figure 4.8: Schematic of the ATLAS trigger and data acquisition system in Run 2. Adapted from [331].

Trigger (HLT) [336]. The HLT, a software-based system using ATHENA!!, performs the
final event selection before storage and runs on a computing farm at LHC Point-1 with
approximately 40 000 processing units. It reduces the event rate from 100 kHz at the L1
trigger to an average of 1 kHz!?, storing data at an average rate of 1.2 GB/s for subsequent
analysis. The entire process involves the coordination of Front-End (FE) electronics, Tim-
ing, Trigger, and Control (TTC) network, buffers, Read-Out Drivers (ROD), and Read-Out
System (ROS). Once the HLT requests detector information from the ROS for final trigger
decision processing, it sends a signal to the Sub-Farm Output (SFO) to transmit the data
to CERN’s Tier-0 facilities for offline processing and permanent storage if the event is
accepted. The trigger system applies predefined selection criteria in trigger chains'3, con-
figuring each with a prescale value of n > 1, which means that one for each n events is
accepted. This is done in order to control the trigger rate and define the accessible phase
space for offline analysis. Prescales enable the recording of events with high trigger rates
without introducing a bias in relevant kinematic distributions. The trigger menu consists
of all the trigger chains in a run of data taking and is of vital importance as it defines
the regions of the phase space available for offline analysis. Thorough validation and
constant monitoring ensure its exceptional performance, and during LHC data-taking
periods, diverse selections [337, 338, 339] are implemented to broadly accept compelling
physics scenarios, optimized by physics groups via the study of MC simulation for tar-
geted physics processes.

Requiring events to pass the lowest unprescaled single-lepton triggers in Table 4.4 is

' ATHENA is the ATLAS offline software infrastructure.

12 A maximum rate of 1.2kHz could be handled during data taking in 2018.

13Trigger chains can be associated with object types, such as single leptons or missing transverse momen-
tum triggers, or even more complex combinations that involve more than one object type. For instance,
simultaneous selections on two leptons (dilepton), or b-jet multiplicity and missing transverse energy.
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[ Lepton [ Year | Trigger label | Er/pr cut [GeV] [ Identification WP | Isolation WP |
HLT_ e24_lhmedium L1EM20VH 24 LHMedium —
2015 HLT_e60_lhmedium 60 LHMedium —
HLT_e120_1hloose 120 LHLoose —
Electron - - - -

HLT_e26_lhtight nodO_ivarloose 26 LHTight ivarloose
20162018 HLT_e60_lhmedium nod0O 60 LHMedium —
HLT e140_1lhloose_nod0 140 LHLoose —

2015 HLT mu20_iloose_L1MU15 20 — iloose

Muon | 2016-2018 HLT mu26_ivarmedium 26 — ivarmedium

2015-2018 HLT_mu50 50 — —

Table 4.4: Triggers included in the combined single-electron (single-muon) trigger definition, commonly
used in ATLAS physics analyses, with their corresponding Er (pr) thresholds, identification and isolation
working point (WP). If the reconstructed objects in an event fulfill af least one of the tabulated triggers, the
event is recorded and considered for physics analysis. This trigger configuration is also used for the physics
analysis presented in Chapter 9. Definitions of identification and isolation criteria are given in Sections 4.3.2
and 4.3.3 for electron and muon WPs, respectively. The label nod0 indicates that no requirements on the
do /o4, of the electron are considered.
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Figure 4.9: Efficiency of passing either the HLT mu26_ivarmedium or the HLT_mu50 trigger in (a) the barrel and
(b) endcaps as a function of the muon pr, computed using data taken in 2016-2018. The data-to-MC ratios
are shown on the bottom plots. The error bars show the statistical uncertainties only. Source [326].

a common strategy in physics analyses, offering a fairly inclusive strategy at the cost of
approximately 20 % of the total L1 and HLT trigger rate. The trigger rate is reduced by
two orders of magnitude when compared to L1 only. The demand for a low threshold
and HLT rate imposes stringent constraints on the lepton identification criteria employed
by these HLT. The efficiencies of primary single-lepton trigger chains are determined us-
ing the tag-and-probe method, detailed in Section 8.4.5, requiring prompt leptons in a phase
space dominated by on-shell Z — ¢/ production. Figure 4.9 illustrates the efficiency of
the combined single-muon triggers from Table 4.4 between 2016 and 2018 in the barrel
and endcap regions as a function of the probe muon pr. Inefficiency in the turn-on region
arises from the absence of isolation criteria for the offline selected muon. A similar effi-
ciency rise at pr ~ 50 GeV is due to the lack of an isolation criterion in the HLT mu50 trig-
ger. Discrepancies between simulation and data efficiencies, particularly in the barrel, are
addressed by employing data-to-MC ratios as scale factors (SF) to adjust the simulation.
A small p7 dependence of the SFs is observed, with the difference in the ratio attributed
to a constant L1 efficiency (about 90 %) used in simulation [326].
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(b) Trigger efficiency as a function of the pile-up (u).

Figure 4.10: Evolution of the combined single-electron trigger efficiency as a function of the (a) offline elec-
tron Er and (b) pile-up (u) during Run 2. The efficiencies are given with respect to the tight version of the
offline lepton identification criteria and the FCTight isolation working point, described in Section 4.3.2. The
data-to-MC efficiency ratio is also shown. The error bars indicate statistical and systematic uncertainties

combined in quadrature. Source [340].

LHC Runs
Run 1 [341] Run 2 [342] Run 3 [123]
2010-2011 [ 2012 20152016 | 2017 | 2018 2022-2025
Vs [TeV] 7.0 8.0 13.0 13.6
ATLAS £ good for physics [fb™ "] [| 46+£0.1 [ 203+£04 | 36.6 14 [ 446+ 11 [ 588+06 250"
Integrated £ per Run [fb~ "] 249 +05 140.1+1.2

* Run 3 is ongoing while this document is being written. The given value shows the target integrated luminosity.

Table 4.5: Center-of-mass energy and recorded integrated luminosities by the ATLAS detector along different
LHC Runs after passing good-for-physics quality requirements.

Three single-electron triggers are used
simultaneously in a typical analysis se-
lection, constituting the combined single-
electron triggers. Figure 4.10 presents the
trigger efficiencies for this combination,
listed in Table 4.4 across different years
in Run 2. At low Er, triggers with
identification and isolation requirements
are used to manage the data bandwidth,
while higher values of Er allow the intro-
duction of additional triggers with looser
identification and no isolation require-
ments. The efficiency turn-on as a func-
tion of Er in 2015, as shown in Fig-
ure 4.10a, is influenced by a looser iden-
tification requirement (LHMedium versus
LHTight from 2016), a lower E7 threshold
(24 GeV versus 26 GeV from 2016), and no
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Figure 4.11: Cumulative values of the integrated lumi-
nosity as delivered by the LHC, recorded by ATLAS,
and deemed of good-quality for physics analyses as a
function of time during stable beams in pp collisions
of the LHC Run 2. The luminosity ready for physics
differs with respect to the newest luminosity measure-

ment given in Table 4.5. Source [304].

isolation requirement. The evolution of the combined single-electron trigger efficiency
from 2015 to 2018 as a function of the average number of collisions per bunch crossing
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is also depicted in Figure 4.10b. Despite similar identification, isolation, and E7 require-
ments in 2016-2018, inefficiencies at Er < 60 GeV in 2016 is attributed to the different
electron trigger configuration used in that year. Inefficiencies of the single electron trig-
gers in the pseudorapidity regions 1.37 < |n| < 1.52 and || > 2.37 is caused by a signifi-
cant amount of material budget of the detector [340].

Due to non-ideal data acquisition systems of ATLAS, the luminosity recorded is lower
(but close) to the luminosity delivered by the LHC. If at least one of the ATLAS sub-
systems experiences problems, data recorded in that collision is not considered of good-
quality for physics analyses. In total, 95.6 % of the data recorded by the ATLAS detector
during Run 2 passed the good-quality criteria [343]. The cumulative distribution of the
integrated luminosity delivered by the LHC along years of Run 2 is given in Figure 4.11.
The values of integrated luminosity as collected by the ATLAS experiment in different
LHC runs of pp collisions used in physics analyses are classified in Table 4.5.

4.2.8 Detector Simulation

To obtain accurate information on the position and energy of the particles reconstructed
by the ATLAS detector, it is essential to consider the impact of its material budget and
response. This requires a meticulous simulation of the energy deposition of particles in
different detector components, as well as their responses to matter interactions, detec-
tor signals, and processing. To enable direct comparisons between data and simulated
events, physics events from MC generators are utilized to feed the detailed detector sim-
ulation. The GEANT4 simulation toolkit [344] is employed to model the geometry of the
ATLAS detector and the response of each of the components of its systems. Details about
the simulation software for particle collisions, detector response, and triggers used in the
ATLAS simulation infrastructure can be found in Ref. [345].

4.3 Object Reconstruction and Particle Identification

The signals provided by the readout electronics of the different subsystems of the ATLAS
detector, presented in Section 4.2, are used to build physical objects relevant for physics
analyses such as lepton or jet candidates. This involves complex algorithms and selec-
tion criteria to reliably identify and reconstruct particles, interaction vertices, and tracks,
minimizing interference from background processes. This section outlines the method-
ology employed in the ATLAS experiment during Run 2. Section 4.3.1 discusses how the
interaction vertices and associated particle tracks are inferred. Essential to the data anal-
ysis presented in this dissertation are electrons, muons, and jets, whose reconstruction
techniques are outlined in Sections 4.3.2, 4.3.3, and 4.3.4, respectively. Given the short
lifetime of tauons, they are reconstructed through their decay products into electrons,
muons, or hadrons. Accurately determining the flavor of reconstructed jets is vital for
event selection, and the associated algorithms employed in Run 2 are detailed in Sec-
tion 4.3.5. The reconstructed objects are then utilized to calculate the missing transverse
energy as outlined in Section 4.3.6. Managing overlaps between the object reconstruction
of different objects is crucial, and the approach taken in this dissertation is introduced in
Section 4.3.7.
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track

| Parameter | Description |

q/p Ratio of the reconstructed charge from the curvature of the track over the mag-
nitude of the momentum vector
o Azimuthal angle of the momentum vector of the track in the transverse plane
0 Polar angle of the momentum vector of the track in the longitudinal plane
do Transverse impact parameter: point of closest approach of the track to the refer-
ence axis in the transverse plane
20 Longitudinal impact parameter: analogous to do in the longitudinal axis

Figure 4.12: Sketch on the global track parameters defining the helix topology of a particle track. The param-
eters dop and ¢ are defined in the « — y plane, while zo and cot # are defined in the « — z plane. The magnetic
field B points to the positive direction of the z-axis. Source: [346].

4.3.1 Track and Vertex Reconstruction

The tracks of charged particles can be reconstructed along the full ¢ range and |n| < 2.5
using the hits recorded within the inner detector. The MS also comes into play for the case
of muons. These tracks are fitted to return a helix trajectory defined by a set of five pa-
rameters, denoted by dy, zo, ¢o, cot 6, and q/p. These parameters, along a sketch on their
definitions are shown in Figure 4.12. The transverse and longitudinal impact parameters,
dp and z, are defined as the distance of closest approach to the interaction vertex and its
z coordinate, respectively. The parameter ¢ (defined within the range [—, 7)) is the az-
imuth at the point of closest approach, and cot § (where 6 takes values within [0, 27]) gives
the inverse slope of the track in the » — z plane. The inverse transverse momentum q/pr,
with ¢ being the charge assigned to the reconstructed track, can be deduced from the
measured radius of curvature. The corresponding uncertainties of these parameters are
denoted by oparam (€.8. 04, and o, for transverse and longitudinal impact parameters,
respectively). The ratios of the impact parameters over their uncertainties are referred
to as significances (i.e., do/oq, or 29/04,, for transverse and longitudinal impact parame-
ters, respectively) and they are commonly used in physics analyses. Once the values of
these parameters are known, the analytical path of the track trajectory is unambiguously
defined.

A particle track can be reconstructed in ATLAS following different approaches [347].
For this dissertation, the most relevant one is the inside-out algorithm which starts by be-
ing seeded with three hits from silicon detectors in the inner detector. Additional hits
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Figure 4.13: Illustration of the electron reconstruction and identification through its path along the different
layers within the ATLAS inner detector. The hypothetical path of an electron (red) traverses the tracking
system (pixel detectors, SCT, and lastly the TRT) and then enters the electromagnetic calorimeter. The in-
teraction of this electron with the detector material along its path through the tracking system can produce
photons by means of bremsstrahlung. The dashed red arrow shows the path for one of these photons. Both
particles would be finally absorbed by the electromagnetic calorimeter, with their energy being measured in
different towers of the EMCAL that compose the cluster. Source: [353].

are continuously added to the track by elongation from the interaction point. This elon-
gation is tackled with specific techniques such as global ? fits, Kalman filters [348], and
non-Gaussian noise [349], along with dynamic noise adjustments from energy recovery due
to bremsstrahlung processes. It takes advantage of the knowledge about the magnetic
field configuration and material budget in the ID. With the inside-out algorithm, trans-
verse momenta of pr > 0.4 GeV are required for reconstructed tracks. Details on the
different approaches for particle track reconstruction can be found in Ref. [347].

Primary vertex reconstruction is essential when inferring the full kinematic proper-
ties of the event. It is identified by matching reconstructed tracks pointing to an original
common vertex. Details on the vertex reconstruction and pile-up determination can be
found in Ref. [350]. Firstly, a vertex seed is considered as maximum of the distribution
of the z coordinate of reconstructed tracks. Then a vertex is fitted using x? minimization.
Incompatible tracks by more than 7 o are discarded. A resolution of the longitudinal ver-
tex position of about 30 ym is achieved for events with high multiplicity of reconstructed
tracks, while a resolution of the transverse position is better than 20 pm [351, 352]. Esti-
mated values of the tracking efficiency can be found in Ref. [352] as a function of n and
the number of interactions per bunch crossing (1). The reconstruction algorithms have
proven to perform well in very dense environments. The track reconstruction efficiency
decreases with greater values of |7|, being close to 90 % for low n and decreasing to about
70 % for denser pile-up environments.

4.3.2 Electrons and Photons

In the central region (|| < 2.5), electron reconstruction in ATLAS involves three key
components: clusters of energy deposits recorded in the EMCAL, reconstructed tracks
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in the inner detector, and the matching between them. Photons undergo a similar pro-
cess, with their presence in the inner detector inferred from conversion vertices'*. Fig-
ure 4.13 illustrates the relevant components of the ATLAS detector for electron recon-
struction. The process starts with energy deposits forming clusters in the EMCAL, us-
ing dynamically-sized clustering algorithms [354]. These clusters, known as superclusters,
are then used in conjunction with tracks to reconstruct electrons. The selection involves
identifying topoclusters and matching them to inner detector tracks, considering specific
criteria in 7 and ¢. The momentum of these tracks is adjusted for bremsstrahlung losses.
Conversion vertices are constructed and matched to corresponding topoclusters. Super-
cluster building is performed separately, and after corrections for initial positions and
energy calibrations, electrons are matched with tracks and conversion vertices. The re-
sulting electron and photon objects undergo an energy calibration, and discriminating
variables are added for background separation. The algorithm, described in detail in
Ref. [354], achieves about 35 % improvement in energy resolution compared to the older
sliding-window approach [355]. Dilepton invariant mass measurements also see a 10 %
improvement in resolution, maintained in high pile-up environments [356].

Electron reconstruction involves matching at least one track to the supercluster. Pref-
erence is given to tracks with hits in the pixel detector, followed by those with hits in
the SCT. Tracks with a better AR match to the cluster in the second layer of the EM-
CAL are prioritized. Following these preferences, a best-matching track is chosen to
retrieve the electron kinematics, combining information from the supercluster and the
highest-ranked track. The four-momentum of the electron is determined using the en-
ergy of the cluster (E7), with ¢ and 1 coordinates retrieved from the best-matching track
at the vertex. The electric charge is derived from the curvature of the best-matched track.
Charge misreconstruction may occur in approximately 0.3 % of the electrons due to track
assignment errors or poor curvature measurement. Energy calibration follows a proce-
dure closely based on Ref. [357], updated with a supercluster-based energy reconstruc-
tion algorithm. The new energy measurement via the clustering algorithm exhibits scale
variations below 0.1 % with an average number of collisions per bunch crossing (u). Elec-
tron reconstruction efficiencies range from 96.5 % to 99.5 % (pr > 20 GeV) depending on
pseudorapidity, with deviations of around 5 % for increasing inelastic interactions per
bunch crossing [354]. Reconstruction algorithms do not discriminate against background
processes such as hadronic jets that can mimic electron signatures. In order to remove
these contributions electron identification working points are defined. The identification of
prompt electrons relies on a likelihood discriminant constructed from various quantities
related to the primary electron track, lateral and longitudinal development of the elec-
tromagnetic shower development, and spatial compatibility between the track and the
cluster. Detailed descriptions of the variables involved are available in Ref. [353]. Three
reference working points (Loose, Medium, and Tight) are defined for increasing back-
ground rejection efficiencies. For the Tight working point (referred to as LHTight), the
electron identification efficiency during the 2015-2016 data-taking period ranges from
75 % to 90 % within the considered electron Er regime. Tighter working points with
lower efficiency values result in increased background rejection. Electrons misidentified
from multijet production are rejected by a factor of 5 using the LHTight working point
compared to LHLoose, in the E7 range of 4 to 50 GeV. The identification efficiency at

Since photon candidates are not relevant for the physics analyses performed in this dissertation, the
description focuses on the reconstruction, identification, and isolation of electrons.
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Figure 4.14: The product of electron reconstruction, identification, and isolation efficiencies €reco X €id X
€iso, derived from Z — ee events, is shown as a function of (a) electron Er and (b) electron 7 for Er >
4.5 GeV for various identification and isolation working points. The inner uncertainties are statistical while
the total uncertainties include both the statistical and systematic components. The lower panels show data-
to-simulation ratios as well as the relative statistical and total uncertainties (statistical and systematic added
in quadrature) applicable to both the data efficiencies and correction factors. Source [353].

around E7 = 40 GeV has a total uncertainty of 0.3 % for this working point [353]. Fur-
thermore, isolation criteria are needed when balancing between a highly-efficient identi-
fication of prompt electrons and good background rejection from heavy-flavour decays
or light hadrons misidentified as electrons. Different working points are also defined for
electron isolation [354]. The Gradient isolation working point will be used throughout
this thesis, designed to give an n-uniform isolation efficiency of 90 % at pr = 25GeV
and 99 % pr = 60 GeV. The dependency on Er and 7 for the product of reconstruction,
identification, and isolation efficiencies ereco X €iq X E€iso for data 2015-2016 is shown in
Figure 4.14. Electrons in simulation are calibrated using the shown data-to-simulation ra-
tios. As seen from the second ratio plot, systematic sources of error dominate, increasing
the total uncertainty by roughly one order of magnitude across for Er > 20 GeV.

4.3.3 Muons

To identify muons, the first step consists of performing separate reconstructions in the
inner detector and muon chambers, since hits of a muon candidate are expected in both
of these detectors. The muon chambers are searched for track patterns using the read-
out hits, and track segments are formed for each chamber in the MS. Muon candidate
tracks are then constructed by fitting the track segments together, starting from the mid-
dle layers of the MS and searching for compatible segments in the inner and outer layers.
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Figure 4.15: Muon reconstruction and identification efficiencies for the Medium working point derived from
J/Y — ppand Z — pp events as a function of (a) the muon pr and (b) the muon pseudorapidity n. The
lower panels show data-to-simulation ratios, where statistical and total uncertainties (sum in quadrature of
statistical and systematic components) are shown. Source [358].

In most of the detector geometry, two matching segments are required to build a muon
track, except in the transition region between the barrel and the endcap, where a sin-
gle high-quality segment suffices. Further quality criteria are then applied to reject fake
muons’®, based on a x? test after fitting all hits in a candidate track. Although differ-
ent types of muon candidates are defined by the ATLAS muon reconstruction strategy,
only combined muons are used in this thesis. To reconstruct a combined muon, tracks are
formed by combining hits from both the tracker and muon chambers using a global fit.
Usually, an outside-in pattern recognition approach is adopted, where tracks in the MS
are identified first and extrapolated to the inner detector to look for matching tracks.

To select prompt over fake muons, quality requirements are imposed on candidate
tracks. Hadronic decays in the inner detector typically result in muon tracks with a dis-
tinctive kink, leading to lower track fit quality when segments from the MS are combined
with hits in the tracker. Simulated ¢t events are used to investigate various discrimi-
nants between prompt and fake muons. The final discrimination is based on the quality
of the track fit, the number of holes in the candidate muon trajectory, and momentum
compatibility between inner detector and MS measurements. Four identification work-
ing points, namely Loose, Medium, Tight, and High-pT, defined inclusively with tighter
requirements with respect to the previous (looser) point, are constructed and provided
centrally for physics analyses. The prompt muon efficiency, as estimated from MC, lies
between 78.1 % for the tightest working point, High-pT, up to 96.7 % for Loose, at low
muon pr. At high muon pr, the efficiencies range between 80.4 % to 98.1 %. Recon-
struction and identification efficiencies, as well as data-to-simulation calibration factors,
can be found in Figure 4.15. The muon reconstruction efficiency is close to 99 % within
In| < 2.5 and pr > 25 GeV for the Medium working point used in this thesis, which relies
solely on measurements in Z — pp0 events. Muon reconstruction and isolation is severely
deteriorated for || < 0.1, where the service gap is not covered by middle and outer layers

°In contrast to muons originated in the hard scattering, fake muons originate from secondary sources such
as hadron decays.
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of the MS (see Section 4.2.5). The identification efficiencies in the range 2.5 < |n| < 2.7,
evaluated using a different (so-called double ratio) method, are significantly lower due
to different strategies of reconstruction. For instance, more stringent track selections are
applied where the coverage of the inner detector is minimal. MC simulation hardly re-
produces the data in this forward region, leading to large correction factors [355]. Muons
within 2.5 < |n| < 2.7 are therefore not considered in this dissertation. In general, prompt
muons from hard scattering events can be clearly identified with respect to other objects
in the event. However, muons arising from hadronic showers in jets tend to be aligned
with the jet itself. To ensure that only prompt muons are selected, isolation criteria are
applied to eliminate muons originating from hadron decays. ATLAS provides differ-
ent isolation working points centrally, targeting different performance requirements for
physics analyses. The working points are defined by applying a selection criterion based
on the ratio of the pr sum of tracks within a cone centered on the reconstructed muon
to the measured pr of the muon (denoted to as pr, cone). The isolation efficiency varies
between 93 and 100 %. Isolation efficiencies of muons passing the Tight working point
are greater than 85 % for pr > 20GeV increasing up to 100 % at pr > 60 GeV. These
efficiencies are well modeled by simulation within uncertainties. Calibration factors are
provided to physics analyses, being computed as a function of the muon pr and the an-
gular separation between the muon and the closest jet'® [358].

The momentum resolution is measured to be 2.9 % in Z — pu decays [358], owing to
the clean muon signals obtained from the MS. This allows for an excellent background
rejection for muon identification and isolation.

434 Jets

In pp collisions, color-charged particles produced in the hard-scattering undergo hadron-
ization before reaching the detector, resulting in complex collimated showers of energy
depositions and tracks due to QCD confinement. Identifying individual particles is chal-
lenging as the original partons cannot be directly detected. However, these collimated
hadron sprays retain some kinematic properties from the hard scattering, allowing fur-
ther understanding of the physics process in the hadron collision. To simplify reconstruc-
tion, these cascades are grouped into single objects known as jets, ideally corresponding
to the complete hadronic shower of a parton from the hard scattering or the radiation
from either initial- or final-state particles. The most common approach to reconstruct
jets in high-energy physics involves the kr algorithms [359], conceptualizing a jet as a
cone extending from the production vertex to the calorimetry system. These algorithms
aggregate input objects into jets based on their relative distances, allowing a single jet
to contain multiple objects. The kr algorithms proceed iteratively, calculating first the
distance

AR?,

AR?

dij = min(k75, k%’}j)

between an input object i and all other objects j, using their transverse momenta k7,
angular separations (AR;;), and a parameter AR related to the size of the final recon-
structed jet. The choice of parameter n labels the algorithm used, corresponding to (i) the

16The definition of jets and the reconstruction techniques in ATLAS are covered in Section 4.3.4.
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Cambridge-Aachen algorithm for n = 0, (ii) the k7 algorithm for n = 1, or (iii) the widely-
used anti-kr algorithm [359] employing n = —1.

The anti-k7 algorithm, used to build jets in this thesis, starts the reconstruction with
the highest-energy inputs. The jet obtained in this way exhibits a cone-shaped structure
that better approximates the expected geometry of hadronic showers in the detector. The
jet radius AR is crucial for effectively capturing signals left by cascades and obtaining
accurate energy measurements. For studying low-energy products of the hard-scattering
event, small-R jets of radius AR = 0.4 are typically used. The second step in the anti-k7
algorithm determines the distance of the object i to the jet-candidate axis as d; p = kﬁ
so that any object j closer to ¢ than the axis can be merged into the same object. Once no
more objects are closer to the jet-candidate axis than 4, a jet is defined and the particles
clustered during its construction are removed from the set of inputs. The previous steps
are repeated iteratively until all available inputs are clustered into jets.

The ATLAS tracking system combines the inner detector and calorimeters to achieve
enhanced momentum resolution. Jets, concentrated in small areas, produce large signals
in groups of topoclusters. Dedicated algorithms [360] identify clusters by starting with a
seed of calorimeter cells with signals four times greater than electronic noise, adding ad-
jacent cells with a signal-to-noise ratio of 2 or more. Clusters are completed by adding a
ring of guard cells around the candidate, regardless of their measured signal. Construct-
ing Particle-Flow (PFlow) jets involves a combination of topoclusters with compatible re-
constructed tracks from charged particles in the hadronic cascade. The inner detector fa-
cilitates track measurement for low-energy particles, extending the acceptance to lower
kinematic regimes. Once the jet objects are constructed, the Jet Energy Scale (JES) under-
goes a series of adjustments made to the jet energy and position [361, 362]. The topoclus-
ter coordinates are recalculated with respect to the main primary vertex for improved 7
resolution. The topocluster energy is calibrated relying on the measurement in the EM-
CALY, and for PFlow jets, the track-measured momentum is replaced for energies above
100 GeV. Addressing pile-up effects involves a two-step correction process, estimating
and subtracting the average energy from pile-up collisions, followed by a residual cor-
rection using bunch crossing information. The total systematic uncertainties for PFlow
jets are given in Figure 4.16 as a function of py. Systematic uncertainties of the JES for
central jets (|n| < 1.2) vary from 1 % for high-pr jets to 5 % at low pr (20 GeV).

Precision SM measurements and BSM searches involving jet production require ex-
cellent Jet Energy Resolution (JER)!. The JER is evaluated in a dijet-balanced system for
precise momentum determination, and is parameterized as in Eq. (4.9). For PFlow jets,
used in this thesis, the relative JER ranges from 0.25 to 0.04 depending on jet p7 as shown
in Figure 4.17. The resolution is primarily influenced by the JES and theory modeling
uncertainties.

Absolute calibrations are subsequently applied to correct the jet  and energy scale.
These corrections are derived from MC simulation, where the jet energy and direction
at particle level are known. Truth jets are reconstructed using the simulated particles
as inputs, being later matched to the reconstructed jets based on an angular separation
requirement (AR < 0.3). The Global Sequential Calibration (GSC) [363] procedure fur-

7This is the baseline energy scale at which electromagnetic showers absorbed by the calorimeter are mea-
sured robustly.
The JER also affects the EF'™° resolution (see Section 4.3.6).
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Figure 4.17: (a) Jet energy resolution and (b) corresponding uncertainties applying the jet energy scale (JES)
as a function of the jet transverse momentum pJ;it. Jets are reconstructed using the anti-k7 algorithm with
AR = 0.4, evaluated using the 20152017 dataset recorded with the ATLAS detector. Source [361].

ther refines the jet energy response using global properties of the jet in MC-simulated
dijet events. Leveraging information from associated tracks, the GSC minimizes differ-
ences in calorimeter response observed in jets of various flavors, improving the JER by
incorporating details of the calorimeter energy deposits. Additionally, for very energetic
jets extending beyond the calorimeter, information from the muon chambers is also in-
cluded. The GSC does not alter the average JES in the dijet sample. Finally, an in-situ
calibration is derived from data to address differences between MC simulation and ac-
tual detector readout. Selection efficiencies exceed 95 % for pr > 20 GeV, rising to 99.5 %
for pr > 100 GeV [364].
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Figure 4.18: Distributions of the b-tagging discriminant of the DL1r b-tagging algorithm for b-jets (solid blue),
c-jets (dashed purple), and light-flavour (dashed green) jets in t¢ simulated events. Source: [369].

The activity generated in a large number of interaction vertices per bunch-crossing
in LHC collisions reduces the accuracy of the jet energy reconstruction, also leading to
the misassignment of numerous jets from pile-up to the primary interaction. The ATLAS
system employs the so-called Jet Vertex Tagger (JVT) algorithm [365, 366] to identify jets
originating from the hard scattering. Via a track-based approach, the JVT combines mul-
tivariate analysis techniques to assess the probability that a given jet originated from the
hard scattering process. The algorithm utilizes jet-based quantities following the iden-
tification of the primary vertex and calculates the jet vertex fraction (JVF) for each jet,
defined as the ratio of the sum of transverse momenta of tracks compatible with the main
primary vertex to the sum of transverse momenta of all tracks associated with other pri-
mary vertex candidates in the event. JVT algorithms are optimized separately for central
and forward jets using the nominal JVT algorithm and a forward-JVT (fJVT) algorithm,
respectively [366, 367].

In addition to pile-up effects, other detected signals can result in false reconstructed
jets. Examples include non-collision background signals from cosmic rays or beam-
induced effects like muons generated from beam losses. Noise in the calorimeter readout
can also contribute. To mitigate the presence of fake jets that were not produced in LHC
collisions, a jet cleaning process [368] is carried out for physics analyses. This process
implements various criteria based on the energy ratio across different calorimeter layers,
along with tracking information. These requirements are combined into working points
with 95 % (99.5 %) efficiency for jet transverse momentum pr > 20 GeV (pr > 100 GeV).

4.3.5 Jet Flavor Tagging

The discrimination between jets containing b- and c-hadrons (referred to as b-jets and c-
jets, respectively) against jets containing only lighter hadrons (i.e., bound states of v, d,
and s quarks, referred to as light-flavor jets) is essential in physics analyses whose final
states are sensitive to different quark flavors. The techniques implemented to identify b,
¢, and light jets based on its kinematic features are know as flavor tagging.
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The identification of b-jets (so-called b-tagging) has been explored in-depth in the AT-
LAS Collaboration. These algorithms exploit the characteristic high mass, high charge-
particle multiplicity and long lifetime of around ¢, ~ 1.5ps [95] of b-hadrons, allowing
them to travel a distance inside the detector of about ct; ~ 4.5 mm before their consec-
utive decay. The tracks assigned to the product of the secondary hadron decay result in
larger impact parameter dy than the expected results from light-jets, allowing to experi-
mentally resolve a secondary vertex in addition to the primary vertex. The addition of
the IBL to the ATLAS pixel detector enhances the impact parameter resolution, result-
ing in an improved performance of the b-tagging algorithms during Run 2 [321]. The
DL1 algorithm [369, 370] is an artificial deep neural network trained on a hybrid sam-
ple constructed with balanced MC simulation of light, c- and b-quark flavor production.
The output is a multidimensional array that provides the probability for each jet to con-
tain either a b, ¢, or light hadrons, which are combined into a tagging discriminant. A
newer version of this tagger, DL1r, is used in this thesis. It includes a new algorithm,
known as RNNIP, based on recurrent neural networks as an additional input that learns
the impact parameter correlations among the tracks assigned to the given jet [371]. The
working points of DL1r combine the selection criteria over the DL1r outputs, shown in
Figure 4.18, to provide specific b-jet acceptance efficiency in simulated ¢¢ samples. Several
working points are provided centrally to be used in physics analyses, with their corre-
sponding calibrations that translate into b-tagging efficiencies of 60 %, 70 %, 77 %, 80 %,
and 85 %. The larger the acceptance to select jets originated from b-decays, the larger the
probability of accepting mistagged jets becomes.

The b-tagging algorithms require knowledge of the truth information about the hadron-
flavor content of the jets used in the training, obtained from MC simulation. Scale factors
are then applied to MC samples in the physics analyses for a good description of the
data. The uncertainties on the scale factors include statistical errors, systematic uncer-
tainties from jet reconstruction, and MC modeling of systematic uncertainties. The corre-
sponding scale factors are estimated in well-identified processes comparing data to MC,
and are parameterized as a function of the jet flavor and its pr. The b-tagging efficiency
is extracted from ¢t dilepton events with exactly two jets, where a combinatorial likeli-
hood approach is adopted to extract the jet flavor composition and b-tagging efficiency
simultaneously [372]. The b-tagging probability is determined for a jet momentum range
between 20 GeV and 400 GeV. For jets with pr > 400 GeV, a high-pr extrapolation is
used to determine the probability of being tagged. The calibration factors correcting for
the b-tagging efficiency are measured to be very close to 1 with uncertainties ranging be-
tween 1% and 8 %. The rate for wrongly tagged jets containing c-hadrons is estimated
from semileptonic ¢t events, where the c-jet mistagging rate is extracted from those asso-
ciated with the hadronic W decay [373]. For the DL1r tagger, the scale factors are close to
1, with efficiencies ranging between 3 % and 17 % [374]. The rate of mistagged light-jets
is studied with methods targeting Z + jets topologies [375].

4.3.6 Missing Transverse Momentum

Neutrinos, and other hypothetical particles interacting purely via the weak force, do not
produce any signal on the different detector layers. Consequently, these particles intro-
duce imbalances in the sum of total momenta of the measurable particles. An inference of
their momenta can be done in the transverse plane using the missing transverse momentum
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Emiss. The components of ER and its azimuthal angle ¢™!* can be obtained from

EYs = — 37 B sin6; cos ¢; } B = \/(Egliss)2 M (4.10)

miss __ _ . al . . . miss
By = > Eisin;sin ¢; HMI — arctan (E?n iss) .
xT

Misreconstruction of object energies directly affects the amount of EX'* in an event,
which can result from either detector resolution effects or decays of particles invisible to
the detector. Both real and “fake” sources of EX'* lead to contributions to the missing
transverse momentum vector that cannot be distinguished from each other. The reso-
lution and performance of EX* are highly dependent on the reconstruction efficiencies
of every object i entering into the sum given by Eq. (4.10). Fully calibrated electrons,
muons, photons, hadronically decaying 7-leptons, and jets reconstructed from calorime-
ter energy deposits and charged-particle tracks are used for the computation of Eq. (4.10),
as well as soft-hadronic activity measured by reconstructed charge-particles tracks that
were not associated with hard objects. The influence of pile-up is notorious [376]. Perfor-
mance of missing transverse momentum reconstruction with the ATLAS detector using
proton-proton collisions at v/s = 13 TeV and further details about its reconstruction can
be found in Ref. [377].

4.3.7 Ambiguities between Reconstructed Objects

The considered selection criteria for particle identification do not impose any require-
ment on the presence of other kinds of particles, even though the efficiency of exclusion
is high. When high statistics come into play, particle misidentification can play an im-
portant role involving background contributions in concrete regions of the phase space
of a measurement. For instance, leptons can be produced inside a jet and they might be
able to pass the selection criteria for electron identification. However, they can be effi-
ciently removed by requiring additional conditions on their reconstruction, especially on
energy depositions and associated tracks. These conditions are usually known as isola-
tion requirements. Calorimeter isolation is carried out by defining the variable 5™ as
the sum of transverse energies of topological clusters with positive energy in a cone of
predefined aperture AR [355]. This clustering is different for electrons and muons. Con-
sidering transverse momenta from the reconstructed tracks, a similar definition can be
done for p?ne’x defined as the sum of transverse momenta from all the assigned tracks
to an object, excluding the best-matching track. The value of X refers to the chosen AR
(e.g. a value of X =30 will involve a choice of AR =0.3).

The same produced element might be selected by the reconstruction algorithms of
different types of objects, causing a double counting of the element of interest in the
reconstruction of the event. This happens especially among electrons, muons, and jets. In
such cases, one of the superposing objects must be discarded by applying overlap removal
requirements. The standard approach used in ATLAS can be found in Ref. [378].



Chapter 5

Gas and high voltage systems for small
Thin Gap Chambers of the ATLAS New
Small Wheel

“Every step we take on earth brings us to a new world.”

— Federico Garcia Lorca (1898 — 1936).

The high instantaneous luminosity and pile-up conditions expected for LHC Run 3
and most prominently for the High-Luminosity Large Hadron Collider (HL-LHC) chal-
lenges the rates of the single-lepton trigger. These are of paramount importance for the
accomplishment of the LHC physics program. During the upgrades taking place from
2019 until 2022, the innermost muon chambers in the endcaps of the ATLAS detector were
substituted by the so-called New Small Wheels (NSWs), incorporating the Micromegas and
small-strip Thin Gap Chamber detector technologies for improved tracking and trigger
capabilities. The upgraded setup is able to successfully operate in the harsher environ-
ments anticipated for the ATLAS experiment at the HL-LHC. This chapter presents the
design, installation, and validation of a gas and high-voltage systems necessary to run
a small-strip Thin Gap Chamber prototype in nominal data-taking conditions in a test
laboratory in Freiburg. For a safe and efficient operation of the experimental setup, even
from a distance, a monitoring system and remote control system have been implemented.

5.1 Introduction

The ATLAS and CMS experiments collected about 140 fb~! of pp collisions at a center-
of-mass energy of \/s = 13 TeV by the end of Run 2, far beyond the expectations of the
physics program. Such an accomplishment also allowed the implementation of innova-
tive calibration and analysis techniques that substantially improved the precision of the
physics results. However, the data collected at the LHC has not revealed any signs of
physics beyond the SM, which is expected given its incomplete description of nature as
outlined in Section 1.6. This motivates the collection of more data, increasing the chance
to observe unexpected signals arising over the SM contributions. The LHC plays a lead-
ing role in both direct and indirect searches of BSM phenomena, and its foreseen upgrade
by 2029 [123] into the HL-LHC [122] is favorable in both approaches. On the one hand,
the increase of the center-of-mass energy up to /s = 14 TeV and seven times greater
instantaneous luminosity (targeting 5 - 103*cm~2s~! and about 250 fb™! per year) enable
the optimization of triggering schemes that enable the quest for rare processes and phe-
nomena. On the other hand, the large amounts of data expected for the HL-LHC will
allow the scrutiny of systematic uncertainties leading to an even better understanding of
our experimental techniques, pushing further the precision frontier at the LHC. With a
target of integrated luminosity of 3000 fb~! delivered approximately 12 years after the
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upgrade [122], an extensive physics program involving experimental tests of SM predic-
tions in Higgs, flavor physics, as well as direct and indirect searches for BSM phenomena
becomes accessible at the HL-LHC, also including the study of high-density QCD using
heavy-ion beams [379]. Carrying out the physics program at the HL-LHC successfully is
a top priority of the European Strategy for Particle Physics [380] and the Particle Physics
community in the USA [381]. In order to keep up with the drawn plan, important efforts
from the theoretical (see Chapter 2), experimental, and accelerator communities are nec-
essary, including optimization of the computing resources, software, infrastructure, and
greenhouse gas emissions.

At the HL-LHC, the increase in instantaneous luminosity results in an environment
expected with a higher pile-up of ~ 55 (at 2x 103 cm =257 1) to ~ 140 (at 5x 103 cm =2 57 1)
mean number of interactions per bunch-crossing, assuming a collision rate of 25 ns. There-
fore, it is mandatory to ensure that the detector is able to operate minimizing radiation
damage at high particle occupancy while coping with the vertex and track reconstruction
efficiencies enforced by the physics program of ATLAS (discussed in Section 4.2).

The upgrade is divided into two steps. The Phase-I upgrade [382] (between 2019 and
2022), brings the technologies of MS [383], TDAQ [384], and calorimeter electronics [385]
closer to HL-LHC requirements. This first stage focuses on sharpening the trigger turn-
on threshold values while rejecting background events, keeping the trigger rates at an
acceptable level for physics without either prescaling or increasing the pr thresholds!.
The Phase-1I upgrade [386] (from 2026 until the end of 2029) incorporates a new full-
silicon inner tracker [387, 388] and high-granularity timing detector [389] into the ATLAS
experiment, as well as further improvements of the Muon detectors [390], LAr [391] and
Tile [392] calorimeters, along with the TDAQ system [393].

This chapter focuses on the NSWs [383], which fully replaced the innermost layer of
muon detectors in the endcap region of the ATLAS detector during the Phase-I upgrades
for the LHC Run 3 [394]. The NSWs are essential to cope with the physics performance
of the muon trigger rates and momentum resolution at high luminosity environments of
the HL-LHC. An overview of the motivation for their installation, its layout and main
detector technologies is given in Section 5.2. This thesis presents the commissioning of a
dedicated laboratory in Freiburg to perform tests of the small-strip Thin Gap Chambers
(sTGCs). In particular, Section 5.3 describes the gas and monitoring systems necessary
to run a sSTGC prototype in nominal data-taking conditions, which has been designed,
installed, and validated for this new laboratory. The conclusions in Section 5.4 close the
chapter.

5.2 The ATLAS New Small Wheel

Most of the Phase-I upgrade effort was allocated to installing the two NSWs that are
necessary to be able to cope with the single-muon trigger rates during Run 3 and the

IThe expected rise in LIMU trigger pr thresholds from pr > 20 GeV to pr > 40 GeV without the instal-
lation of the NSW would result in a loss of acceptance in H — bb (H — WW*) events for physics analyses.
The signal acceptance is expected to drop from roughly 93 % to 61 % (75 %). The acceptance is reduced even
further to 43 % (72 %) if muons with pr > 20 GeV are only triggered in the barrel region. The installation of
the NSW allows to keep the trigger rates at similar values as in Run 2 data-taking without increasing the pr
thresholds of the LIMU triggers [383].
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(a) Sketched layout of the muon spectrometer during the (b) Expected muon trigger rate reduction as a
LHC Run 3. function of the muon pseudorapidity.

Figure 5.1: Illustration of the single-muon trigger rate increased by fake muons in the end-cap region. On
the left, (a) shows the sketched layout of the muon spectrometer in the LHC Run 3 with prompt muons
originating at the primary vertex (A, shown as a blue line), and fake muons from charged particles from
the forward shielding of the detector (B and C, shown as red lines). The outermost endcap wheel is not
displayed. On the right, (b) presents the expected muon trigger rate reduction from the NSW and Level-1
Muon endcap upgrades. Source: [394, 383].

HL-LHC. ATLAS reserves no more than 25kHz of the total 100kHz L1 bandwidth for
the lowest pr single-muon triggers. Without the NSW technology, these trigger rates are
anticipated to rise up to 50 kHz, for a p threshold of 20 GeV.

In the forward-most region of the detector, a significant background component pro-
portional to the instantaneous luminosity arises. This background emerges from low-
energy charged particles produced in the hadronic showers within the forward shielding,
which enters the cryostats of the endcap toroid without traversing the innermost muon
wheel. As they travel through the toroids, their trajectories are bent by the magnetic
tield, and a portion of them follow paths mimicking those of muons originating from the
IP. Figure 5.1a illustrates this phenomenon. On the one hand, these events lead to a no-
table increase in the false positive rate [383] when the middle wheels were solely used for
triggering. The original TGC doublets in the inner wheels lacked sufficient resolution in
the bending direction and an adequate number of detector layers to form track segments
pointing to the IP. The number of Rols identified by the L1 single-muon trigger experi-
ences a sharp rise for values of || > 1, as shown in Figure 5.1b. In Run 1, most Rols
for |n| > 1 were primarily caused by the background originated in the forward shield-
ing. Since the background rate in the endcap region increases with luminosity, it will
eventually exceed the allocated L1Muon trigger rate, and this background can only be
suppressed by increasing the pr threshold of the lowest unprescaled muon trigger to al-
leviate the risen rates. The background rates in the region of the inner wheel stations are
much higher than in the middle wheels, so the relatively coarse granularity of the legacy
TGCs implied that at high luminosity nearly all triggers from the middle wheels would
have had corresponding background hits in the original small wheels, leading to a coin-
cidence requirement that is less effective. On the other hand, the 30 mm-diameter MDTs
used in the old small wheels are limited by space charge build-up effects [395] at high
background rates, expecting a degradation of their precision tracking capabilities at the
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Figure 5.2: Illustrative sketches of the two technologies implemented in the New Small Wheels: (a) Mi-
cromegas, and (b) the small-strip Thin Gap Chambers.

HL-LHC. The successful replacement of the small wheels by the NSWs accomplish both
(i) the suppression of the high trigger rates in the forward-most region, keeping them at a
manageable level flat across the |n| distribution?, and (ii) the very fast and precise track-
segment matching capabilities while maintaining the offline tracking performance of the
old small wheels from Runs 1 and 2 over the same polar angle range (1.3 < |n| < 2.7).
The remaining detectors within the MS are kept in Run 3 and continue to play the same
essential roles in both the muon trigger and offline tracking, just as they did in previ-
ous runs (see Section 4.2.5). The Run 3 setup meets the performance goal (discussed in
Section 4.2) of a standalone transverse momentum resolution better than 15 % for 1 TeV
tracks, which requires the sagitta of about 500 pm of the roughly 15 m long tracks through
the endcap MS to be measured with a resolution of about 75 pm.

Two technologies are incorporated in the NSWs: the small-strip Thin Gap Chambers
(sTGCs) and the micromesh gaseous structure (Micromegas, or MM for short) detectors.

e The MM detectors, introduced in 1995 [396], employ a slim planar design, replac-
ing traditional high-voltage wire planes with a metallic micromesh structures. The
NSW MM detector features two parallel electrodes for drift and readout, creating
a 128 ym drift gap and a 5 mm amplification gap [397]. Electric fields of 100 V/cm
and 40kV /cm in the drift and amplification regions, respectively, achieve a gas gain
of 10* in a mixture of 93% argon, 5% CO», and 2% isobutane. A positive high volt-
age of 4500V is applied to resistive strips for amplification, with a drift cathode
at —240V. Gas ionization triggers electron drift (100ns) and rapid amplification,
generating a quick pulse on the readout strip. MM detectors excel in high flux due
to efficient positive ion evacuation [383]. Mitigating electrical discharge risks, a
protective system incorporates resistive strips above readout strips, spaced 425 pm
apart. The detector’s orientation aligns with the toroidal magnetic field, achieving
spatial resolutions of 300 pm and 12mm in the bending and second coordinates,
respectively.

’The observed asymmetry in the trigger performance between the two ends of the detector is attributed
to the opposite bending directions of positively charged protons originating from interactions within the
shielding.
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both technologies onto the wheel is shown in gray. Adapted from [394].
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¢ The sTGC, a multi-wire proportional chamber technology [398, 399] optimized for
high-rate environments, serves as the primary trigger detector for the NSWs, re-
taining much of the legacy TGC configuration [400] (Figure 5.2a). The chamber fea-
tures two graphite-resin-coated cathodes spanning a 2.8 mm gap, filled with a 55:45
COgz:n-pentane mixture, where n-pentane acts as a quencher to minimize photon
avalanches. Gold-plated tungsten wires (50 um diameter) are aligned parallel to
the radial axis at a pitch of 1.8 mm, applying a nominal potential of +2.8kV. Unlike
the azimuthal orientation in previous TGC detectors, the wire direction in sTGCs
is radial (see Figure 5.2b). Anodes are grouped in sets of ~ 20 wires sharing a
common HYV capacitor, ensuring efficiency at high rates (20 kHz/cm?). Signals are
capacitively induced on fine copper readout strips and pads on either side of the
gap, with a finer pitch and readout layer than TGCs. The readout layer is under a
thin insulating layer, supported by a 1.3 — 1.4 mm thick PCB with a copper ground-
ing skin. The sTGC’s high electric field and narrow anode spacing result in a time
resolution of less than 25ns, enabling differentiation of muons from consecutive
bunch-crossings. This technology allows fast online tracking for L1 trigger, with a
position resolution of 45 um for perpendicular incidents, increasing to ~150 pm at
angles of 20 — 30° [401].

Six sizes of sSTGC quadruplets are available: three sizes for small- and large-sector
wedges, respectively. The HV wires of innermost quadruplets in each wedge (those
closest to the beam pipe) are split in two, creating two HV regions within a common
gas volume: a high and low background region for 2.4 < |n| < 2.7 and |n| < 2.4,
respectively. Each sTGC wedge is enclosed around its periphery by a gas-tight
envelope that is continuously flushed with CO,. This maintains a dry atmosphere
around HV elements and dilutes possible leaks of operating gas. If n-pentane traces
are detected, both HV and low voltage (LV) are switched off and an alarm is fired.

The general configuration of each NSW, illustrated in Figure 5.3a, consists of eight
small sectors, which are aligned with the barrel toroid coils and placed against the shield-
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ing disc, as well as eight large sectors forming a second plane slightly farther from the
IP. To ensure full instrumented coverage, there is a mechanical overlap between the large
and small sectors. The MMs regions overlap between adjacent large and small sectors,
in contrast to the sSTGC regions. These instrumented areas are organized into trapezoidal
modules, each incorporating four layers of MMs and sTGC detector planes, collectively
referred to as quadruplets. These quadruplets, available in various sizes, are radially as-
sembled into sTGC wedges and MMs double wedges, which are then combined to form
large and small sectors. A sector is composed of eight sSTGCs and eight MMs active de-
tector layers, which are constructed on a central spacer frame. This frame is attached to
the wheel spokes in a manner that maximizes the separation between the sTGC wedges,
as depicted in Figure 5.3b, which serve as the primary trigger components. To ensure
precise alignment between the MMs and sTGC quadruplet modules, an optical align-
ment monitoring system is installed [402]. This system periodically collects data approx-
imately every two hours to assess the displacements, rotations, and specific deformation
modes of each individual quadruplet. Furthermore, the shielding disc and central hub of
the NSW have a crucial role in protecting the detector layers from the elevated radiation
levels anticipated in HL-LHC collisions.

5.3 Gas and High-Voltage Systems for Small-strip Thin Gap
Chambers of the ATLAS NSW

The efficient operation of a gaseous detector depends on factors influencing gas ampli-
fication, drift velocity, signal quality, operational safety, and detector material preserva-
tion. Achieving high gas ionization at a sufficiently low electric field is crucial, often fa-
voring noble gases like argon. However, their high photon production rate and short ra-
diation length bring challenges for signal quality and precision. CO3 serves as a suitable
ionization gas, finding a balance at typical electric potentials. Polyatomic gases, known as
quenching gases, offer a broad absorption spectrum of photon energies to control photon
avalanches. Hydrocarbons like methane or isobutane are common choices, but they can
cause undesired electrode polymerization under high radiation load, leading to ageing
effects that compromise detector performance. The choice of a nominal gas must take into
account these ageing effects. Technical aspects for safe and stable gas mixture production
under normal laboratory conditions are also vital. Mixtures of CO; and n-pentane, oper-
ated in saturated proportional mode, meet the stringent gaseous detector requirements in
particle colliders, delivering reduced Landau tails and a high signal-to-noise ratio. This
mixture has extensively been used in both sampling calorimetry [403, 404] and muon
triggering [405, 305, 383], as it features excellent ageing properties [406, 407] and pro-
vides amplifications of over 10° at approximately 3kV, which makes it also accessible in
any physics laboratory.

At the University of Freiburg, a testing facility has been commissioned to evaluate
effects of the gas mixture configuration and readout parameters using cosmic radiation.
Since no thin gap chambers were run at these facilities before, the laboratory had to be
adapted to fulfill stringent safety requirements and performance. For this dissertation,
the necessary system to prepare the nominal COs:n-pentane gas mixture has been de-
signed, built, and commissioned, including the applied high and low voltages for the
sTGC chambers and their readout cards.
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Figure 5.4: Schematic diagram of the gas system commissioned to operate sTGC detectors at the University
of Freiburg.

Design

sTGCs have been constructed and tested in laboratories based in Chile, China, Israel,
Canada, and CERN [407, 408], with gas systems fulfilling tight safety and operation re-
quirements. Gas systems aiming to run sTGCs must provide continuous operation in
a safe and stable manner with fluctuations of a few percent of n-pentane concentration
to ensure optimal performance of the signal collection after ionization by the traversing
charged particle. Additionally, mixtures of n-pentane with oxygen become flammable.
A steady flow of pure CO; is therefore needed to keep the detector free of oxygen and
other pollutants that might contaminate the gaseous mixture and the detector in case
of intervention. A negative-pressure exhaust system with the appropriate sniffers are
compulsory for triggering undesired leakages and freeing the experimental environment
before human intervention. Similarly, the n-pentane available in the system has to be
carefully refilled so that no air or other contaminants are introduced in the gas mixture.
Since n-pentane is known to attack rubber, plastics, and other coatings, every material in
contact with the gas mixture must be compatible with this substance to keep all chemicals
from contaminating the inner detector volume. Moreover, sSTGCs are sensitive to small
pressure differences, leading to deformation in the inner geometrical symmetries crucial
for uniform electric fields and recording of the signal. Remote control and monitoring
are also compulsory for a safe operation of the facility, even when there are no personnel
in the lab. A reliable and safe operation must be ensured in adverse conditions such as
power cuts or fire alarms. The system should offer flexibility to modify flow rates and
gas mixture provided to the sTGC chambers.

Inspired by the gas system in the Canadian test facility [408], Figure 5.4 shows the
system designed in this dissertation for the commissioned laboratory at the University of
Freiburg. The gas starts flowing from a bottle of pressurized and pure®* CO; whose flow

3COs is purchased commercially from Linder with a purity of 99.995%.
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is divided into three different paths. The first path delivers pure CO; (labelled as CO; line
and shown in blue) with a flow rate of 16.6 up to 100 ml/min while a second streamline
drives up to 50 ml/min of CO; to a mixing system, where the inlet gets in contact with lig-
uid n-pentane?. The gas flow of these two forks can be monitored and adjusted remotely
using unidirectional flow requlators. A second flow regulator is installed after the mixing
system to know the mass flow of the mixture at the outlet. Temperature PT100 sensors
(shown as pink dots) are used to monitor the temperatures of the room?®, inlet and outlet
of the mixing system, and the liquid pentane with a precision of +£0.1°C. Additionally,
the n-pentane in the mixing vessel is cooled, whose temperature is remotely configured
and monitored. Both pure CO, and n-pentane mixing paths are then merged back in a
three-way solenoid valve. In the case of a power cut (when the flow regulators close au-
tomatically) or a ventilation failure, the three-way valves switch the gas flow through a
third safety line (shown in green) that incorporates a mechanical flow regulator fixed to
about 100 ml/min. This safety line ensures a fast and safe flow of pure CO; to evacuate
any n-pentane left in the system in adverse circumstances. The three-way valves can be
controlled to use the safety line by switching off the applied LV. The pressure difference
in the system with respect to the atmosphere is monitored at the sTGC inlet using a pres-
sure sensor with a sensitivity of £0.3 mbar. If the desired pressure is exceeded, a glass
bubbler filled with industrial 0il® used as overpressure valve vents the gas mixture to a
dedicated exhaust system”. The maximum pressure drop, configured by the height of
the oil column in the overpressure valve, is set to 5 mbar. The gas mixture with appro-
priate working conditions is then introduced in the sSTGC chamber which, after passing
through another glass bubbler used as flow indicator, is vented to the dedicated exhaust.
Careful insertion of the industrial oil into the flow indicator bubbler has to be consid-
ered, minimizing the column height to avoid an increase in the pressure drop that might
damage the detector. The mixture is safely vented to the exhaust system®. Stainless-steel
pipes with 6 mm diameter are used to connect the components of the gas system, while a
10 mm-diameter pipe made of copper is used for the exhaust system. Both materials are
proven to be compatible with n-pentane.

The mixing system is depicted in Figure 5.5. It consists of a total volume of 7L able to
contain up to 5L of liquid pentane. The contact surface of the CO; gas, introduced via a
pipe pierced with four 0.15 mm-diameter holes, is increased by bubbling the gas through
the liquid n-pentane to improve the mixing of the gas. The temperature of the liquid

*Purchased with a purity greater than 99% at Carlroth.

°The boiling point of n-pentane at atmospheric pressure is 36.1 °C, while it liquefies at about 16 °C [409].
Tracking the ambient temperature in the laboratory is therefore mandatory to ensure that a gaseous mixture
with the expected conditions is introduced in the detector volume.

The vacuum pump oil Ravenol ISO VG 100 is used. It has low vapor pressure, which is important to
avoid this substance to contaminating the detector volume.

"To avoid fire and smoke traveling among rooms and laboratories, the common exhaust system of the
institute is blocked in case of a fire alarm. The high flammability of n-pentane requires the depletion of any
fraction of CO2:n-pentane mixture in the gas system as fast as possible in case of a fire emergency. Therefore,
a dedicated exhaust system is needed, flushing a high flow rate of CO; into the system to remove any n-
pentane left.

$The available exhaust capacity is 40 m* /min. Due to the high degree of dilution, the released substances
cannot create a hazardous explosive atmosphere in the exhaust air system, which happens at a threshold
density of 33 g/ m?®. Under these conditions, the safe discharge of n-pentane into the building exhaust air
has been proven to be possible without any concerns. The fractions of n-pentane exposed to the atmosphere
have negligible environmental impact [410].
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Figure 5.5: Lateral view of the mixing vessel. Dimensions are shown in millimeters. Three-dimensional
images by Benhard Pfeifer.

n-pentane is set by pumping water at a given temperature’ through a spiral-shaped coil
installed at 68 mm above the bottom of pentane volume in order to maximize the heat
transfer between the water and the n-pentane. The cooling temperature can be set re-
motely, and it is monitored by a temperature sensor at the bottom of the bubbler volume,
with a temperature stability of roughly 0.5°C. A vertical window spanning the height
from the cooling coil up to the outlet is installed to control the n-pentane volume dif-
ference consumed by a run. Two fast connectors with fully-hermetic opening valves are
installed at the top of the vessel for refilling. Temperature fluctuations in the mixing sys-
tem are reduced by covering the vessel with a thermal insulator. The mixing system, the
flow regulators, and the solenoid valves presented in Figure 5.5 are installed in a 2 m-high
gas rack, while the sTGC detector rests on a custom-designed horizontal structure close
to the pressure sensor, the overpressure valve and the flow indicator. An additional pres-
sure sensor is installed at the exhaust system to track possible blockages of the venting
system.

Gaseous n-pentane is denser than air, and therefore it drops onto the floor when
mixed with air in the laboratory in case of a leakage. Two sniffing flammable gas sen-
sors!? are installed inside funnels covering any dropped volume of n-pentane escaping
the gas system in both the gas rack and the detector holding structure. These flammable
gas sensors provide analog readings for monitoring, and they activate the solenoid valves
and alarms via a relay interlock box. The interlock box has been provided by the insti-
tute’s staff at the workshop of electronics, after discussing the specifications of the gas

sensors and the safety needs of the gas system.

Due to the high volatility and flammability of n-pentane, its storage, transportation,

The cooling liquid (distilled water) pumped with a Lauda RE 630 S.
"Two single explosive gas detectors Oldham iTrans2 are used, provided by Teledyne.
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and refilling of the mixing vessel must avoid any leakage of oxygen into the system.
Large quantities of n-pentane required for this experiment are stored in the chemical
storage area located in the basement of the physics institute. There is no access to this
area for employees working on the experiment, except during the opening times. The n-
pentane can only be provided to the personnel of the laboratory in dedicated 2 L bottles
with ignition sensors by those authorized to access the chemistry storage. The bottles are
carried to a chemical storage cupboard near the laboratory. Refilling equipment should
only be handled in a fume hood, able to close in case of spillage. A refilling recipient
made of stainless steel is designed to transport the liquid n-pentane from the fume hood
to the mixing system with no oxygen intrusion. Its layout is presented in Figure 5.6. With
a volume of about 3 L, it also incorporates two fast connectors that attach to the mixing
bubbler. A protocol is designed to fill the vessel with n-pentane, extracting any fraction
of air in the process and minimizing extra pressure drop in the gas system. A summary
of the refilling protocol stands as follows:

1. Once placed into the fume hood, the n-pentane is poured into the refilling ves-
sel. Once filled, the lid of the filling container is loosely closed and COs is flushed
into the volume through one of the two fast connectors at the bottom, whose pipe
reaches the upper part of the vessel. After a few minutes of CO; influx, the con-
tainer is fully closed after removing the COs inlet. Since the pipe of this inlet almost
reaches the top of the vessel, no n-pentane can escape when disconnecting the CO,
input. The filling container is placed onto the transport wagon and wheeled to the
lab. Once the wagon is hold onto the floor, the vessel is pulled up and placed on top
of the bubbler lining up the corresponding connectors. The valves are then screwed
together using appropriate o-rings.

2. The valves are then opened in a specific order: first, the two valves of the refilling
vessel are opened. Then, the bubbler valve at the shortest pipe follow. Lastly, the
remaining valves of the bubbler are opened. The valves are left open until the n-
pentane in the filling vessel is depleted.

3. Unscrew the valve connectors and lift the container back using the transport wagon.

After discussing the requirements of the gas system, both the mixing and refilling
vessels were built by technicians at the physics institute using stainless steel. The mix-
ing and refilling vessels were tested to be leakage-free by flushing gaseous sHe around
their surface while holding a vacuum of up to 10~ bar, which is mainly limited by the
glass windows. The gas system, including both vessels and the mountings for the PT100
sensors, is also hermetic when compressing gaseous 2He up to 3 bar. The proposed gas
system and the given protocols have been certified by a third-party contractor, providing
the legal approval to run the experiment.

The electric field necessary for optimal amplification in the chamber is built with four
HV channels!! that are fully configurable and monitored from remote, providing up to
8kV (3mA) with a resolution of 200mV (50 nA) of voltage (current). The HV module is
connected to a PC in the lab via Ethernet, which hosts the monitoring and remote control
services. The calibration from the manufacturer is verified using a voltmeter of refer-

A single CAEN N1470ET module is utilized.
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ence!?. The HV system passed successfully different stress tests, ensuring that no voltage
peaks or trips appear after sudden variations of voltage and current during various days.
Before any HV is supplied, five complete gas volume exchanges of nominal mixture in
the chamber are recommended for a safe operation.

The data from the temperature
and pressure sensors is recorded with
data acquisition units'3>. Data re-
quests for each sensor are submit-
ted every minute using Standard
Commands for Programmable Instru-
ments (SCPI) [411] and stored in a
SQL database. The database is dis-
played online using Grafana'®, hosted
in a Raspberry-Pi running in a comput-
ing room to allow monitoring in case
of a power cut. The system notifies
the lab users via telegram and email
in case of warning, error, or failure
alarms. A warning includes events /
that require human intervention be- =
fore reaching a state where the run H

J

E% 3¢ €—— Vessel neck

¢ Holding structure ﬁ? §§ O-ring connectors
N

TS Mixing vessel

must be interrupted. An error in the
system requires switching to the safe
CO; running mode of the chamber, u
flushing 16.6 ml/min via the pure CO» °
line. A failure indicates that the sys- il
tem must be switched to the safety
COg line immediately.

Figure 5.6: Frontal view of the refilling system connected to
the mixing bubbler. Dimensions are given in millimeters.
Temperature and Pressure Sen- Image by Benhard Pfeifer.

sors Calibration

Four-wire measurements halve the
noise in temperature determination, which eliminate fluctuations of the wire conductiv-
ity. Increasing the Power Line Cycles (PLCs) of voltage measurements to 100 in the data
acquisition reduces noise in temperature and pressure measurements, yielding averaged
results within a 2 ms integration time.

Calibrating PT100 sensors involves determining the temperature offset, as the man-
ufacturer provides the linear fit slope. Offset temperature is determined by comparing
extended temperature measurements to a reference value. However, both the slope and
offset of the pressure sensor have to be determined. To assess calibration across pressure
differences, both the pressure sensor and a 6 mm-diameter U-shaped tube filled with col-

2The voltages provided by CAEN agree with the reference voltmeter Heizinger DVM 65.

BTwo measurement units are used. An Agilent 34980A is employed for temperature and pressure sensors,
while a Agilent 34970A is used to control the LV supplies'* needed for the three-way valves that switch to
the safety COz line.

15See the documentation for further details: https://grafana.com/docs/grafana/latest/.
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Figure 5.7: Measurements of pressure difference and current obtained with a U-shaped water tube and
the pressure sensor, respectively, both connected in parallel to a water vessel. On top, histograms of the
measurements of current attributed to the a given pressure difference are shown. At the bottom figure,
the measurements of pressure difference are plotted as a function of the mean value of current within its
standard deviation. The fit using orthogonal distance regression is shown by the solid orange line, with
slope of 518 + 24 mbar/A and an offset of —1.53 & 0.20 mbar.

ored water are attached to the bottom of a vessel. Water added to the vessel allows
pressure difference determination by measuring the height disparity in the U-shaped
tube. Collected current measurements from the pressure sensor are matched with corre-
sponding U-shaped tube readings. Central current values and their 1o uncertainty are
computed using mean and standard deviation, respectively, within a given time frame
and pressure difference. Uncertainty in pressure difference is derived from height mea-
surements of the water columns. The calibration involves seven pressure differences,
detailed in Figure 5.7. Orthogonal Distance Regression (ODR) [412], implemented in the
Scipy library, is employed for a linear fit, which considers uncertainties in both current
and pressure difference measurements. The resulting calibration coefficients are stored
in the database for the monitoring infrastructure to display calibrated values.

Gas Characterization

The amount of n-pentane provided to the gas mixture is controlled with the cooling tem-
perature of the mixing vessel, since the vapor pressure of n-pentane varies strongly with
temperature. This dependence can be derived assuming the vapor behaves as an ideal
gas via Amagat’s and Dalton’s laws, leading to the Antoine equation

B

oiT o)

logigp=A—

where p is the vapor pressure, T'is temperature, and A, B, and C are constants defined by
the compound of interest. Additionally, the pressure decreases by about 12 mbar every
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Figure 5.8: Predicted dependence of the n-pentane volume fraction in the gas mixture as a function of the
temperature (solid line) as derived using the Wagner Eq. (5.2). The pressure drop due to the altitude differ-
ence of the laboratory (located in Freiburg at 280 m above the sea level) is presented as a dotted line. The
green horizontal line displays the desired working point of the sTGC gas mixture along with a temperature
variation of half a degree Celsius (dashed line), corresponding to the fluctuation of cooling temperature.

100m at low altitudes above the sea level. In Freiburg, an atmospheric pressure drop of

about 32.5 mbar is expected at 280m of altitude. The Wagner equation [413] is known to

improve the description given by Eq. (5.1), performing well in a wider range of tempera-

tures,

a(l = Trea) + b(1 — Trea)'® + (1 — Trea)®® 4+ d(1 — Tyea)®
Tred ’

where 7,4 and p,cq are the fractions of temperature and pressure with respect to the criti-

cal values (the so-called reduced temperature and pressure), respectively. The parameters
a, b, ¢, and d are tabulated and they are characteristic of the chemical compound [409].

In DPred = (52)

Figure 5.8 displays the dependence of n-pentane volume fraction on temperature,
considering the parameters of Eq. (5.2) from Ref. [414]. The vapor pressure of n-pentane
correlates directly with temperature, yielding a desired working point of 45.0 + 0.9 % at
approximately 14.5 £ 0.5°C. The uncertainty in temperature accounts for fluctuations
of the cooling equipment, larger than the temperature measurement. The corresponding
fluctuation of n-pentane concentration meets the sTGC requirements (lower than +3 %).
Assuming no losses of CO, gas flow throughout the mixing procedure, the volume of
n-pentane in the gas can be inferred from the ratio of mass flow rates after and before
the mixing system by imposing mass flow conservation. The mean measured values
performed along time with the gas system presented in Figure 5.4 are displayed as black
dots, whose uncertainties are computed as the standard deviation of all measured values.
The experimental results align with the Wagner equation trend within uncertainties, val-
idating the gas mixture characterization method. The data supports the Wagner equation
without altitude-related pressure drop. This means that the overall pressure difference
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from the setup altitude and the exhaust system matches the pressure increase from the
mixing mechanism, the sTGC chamber, and the overpressure valve. The verification of
Eq. 5.2 confirms that the implemented gas system is ready for safe operation in sTGC
chambers with flexible n-pentane concentrations for muon measurements.

5.4 Conclusions

The small-strip Thin Gap Chambers in the ATLAS New Small Wheel play a crucial role in
meeting tracking and triggering requirements in the anticipated high-luminosity condi-
tions of the Large Hadron Collider. To ensure optimal gas amplification and signal read-
out, a continuous supply of a saturated gas mixture (55% CO; and 45% n-pentane) under
stable and safe conditions is essential, with the detector performing optimally under high
voltages (2.8 kV). This dissertation details the design, installation, and validation of the
gas and high voltage systems required for operating these detectors in a new laboratory
in Freiburg. The four high-voltage channels pass all stress and stability tests, and the
gas system can supply both pure CO; and the nominal mixture while meeting safety re-
quirements during adverse events. Protocols for handling, transportation, and storage
of n-pentane are included, and the gas system is third-party certified for safe operation.
Remote monitoring and operation are implemented for both gas and high voltage sys-
tems. The system meets gas concentration requirements, and the gas is characterized by
accurately reproducing the temperature dependence of n-pentane vapor pressure with
sufficient stability.



Chapter 6

Statistical Methods for Cross-Section
Measurements and Their Interpretations

“Between living and dreaming there is a third thing. Guess it.”

— Antonio Machado (1875 — 1939).

In high-energy particle physics, complex processes are experimentally detected by so-
phisticated instruments. The quantum properties of the interactions produced and their
record with particle detectors bring inherent randomness, requiring advanced statistical
methods for modeling and interpretation. Chapter 2 has highlighted the dependence
on MC techniques in simulating Standard Model processes. The simulation of SM pro-
cesses, from the calculation of the hard-scattering process up to the modeling of the de-
tector response, relies heavily on MC techniques to address the aforementioned intrinsic
randomness. Any conclusions made from such datasets must be drawn based on proba-
bilistic prescriptions. Discrepancies between predicted and measured distributions may
arise from fluctuations in stringently-constrained datasets, limited accuracy in model pre-
dictions, and finite knowledge of detector response and reconstruction methods. These
limitations must be carefully categorized and quantified in statistical analyses, included
as uncertainties associated with the measured properties of the reconstructed objects in
the event. These analyses facilitate the extraction of pertinent information, allowing the
derivation of quantitative conclusions from observations. Moreover, they provide means
to test various signal hypotheses that might be involved in the production of the recorded
dataset with sufficient confidence.

Following Ref. [415], this chapter summarizes the main concepts of such statistical
methods. Sections 6.1 and 6.2 introduce the relevant methods for the estimation of pa-
rameters and hypothesis testing, respectively, using experimental data. The impact of de-
tector inefficiencies on reconstructed observables can be quantified and corrected using
MC simulation. Section 6.3 details unfolding techniques employed for these corrections,
enabling the publication of detector-independent experimental results. Unfolding allows
direct comparisons not only between experiments but also with theoretical predictions
from the community.

In this thesis, production cross sections of W-boson pairs in pp collisions at /s =
13 TeV are extracted using data recorded at the LHC with the ATLAS detector. The
methodology used to perform those measurements, based on the techniques outlined in
this chapter, are discussed in Chapter 9. Chapter 10 presents the measurements of both
fiducial differential (Section 10.2) and integrated cross sections (Section 10.3) of W W~
production. Within the framework of EFTs (discussed in Section 1.7), the analysis ex-
plores anomalous couplings between SM fields, constraining their presence in agreement
with the data. Statistical inference in Chapter 11 evaluates intervals for each coupling at
a given confidence level.
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6.1 Parameter Estimation

In statistical interpretations of data produced in particle collisions, events recorded in two
consecutive bunch-crossings are considered as completely independent. In this sense,
the observables extracted from collision data can be treated as random variables within
the formalism of probability theory. These random variables follow a given probability
distribution function (pdf) that connects the measurements with the theoretical models.
In this context, if all the information regarding the physics process is encoded in a set
of n random variables, * = {z1, ..., x,}, each event is considered as a measurement
where each of those variables take a specific value, z = {z1, ..., Z,}. An event sample
X = {Z1, ..., &y} is constructed with a set of M measurements of the variables Z; of
such a process in each event. If the physics model that describes the recorded data de-
pends on a series of parameters 8 = (1, ..., 0,,), so does the pdf f(x|@) that character-
izes the behaviour of the random variables . Experimentally, the pdf not only needs to
describe the different particle physics processes involved, but also the detector response,
which typically results in complex forms of the pdf with large number of unknown pa-
rameters to be determined. A statistical inference, commonly referred to as fit, starts with
the determination of the parameters of interest (POlIs), 6, to be extracted from the exper-
imental data. The POIs are later used for hypothesis testing of different physics models.
Due to the intrinsic randomness of the observables extracted from measurements, the
true values of these parameters always remain unknown and estimations of their values
within an uncertainty have to be pursued with a given confidence level® a.

Assuming a certain hypothesis for f(z|0) (including the value of 8) describing the
distribution of x, given all z;, i = 1, ..., n being statistically independent, the proba-
bility for a particular dataset X is the product of the individual probabilities for each

measurement &, i.e.,
M

L(z|0) =[] /(i) 6.1)

i=1

This product of probabilities represents the likelihood function L(z|0)?, providing the com-
patibility of the measured values of the random variables, z, via the pdf f(z;|0) given
values of the parameters 6. The closer the measurement & and the parameters 6 are to
their true values, the greater the likelihood® L(Z|6) becomes. The parameters 6 can then

!This confidence, a probability, can be interpreted following mainly two schools of thought: On the one
hand, the frequentist approach computes such probabilities, or confidence level o, by counting the fraction of
favorable outcomes over the total number of repetitions of the experiment. The true value of 6 is therefore
expected to fall inside the uncertainty interval a fraction « of the repeated experiments. On the other hand,
the probability in the Bayesian approach is a measure of the degree of belief about a certain outcome to be
true, modified after each repetition of the experiment. In this context, the uncertainty or credible interval is
believed to contain the true value of # with a probability of a. Both approaches treat the data in different
ways and therefore lead to different results. Unless stated different, the frequentist approach is adopted in
the following and in the rest of this thesis. The uncertainty interval might also not be symmetric with respect

to the central value in some cases, being denoted as 6 = éfgg:i’wn.

2Note the abusive use of notation of conditional probability, although in the frequentist approach, a hy-
pothesis H is only used as a random variable if it refers to the outcome of a repeatable experiment.

3This definition of the likelihood function cannot be interpreted as a probability distribution, even though
each point represents the probability of measuring the values &, since the hypothesis under which «x is
sampled does not remain constant. Also, the integral of the likelihood function over the full parameter

space does not necessarily add up to one.
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be freely adjusted as arguments of the function L(z|@). The likelihood function can then
be used as an estimator to find the set of parameters 6 that leads to the highest likeli-
hood value for the measured variables . This is known as maximum likelihood estimator
(MLE)*. Depending on the complexity of the problem, the likelihood function may not
have an expression that can be maximized analytically and numerical methods need to
be employed. Since the available packages offer minimization algorithms, the negative
logarithm of the likelihood function, —21log L(Z|6), is usually used for a better numerical
performance

In particle physics experiments, it is convenient to fit the expected number of events
of the process of interest sorted in npins bins of a histogram within a certain region of
the phase space. In such cases, the number of events N = {Ny, ..., N,, .} expected
to be measured in each bin b from a sample of independent events follow the Poisson
distribution with mean value v for a sufficiently-large sample. The parameters 6 can
then be estimated by maximizing the so-called profile likelihood using the corresponding
pdf Poisson(IN|0) as

Nbins Msyst Nbins Nprcd (O)Nh 67le"ed (9) Nsyst

L(N6) = [ Poisson (Nb‘N;“ed (9)) < TT fe(00) = T] = o < T 1+ (60 ,
b k ’

b k

(6.2)
where ny;,s is the total number of bins, N, the number of observed events in the bin b, and
v = NP is the expected number of events in the bin b of the process of interest, which
depends on the parameters . The observed number of events is also subject to back-
ground contributions, their modeling, the detector response, its acceptance, and other
effects. The corresponding uncertainties k, k = 1, ..., ngys, can be modeled in the likeli-
hood via nuisance parameters distributed as a given pdf fj,. Gaussian profiles are generally
well justified by the central limit theorem to parameterize f;. The nuisance parameters
can also be constrained using auxiliary measurements®.

After the nuisance parameters have been constrained, the deviations with respect to
the pre-fit setup can be quantified by using the parameter pulls

A~

pull(d) = 6= 0

A

6.3)

with 0 being the value of the parameter after the fit has been performed, and 6 its pre-fit
value with uncertainty Af. The pull of the parameter ¢ indicates the number of standard
deviations that the parameter has been dragged by the fit with respect to its pre-fit value.
For Gaussian-profiled uncertainties, the pull will be distributed as a standard Gaussian
with mean zero and unit width [416], i.e., §p = 0 and A = 1. A pull of zero shows
that the pre-fit expectation is good to describe the data. If large pulls are observed, the
expected distributions fed into the fit are not suitable to describe the data within the
expected uncertainties and further investigations are needed. If the uncertainty on a

“In the limit of a large number of experiments, the MLE is consistent, i.e., its bias (if present) tends to
zero, and its efficiency tends to 1. MLEs are also invariant under reparameterizations of the likelihood
function: if @ are the estimated values of the parameters after maximizing the likelihood function, then, for
any transformation g over L(&|6) , the values that maximize the transformed likelihood function are g(6).

*Ideally, the likelihood of these auxiliary measurements in which their central values are determined
should be included in the likelihood function of the problem under study. In practice, however, this is

usually not feasible and they enter the likelihood function through constraining terms.
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nuisance parameter is highly reduced compared to the pre-fit uncertainty of +1o, the
nuisance parameter is said to be overconstrained by the data. The pre-fit (post-fit) impact
of a nuisance parameter ¢ on the POI maximizing the likelihood /i is defined as

impact(0) = (0 + AQ) — fi,

i.e., the value of the POI obtained by fixing 6 to its post-fit value varied by the pre-fit
(post-fit) uncertainties. Assessing the impacts allows gauging which nuisance parame-
ters contribute more strongly to the results of the fit.

Once the values of the parameters have been estimated, an uncertainty needs to be
associated to their estimated value. In the approximation N — oo, the MLE for a given
parameter is expected to follow a Gaussian distribution, and the statistical uncertainty
can be obtained from its variance. The variance can be accessed in two ways. On the one
hand, the experimental result can be simulated multiple times using MC methods, which
allows getting a different estimate of the parameter in each iteration. The variance of the
distribution of the MLE after combining the measurement from all pseudo-experiments
is already the statistical uncertainty on the estimated value of the parameter. On the
other hand, the likelihood function of the problem is expected to tend to a Gaussian
when the size of the used sample is large. The —log L then results in a parabola, and the
uncertainty on the parameter can be obtained as the values for which —log L increases
by 2 with respect to its minimum.

The agreement between a data distribution and its description by a hypothesis pro-
viding a certain functional form f can be quantified using goodness-of-fit tests. In these,
a test statistic sensitive to the level of agreement between the two distributions must be
constructed. The Pearson’s x? test is one of the most common goodness-of-fit tests applied
in particle physics. For binned distributions of the values y across nyins bins centered at
x;, the number of entries V; in bin i can be compared with the expected histogram of
entries v; within the uncertainty® of the prediction o;

Mbins (— 2
X2 _ Z (Yi ZVz) : (6.4)
i i

If the function describes the data well, the differences between the measurement and
the prediction should be ideally of the order or smaller that the uncertainty for all bins.
The sum y? is therefore expected to be close to npys in ideal cases. If the x? value is
significantly larger, the prediction is not ideal to describe the observation. Using the x?
test, the given prediction can also be optimized to describe the data distribution by fitting
m of its parameters. In such a case, the reduced x? is used, where the x? sum is divided
by the number of degrees of freedom, i.e. npins — m for binned distributions.

6.2 Hypothesis Testing

The goal of a statistical test is to quantify the agreement of the data with respect to a given
prediction by means of a hypothesis test. The hypothesis under evaluation is often the so-
called null or background-only hypothesis Hy, constructed by postulating the experimental

SThe values of z; are considered to be exact, and measured and predicted histograms must be constructed
with the same binning.
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dataset to be produced only by SM processes. The alternative or signal-plus-background
hypothesis H; assumes that also the process of interest has contributed to the recorded
collisions, being contrasted against the null hypothesis based on the observations. The
process of interest could be, e.g., a rare prediction of the SM that is to be observed, or
new-physics effects. Hypothesis testing leads to the quantification of the probability of
discarding one of them within a certain confidence level. If a pdf or likelihood function,
L(x|H;), uniquely describes a hypothesis H;, the hypothesis is said to be simple. If at least
one of the parameters 6 of the pdf is free, the hypothesis is composite. To quantify the level
of agreement between the data and the given hypothesis, a test statistic t is constructed
as a function of the measured variables . The compatibility between the hypotheses
and the data is established in terms of a decision to accept or reject a given Hy according
to the defined critical region for t, or its complementary acceptance region separated by a
given decision boundary t.,. If the observed ¢ lies in the critical region, Hy is rejected. The
critical region is chosen such that the probability for ¢t < ¢, to be observed there, under
assumption of the hypothesis Hy, is some value « called the level of significance of the test.
If Hy is accepted (i.e. t < t¢yt) but the true hypothesis was not Hy but rather an alternative
hypothesis H; one refers to the power of the test to discriminate against H;.

The acceptance region giving the highest power (and hence the highest signal purity)
for a given « (or selection efficiency ¢ = 1 — a) between Hj and H; is the region of the

t-space such that
_ L(z ‘ H, )

ANz) = L(z[Ho) >c,
where the constant c is determined by the desired a. As stated by the Neyman-Pearson
lemma [417], this holds when the likelihood ratio A\(Z) describing both hypotheses is uniquely
defined, i.e., when both Hy and H; are simple. As given in Eq. (6.1), the likelihood func-
tions can be factorized as the product of the pdf of each of the variables x; when the
random variables x are independent from each other. If the two hypotheses under study
are nested (i.e., the null hypothesis can be considered as a particular case of the alternative
hypothesis), the following discriminant can be constructed,

%))

L(z|p,

qg(p) = —21In ) . (6.5)

[wa}

L(a|j,

where [i and 0 are the values estimated from data, and therefore the ones that maximize

the likelihood function in the case of the alternative hypothesis, while 8 are the values
that maximize the likelihood function under the assumption that © = po = 0. These
are obtained by performing two separate fits to data, where the values in the numerator
are estimated fitting the pdf of the background-only hypothesis, while the values in the
denominator are obtained by fitting the pdf of the background plus signal hypothesis.
The test statistic built in this way is known as profile likelihood ratio and is frequently used
in data analyses at the LHC to observe rare SM processes or to derive exclusion limits in
case of no new phenomena is discovered in BSM searches. Confidence intervals of the
POI 1 can then be derived using Wilks” theorem [418] with the discriminant in Eq. (6.5)
assuming that g(u) follows the x? distribution. In case the observation matches, to a
certain level, the predictions from the background-only hypothesis, H; is examined to
understand the compatibility of the measurement with an underfluctuation of the signal
process, with the main objective of rejecting it in favor of the null hypothesis. In this
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sense, the two hypotheses are inverted with respect to the computation of the p-value,
which is now computed for the pdf of the test statistic under H;. Differently to the case
of discovery of new physics, the p-value required to reject the signal hypothesis is usually
set to p < 0.05, which corresponds to confidence level of 95 %.

6.3 Unfolding

According to the considerations made in Section 1.5, the expected event candidates in
pp collisions for a given process depend on the product of the predicted production cross
section and integrated luminosity. However, corrections have to be considered to account
for the non-ideal detection efficiencies. The efficiency is subject to factors like detector
acceptance, resolution, and reconstruction efficiencies, varying across the phase space.
This complexity increases in differential cross-section measurements. In the context of
binned-distributions from multiple particle collisions, detector effects may cause events
to deviate from the theoretical expectation across bins. Addressing these effects through
unfolding techniques involves correcting the distributions, enabling the estimation of
the theoretical predictions. The understanding of experimental effects guides the design
of the unfolding procedure, resulting in several unfolding inputs derived from simulated
collisions.

The number of events observed in data Ngat,, i in the bin 7 can be parameterized as the
sum of detector-corrected signal distribution ;. predicted by a given model (e.g., the SM)
plus the corresponding number of event candidates expected to arise from background
contributions Ny, i,

Mbins

Ndata,i = Z Rijpi + Npke,i
J

where the response matrix R accounts for the response of the detector that relocates events
from the bin j of the theoretical distribution to the bin i of the reconstructed distribution.
In this case, the theoretical distribution of the given signal can be folded from either the
parton or the particle level to the reconstructed level by multiplying by the corresponding
response matrix. The response matrix is usually constructed with (i) fiducial corrections f
accounting for events outside the fiducial phase space that were reconstructed due to
smearing effects in the detector, (ii) efficiency corrections e due to detector reconstruction,
and (iii) a migration matrix M obtained by contrasting the predicted distribution of inter-
est versus its results after reconstruction. The matrix M provides the migration of signal
events between bins caused by the reconstruction, and can be characterized by its purity
and stability. The purity of M is quantified by the fraction of predicted events that where
correctly reconstructed in the same bin, while the stability refers to the number of recon-
structed events that originated from the same bin at truth level”. The response matrix can
therefore be parameterized as
Ri]‘ = iMijej .
(2

The chosen binning for the predicted and reconstructed distributions can be optimized
to target a specific signal significance in each bin.

7 Although the definitions of purity and stability appear to be analogous, they are defined at particle and
reconstructed level, respectively.
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Since both detector effects and kinematic properties of the event are fully non-deter-
ministic, the migration of a particular event to a certain bin of the reconstruction level
should be addressed in a probabilistic manner. Various algorithms such as bin-by-bin,
migration matrix inversion, or the iterative Bayesian methods allow unfolding reconstructed
distributions, which are publicly available in libraries such as RooUnfold [419]. The later
is used in this work and presented in the following.

The iterative Bayesian unfolding [420, 421] addresses the probabilistic behavior of the
unfolding procedure by recursively solving the Bayes theorem using the output of the
previous iteration as a prior probability. The unfolded events of an observable ¢ in a
given bin j at particle level can be computed as

1 Mbins
> fiNg,iP(Ng ;|Ng,:) -

(2

Ng ==
7]

c

J

The unfolding matrix, denoted as P(Ny, j|N¢ ;), represents the conditional probability of
an observable ¢ at particle level, given its value at detector level, being reconstructed in
a given data bin. This probability is obtained making use of the Bayes theorem:

P(Ng i|Ng ;)P(Ng, ;)

P(Ng j|Ng i) = 7
(No, 1N, i) 2; P(No,ilNo,;)P(No, ;)

with P(N¢ ;| N, ;) being the conditional probability of reconstructing values Ny ; given
the prediction Ng_;. The probability of observing the reconstructed distribution given the
predicted distribution is therefore providing the migration matrix. The first prediction
P(Ng ;) acts as the prior.

The unfolded distribution is influenced by the prior distribution, which relies on the
given signal prediction on the first iteration. The arbitrary choice of the prediction used
to parameterize the unfolding procedure introduces a bias in the unfolded measurement,
becoming model-dependent. The increase of the number of iterations reduces the bias
from the choice of the prior. An important parameter that optimizes the Bayesian un-
folding method is the number of iterations. The closer the initial prediction is to the
underlying true distribution, the faster the convergence of the iterative method becomes.
However, increasing the number of iterations inevitably magnifies statistical uncertain-
ties of the unfolding method, computed from the covariance matrix of the unfolded dis-
tribution, due to the feedback loop inherent in the algorithm. An optimized number of
iterations can be found using pseudodata, balancing the reduction of the bias with still
moderate statistical uncertainties [419].
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Chapter 7
Analysis Strategy

"By three methods we may learn wisdom: First by reflection, which is noblest; second, by imitation, which
is easiest; and third by experience which is bitterest.”

— Confucius (551 — 479 B.C.).

In this thesis, an empirical determination of W+ W~ fiducial integrated and differ-
ential cross sections is conducted using data recorded with the ATLAS experiment. In
this chapter, the analysis strategy is motivated and outlined. An overview of the decay
modes in W-boson pair production exploited in experimental measurements along with
their expected background contributions is outlined in Section 7.1. Section 7.2 provides
an overview of previously reported W' W™~ measurements, and the results therein will
inform the formulation of analysis strategy goals discussed in Section 7.3. The datasets
which were scrutinized for the measurements presented in this work, comprising events
from experimental data and simulated events using the MC techniques described in
Chapter 2, are detailed in Section 7.4. Selection criteria of physical objects such as elec-
trons, muons, jets, and missing transverse energy optimal for the analysis are defined.
The selection criteria applied for this work, as well as the definition of the signal region
(SR) for W+ W~ measurements, are described in Section 7.5.

7.1 Decay Modes and Backgrounds in W1~ Production

The production of W-boson pairs can result in several possible final states according to
the decay modes of each of the produced massive gauge bosons:

e Fully leptonic decays (WHTW~ — (=il vp) take place when each W boson of the
pair decays leptonically into a lepton and a neutrino. The expected signature con-
tains two well-reconstructed leptons within the detector acceptance whose trans-
verse momenta are unbalanced due to the two untraceable neutrinos. In high-
energy hadron colliders such as the Tevatron or the LHC, multiple SM processes
with analogous signature are expected to contribute as irreducible backgrounds. First-
ly, large contributions from leptonic Drell-Yan Z + jets production are expected, es-
pecially in same-flavor decay channels (i.e., with ¢ = ¢’) that can be suppressed by
considering the resonant production of the Z boson and the momentum balance
in the event selection. If the event sample is sufficiently large, the selection may be
restricted to different-flavor decays (WHtW ™~ — evepv,,) to suppress this background,
where only Z — 77 decays can pass the selection. Secondly, top-quark production
(mainly from ¢t) will dominate in regions with additional hadron activity, especially
from heavy-flavor hadron radiation. Such contributions can be reduced by sup-
pressing hadron activity over a certain pr threshold or implementing flavor-tagging
techniques (Sec. 4.3.5). Additional irreducible backgrounds arise from diboson pro-
duction VZ, with V = W=, Z, where the additional leptons are not reconstructed
due to limited detector acceptance or efficiency.
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¢ If a hadronic and a leptonic decay happen simultaneously for each of the W bosons
in the pair, a semileptonic decay takes place. In this case, the production cross section
of both W + jets and Z + jets, two and one orders of magnitude greater than that
of W*W ™ production, respectively, overwhelms any reconstruction of the signal in
hadron colliders.

e An even more challenging scenario is the reconstruction of fully hadronic W+W—
decays into four quarks, which are then reconstructed as jets in the detector. In
this decay mode, even more copious background contributions from QCD multijet
(with a production cross section of the order of 10° pb, see Fig. 1.5) and hadronic
decays in W and Z boson production are expected.

Additionally, reducible backgrounds can arise from the limited detector resolution and per-
formance of object reconstruction. In W W~ measurements in hadron colliders, this is
the case when a lepton is misreconstructed from hadronic activity or from a secondary
hadronic decay. These sources are usually known as fake or non-prompt leptons, respec-
tively, and arise from multijet production or, in fully leptonic decay modes, typically from
W + jets and semihadronic ¢¢ production.

7.2 Previous Measurements of W1V~ Production

Measurements of W~ production were accomplished in e~ e™ collisions as one of the
main goals of the scientific program of the LEP-II collider. The production of WW-boson
pairs was also measured in proton-antiproton (pp) collisions at the Tevatron experiments
CDF and DO and in pp collisions at the LHC by ATLAS and CMS. In the following, a
summary of the released measurements is presented in chronological order.

7.2.1 Tevatron

The first measurements of W' W~ production were carried out at the Tevatron pp col-
lider [86]. A first observation was reported by the CDF Collaboration at a center-of-mass
energy of /s = 1.8 TeV [83], using fully-leptonic decays with an integrated luminos-
ity of 108 pb~!. This observation was followed by precision measurements achieved at
the second run of LEP (next section) and the Tevatron with the DO [422] and later with
the CDF [423] experiments at /s = 1.96 TeV. The first reported total cross section at
Vs = 1.96 TeV by the DO Collaboration is 11.5 £ 2.1 (stat + syst) £ 0.7 (lumi.) pb, using
fully-leptonic decays W+W~ — ¢f'v/ (¢ = e, ;1) and a recorded dataset of 1 fb™! with
a precision of 19 % dominated by systematic uncertainties arising from the background
estimates [424]. The CDF Collaboration reported later another measurement of the total
WTW ™ production cross section of 12.1 + 0.9 (stat.) £+ 1.5 (syst.) pb [425], using an in-
tegrated luminosity of 3.6 fb~' and reducing the uncertainty of the total cross section to
15 % of signal and background events.

These first measurements on W-boson pair production at the Tevatron were later up-
dated, increasing the integrated luminosity to 9.7 fb! of pp collisions at a center-of-mass
energy of /s = 1.96 TeV, reconsidering also the selection criteria. In the context of their
Higgs boson search, the D0 Collaboration performed a measurement of the non-resonant
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Figure 7.1: Measurement and predictions of the total production cross section of W-boson pairs measured by
the CDF experiment in pp collisions at /s = 1.96 TeV at the Tevatron collider. Values are given inclusively
and differentially as functions of jet multiplicity and jet transverse energy. Cross sections of WW + 1 jet
production are given differentially in jet transverse energy for (a) 15 < Pt < 25GeV, (b) 25 < pit < 45GeV,
and (c) ps* > 45 GeV. Source: [85].

WTW ™ production cross section [84]. A set of boosted decision trees were developed to
isolate signal events from background contributions. The measurement was achieved
in regions with none and one jets in the final state, defined with p{ﬁt > 20GeV and
[7°*| < 2.4 for a cone of AR = 0.5,

opo—11(pp — WTW ™) = 11.6 £ 0.4 (stat.) & 0.6 (syst.) pb,

decreasing the uncertainty of the cross-section measurement to 6.2 %, which is dominated
by multijet, W + jets and Z + jets background estimates. The result is in agreement with
the SM prediction of 11.3 £ 0.7 pb at NLO in QCD.

CDF also reported a total cross-section measurement of W+W ™ in a jet-inclusive
phase space [85],

ocpr_11(pp — WTW™) = 14.0 £+ 0.6 (stat.) + 1.1 (syst.) & 0.8 (lumi.) pb,

with a precision of 10 % and consistent with the SM prediction at both fixed-order and
including parton shower effects. A neural network was trained to discriminate between
signal and backgrounds, with no requirements on the jet multiplicity. The publication
reported, for the first time, differential distributions in bins of jet-multiplicity and pjﬁt
shown in Figure 7.1, with jets selected with pi¢* > 15GeV and || < 2.5 reconstructed
ina cone of AR = 0.4.

7.2.2 LEP-II

In e e™ collisions, W-boson pairs were experimentally accessible for the first time during
the second run of the LEP collider, referred to as LEP-II. From 1996 until 2000, these colli-
sions were recorded by the ALEPH [426], L3 [427], OPAL [428], and DELPHI [429] exper-
iments at progressively increasing center-of-mass energies ranging from /s = 161 GeV
up to /s = 206 GeV. Each of the four detectors recorded an integrated luminosity of
about 0.7 fb~!, corresponding to more than 40 000 expected W-boson pair candidates.
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Due to the clean environments of e~e* collisions, all decay channels of the W W~
system can be experimentally exploited for cross-section measurements: fully-leptonic
decays (¢/'vv/, with ¢ = e, u, 7), semihadronic decays (q¢fv), and fully hadronic de-
cays (gqqq). In fully leptonic events, the main backgrounds arise from ee — Z/vx — £/
where the final state manages to fake the missing momentum balance characteristic of the
W*W ™ decay. This happened specially in 77 final states. Four-fermion final states (for
instance ZZ where one of the Z decays into neutrinos) act as an irreducible background
of this measurement. Production of vy — ¢/ events can also fake W™ W~ final states.
Among the fully-leptonic channels, the background contamination varies between 8 %
and roughly 25 % in channels where one 7 lepton is involved!, according to the selec-
tion efficiencies. Background contaminations in semihadronic events vary between 4.5 %
and 9 %. Backgrounds in the fully hadronic decay mode constitute less than 1% of the
selected events.

The LEP-II combination of the ALEPH [431], L3 [432], DELPHI [433], and OPAL [430]
results up to the highest center-of-mass energies are in agreement with the theoretical
predictions [59]. In Figure 1.4, the data are also compared with hypothetical predictions
where W-pair production happens in absence of the ZWW triple gauge coupling pre-
dicted by the SM, or where WW can only be produced via neutrino mediation. The-
oretical calculations above 170 GeV have uncertainties of 0.7 %, being lower at higher
center-of-mass energies. Data favors the necessity for diagrams with a ZWW vertex, an
astonishing confirmation of the non-abelian nature of the electroweak SM up to the 1%
precision level.

723 LHC

Measurements of W-boson pair production have been reported by both ATLAS [305] and
CMS [306] experiments at different center-of-mass energies at the LHC (see Table 4.5).

At (/s = 7 TeV, the reported total cross sections from ATLAS [73] and CMS [74] are
ohiN s (pp — WHIW ™) =51.9 4 2.0 (stat.) £ 3.9 (syst.) £ 2.0 (lumi.) pb,

ol (pp — WHW ™) = 52.4 + 2.0 (stat.) £ 4.5 (syst.) £ 1.2 (lumi.) pb,

using 4.6 b~ and 4.9 fb~!, respectively. Both of them are consistent with the SM predic-
tion of 44.7+2.0 (stat.) £4.5 (scale) £ 3.0 (PDF) pb at NLO in QCD. Both results followed
earlier ATLAS [434, 435] and CMS [436] measurements at the LHC Run 1. These measure-
ments exploited the fully leptonic decay modes of the W W~ system, using both same-
flavor (e~ e™ and p~ ™) and different-flavor decays (uteT) to collect sufficient statistics.

New measurements were released at the LHC Run 1 at an increased center-of-mass
energy of /s = 8 TeV and integrated luminosity, yielding W' W~ total cross-section
measurements of

o3tV (pp — WHW ™) =71.1 4+ 1.1 (stat.) + 5.4 (syst.) = 1.4 (lumi.) pb,

oSy (pp — WTW ™) = 60.1 £+ 0.9 (stat.) £ 3.2 (exp) + 3.1 (theo) + 1.6 (lumi.) pb,

!'Percentages given in this paragraph are taken from the OPAL measurement of 1¥-boson pairs [430].
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from ATLAS [75] and CMS [76], with an integrated luminosity of 20.3 fb~tand 19.4 b1,
respectively. Fully leptonic decays into e~e™, uFeT, and i~ ut were selected by both ex-
periments, using also a third-lepton veto to suppress other multiboson contributions.
While ATLAS used a jet veto (where jets with p{ﬁt > 25GeV and |¢'| < 4.5 were re-
constructed with the anti-k; algorithm with R = 0.4) to suppress contributions from
top-quark background sources, CMS selected final states with either 0 or 1 jet (within
;t > 30GeV and |’°*| < 4.7). CMS also rejected events with two or more b-tagged
jets (i.e., requires Np_jets < 2) for this measurement. Both experiments implement data-
driven estimations of the background contributions from top-quark and lepton misiden-
tification with a precision of 10 % (10 — 20 %) and 55 % (35 % for e fakes and 50 % for u
fakes) of the background yield in the signal region of the ATLAS (CMS) result. Both mea-
surements have a precision of 8 %. The ATLAS total cross-section measurement is domi-
nated by systematic uncertainties from the jet energy scale, the background modeling of
misidentified leptons, and the luminosity measurement. Theory modeling uncertainties
due to the jet veto and lepton efficiency uncertainties dominate the CMS result. While
the theoretical prediction of 63.24+ 1.5 (scale) & 1.2 (PDF) pb at NNLO in QCD is in excel-
lent agreement with the CMS measurement, this prediction underestimates the ATLAS
measurement by about 1.3 standard deviations.

The disagreement of the ATLAS measurement in the jet-vetoed region was alleviated
with a second measurement requiring opposite-flavor leptonic decays with one addi-
tional jet in the final state [77]. The fiducial cross section for < 1 jets is determined si-
multaneously by combining 0-jet (from Ref. [75]) and 1-jet fiducial cross sections using a
log-likelihood fit to the data. The result in the fiducial phase space is extrapolated to the
full phase space, giving a total production cross section of

o3t (pp — WHTW ™) = 68.2 4+ 1.2 (stat.) £ 3.4 (syst.) £ 2.8 (lumi.) pb,

which agrees slightly better with the theoretical prediction. The precision of the total
cross-section measurement is improved to 6.9 %.

After analyzing the first 3.16 fb~! of LHC Run 2 data [78], ATLAS published a fidu-
cial cross-section measurement of W-boson pairs at /s = 13 TeV using an increased
dataset of 36.1 fb™! recorded in 2015 and 2016 [79]. The event selection involves criteria
on piss > 30GeV, pt' > 30 GeV, and me, > 55GeV to suppress Drell-Yan and lepton
misidentification backgrounds, as well as a b-jet veto for p]ﬁt > 20GeV and || < 2.5
and a jet veto for pjj'ft > 35 GeV and |®!| < 4.5. The measured total cross section is

TATLAS, 36 -t (PP — WTW ™) =137 + 2 (stat.) + 10 (syst.) pb,
with a total uncertainty of 7.4 % dominated by systematic uncertainties from b-tagging
(3.4%), the modeling of the lepton misidentification background (3.1 %), the jet energy
scale uncertainty (3.0 %), and the modeling of the top-quark background (2.6 %). Top-
quark and lepton misidentification backgrounds are estimated using data-driven tech-
niques.

The ATLAS measurement at /s = 13 TeV using the partial LHC Run 2 dataset was
followed by CMS using 35.9 fb~! [80]. A novel strategy was pursued in this publication.
First, a total production cross section is reported by carrying out a (traditional) sequen-
tial cut-based analysis by selecting W1V~ events in four regions of the phase space with
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Figure 7.2: W-boson pair production cross section in pp collisions at y/s = 13 TeV recorded with the CMS
detector as a function of the jet multiplicity in bins of 0, 1 and 2 or more jets. After background subtraction,
Data is shown as black points. Solid lines represent the SM prediction obtained with POWHEG+PYTHIA.
The lower panel shows the ratio of the theoretical prediction to the measurement. The error bars on the data
points represent the total uncertainty of the measurement, and the shaded band shows the uncertainty of
the MC prediction. Source: [80].

same- and different-flavor dilepton decays where none or exactly one additional jet in the
final state is reconstructed. With this approach, top-quark contributions are suppressed
by discarding events containing b-tagged jets. The Drell-Yan background is reduced us-
ing a BDT discriminant. The total cross section is extracted from a simultaneous fit of the
four regions of the phase space, yielding the result

oY (pp = WTW ™) = 117.6 £ 1.4 (stat.) + 5.5 (syst.) & 3.2 (lumi.) pb,

consistent with the SM prediction of 118.8 4= 3.6 pb at NNLO. The uncertainty of the total
cross-section measurement is 5.7 %, dominated by systematic uncertainties on the lumi-
nosity measurement, jet energy scale and resolution, as well as uncertainties from lepton
selection efficiencies. In addition, an independent measurement relies on two random for-
est discriminants, trained to classify signal versus Drell-Yan and top-quark backgrounds,
using the cut-based analysis preselection as a baseline. This approach yields a purer sig-
nal compared to the sequential-cut analysis, although with a strong bias of the signal
sensitivity towards low values of p¥ V. In this region, the production cross section of to-
tal W+ W~ is independently measured with an accuracy of 6.6 %. The degraded precision
observed in cross-section measurements using the random-forest approach is caused by
a significant reliance on signal modeling, particularly enhanced in the extrapolation of
the fiducial cross section to the full phase space. Since the random forest does not apply
explicit requirements on the jet multiplicity, a measurement of event fractions was pub-
lished, as shown in Figure 7.2, where jets with p';ft > 30 GeV and |1°*| < 2.4 are binned
into Njets = 0,1, > 2. After unfolding the distribution to the particle level, measured
fractions exhibit total uncertainties of 7.9 %, 22.6 %, and 100 % in the 0, 1, and > 2 jets
bins, respectively, driven by systematic uncertainties. This is the first unfolded distribu-
tion of the jet-multiplicity in W-boson pair production measured at the LHC, although
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Figure 7.3: Comparison of W W™ measurements in pp collisions obtained by DO [84] and CDF [85] Col-
laborations at /s = 1.96 TeV as well as in pp collisions by ATLAS [73, 77, 79] and CMS [72, 74, 76, 80] at
Vs =5.02, 7, 8 and 13 TeV. The measurements are compared to the state-of-the-art theory prediction com-
puted with MATRIX [231] at NNLO accuracy in QCD including EW corrections up to NLO. Contributions
from gluon-gluon and photon-induced WW production are included up to NLO (nNNLO). The uncertain-
ties on the theory prediction include effects from the 7-point scale variations of ;1 and pr and the choice
of the PDF (NNPDF31-LUXQED [186]). The sum in quadrature of statistical, systematic, and luminosity
uncertainties on the experimental values are shown in the error band, with the statistical component being
displayed in a wider inner error.

influenced by substantial model dependence.

Furthermore, the CMS collaboration has conducted a measurement at the LHC, deter-
mining the W W™~ production cross section at a center-of-mass energy of /s = 5.02 TeV,

oAV (pp — WTW ™) = 37.0 & 5.4 (stat.) + 2.7 (syst.) pb.

The result, based on an integrated luminosity of 302 pb~! [72], aligns with the SM pre-
diction, albeit with a considerable relative uncertainty of 16 % dominated by the limited
statistical dataset.

The aforementioned measurements both in pp and pp collisions are all summarized
in Figure 7.3 for the reported center-of-mass energies of \/s = 1.96 TeV in pp collisions
at the Tevatron collider as well as /s = 5.02, 7, 8, and 13TeV in pp collisions at the
LHC. The measurements are compared with respect to the state-of-the-art theory predic-
tion computed with MATRIX at NNLO accuracy in QCD, including EW corrections up to
NLO. Contributions from gluon-gluon and photon-induced WW production, computed
up to NLO, are included. The experimental results from various experiments and colli-
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Figure 7.4: (a) Pre-fit data and SM expectation as a function of the jet-multiplicity in the SR reported in
the WW+ > 1 jets production cross-section measurement by the ATLAS Collaboration at /s = 13 TeV.
Data are shown as black markers, together with the predictions for the signal and background processes.
The last bin contains also events with Njets > 5. The lower panel displays the ratio of the data over the
total prediction. The uncertainty bands show the sum of statistical and systematic uncertainties, excluding
theory uncertainties on the signal. (b) Comparison of the measured fiducial WW +> 1 jets cross section with
various theoretical predictions at parton level. Theoretical predictions are indicated as points with inner
(outer) error bars denoting PDF (PDF + scale) uncertainties. The central value of the measured cross section
is indicated by a vertical line with the narrow band representing the statistical uncertainty and the wider
band the total uncertainty including statistical and systematic uncertainties. Source: [81].

sion energies are still in agreement with the predictions of the SM, whose precision has
improved by approximately a factor of 2 over the last decade.

The first and only measurement at the LHC reporting differential measurements in
a one-jet-inclusive phase space to date was performed by ATLAS using the full Run 2
dataset [81]. This complements the previous results arising from combinations in differ-
ent bins of jet multiplicity. Fiducial and differential cross sections across twelve observ-
ables related to lepton, jet, and missing transverse energy kinematics were conducted.
W-boson pairs were measured in association with jets (i.e. at least one jet must be recon-
structed in the final state) with p];t > 30 GeV and |1’®*| < 4.5. The event was discarded if
any jet of pJ;t > 20 GeV and |'®*| < 2.5 contained b-hadron activity. Using different-flavor
decays, Drell-Yan contributions were heavily suppressed by an additional requirement
on the dilepton mass of m., > 85GeV. The jet-multiplicity distribution in the signal
region is presented in Figure 7.4a once this selection has been applied. The signal re-
gion was heavily dominated by background contributions, mainly from the production
of top-quark pairs. The fiducial cross-section measurement in this new phase space was
determined with a precision of 10 %, dominated by jet-related systematic uncertainties
(6.3 %), followed by background modeling uncertainties of the top-quark (4.5 %), and
non-prompt lepton (4.3 %) contributions. The fiducial cross section was found to be in
good agreement with the state-of-the-art theory predictions at the date of the publication,
which provided a precision of about 7% on the predicted value, as shown in Figure 7.4b.
This highlights the value reported by ATLAS, enabled by an innovative data-driven top-
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Figure 7.5: Observed 68 % (inner wider band) and 95 % (outer thinner band) confidence intervals on SMEFT
Wilson coefficients reported in W+ W~ production cross-section measurements from data recorded in pp
collisions at center-of-mass energies of /s = 8 TeV by ATLAS [75] and CMS [76], at /s = 13 TeV using a
partial Run 2 dataset by ATLAS [79] and CMS [80], and with the full Run 2 dataset by the ATLAS Collab-
oration [81] in one-jet-inclusive final states. The latter reports constraints on SMEFT coefficients when the
leading jet is reconstructed either with pit*® " > 30 GeV or pie*® 1 > 200 GéV to assess the suppression of
the interference between SMEFT contributions from the c¢y Wilson coefficient and the SM.

quark background estimate derived from the simultaneous determination of the effective
tt differential cross section and the b-jet reconstruction efficiency. This method, described
in Section 8.1, is improved for the analysis presented in this thesis.

Some of the referenced publications report limits on the WW~ and WW Z aTGCs,
whose contributions would enhance the production rate for diboson processes at high
boson pr and high invariant mass. These constraints are based on the HISZ [285] and
the SMEFT parameterizations discussed in Section 1.7. Both ATLAS and CMS have re-
ported limits on the dimension-six SMEFT operators Owww, Ow, and OB, correspond-
ing to the three CP-invariant couplings between electroweak vector bosons in the SMEFT
parameterization [131]. The corresponding Wilson coefficients cyww, cw, and cp are
regarded as free parameters. Anomalous effects in all reported results are restricted
using templates in bins of either plﬁad‘ P or the my, distribution, assumed to originate
predominantly from diagrams in the dominant ¢gg — W W production. More stringent
constraints are observed in physics analyses of pp collision data at higher center-of-mass
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energies, which enhance the sensitivity to anomalous effects. Results from pp collisions
at /s = 13 TeV by both ATLAS and CMS are also derived from larger datasets, corre-
sponding to integrated luminosities of 36 fb~! and 139 fb~L.

In diboson production studies, the SMEFT operator Oy is of special interest due to
its enhanced sensitivity to gauge-boson self-couplings. Strong constraints on this op-
erator can be achieved at the LHC energy regime as effects from anomalous gauge-
boson self-couplings are more prominent at greater center-of-mass energies. However,
the suppressed interference between the SM and amplitudes from anomalous couplings
at higher energies, attributed to different helicities of the dominant contributions to the
two amplitudes, limits the sensitivity to Oy [437, 438]. Consequently, the square of the
anomalous dimension-six amplitude (proportional to the quadratic term cZ,/A*) domi-
nates. This interference suppression not only weakens limits on cy in measurements of
diboson production but also challenges the validity of the dimension-six SMEFT model,
as discussed in Section 1.7. Introducing a high-energetic jet alongside the diboson pair
modifies the helicity configurations and reduces the interference suppression [439], as
proven by the constraints reported in the WW +>1 jets measurement by ATLAS [51].

7.3 Motivation of the Analysis Strategy

As discussed in Section 3.1, backgrounds from top-quark, Drell-Yan, lepton misidentifi-
cation, and other sources such as diboson and triboson can fulfill the selection criteria
and mimic the W W~ production decaying in fully leptonic final states. Different meth-
ods to estimate these background contributions have been followed in measurements at
hadron collider experiments outlined in Section 7.2. The choice of the method depends on
the composition of such a background in the phase space where the cross-section mea-
surement should be conducted with a competitive level of precision. Figure 7.6 shows
the composition of the SM prediction in the signal regions defined by the last two AT-
LAS measurements of WTW ™ cross sections with no reconstructed jets (Fig. 7.6a) [79]
and with at least one jet (Fig. 7.6b) [81] in the final state. In both measurements, event
candidates arising from top-quark production sources dominate the background com-
position despite being suppressed by a b-jet veto. The production of ¢t constitutes more
than 90 % of the top-quark contributions, decaying almost exclusively2 into W+W~ + bb.
These contributions are therefore expected to dominate in regions of the phase space with
high jet-multiplicity, even after vetoing events with b-tagged jets. In WTW~ — 0'vv/
production at leading order, no jets are expected in the final state. Additional hadron
activity in this process arises via initial or final state radiation due to higher-order correc-
tions in the perturbative expansion. W* W~ production is therefore enhanced in regions
with no jets. The composition of background sources from multiboson production and
lepton misidentification varies mildly in events with and without additional jets in the
WHW ™ signal regions, since their production is highly suppressed and it is mostly inde-
pendent on the jet multiplicity of the event. Since Drell-Yan and multiboson production
take place without additional parton radiation at leading order, an enhancement of these
backgrounds with respect to top-quark contributions is expected when events without
jets are selected.

*In the SM, the top-quark decays into a W-boson and a b-quark with a probability of 99.8 % as dictated
by the Wy, coupling of the CKM matrix [95].
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Source Event yields + (stat @ syst)
(a) (b)

Top 3120 +380 55800 + 1500
Drell-Yan 431+ 50 2200+ 700
Fakes 310 300 2700 +1100
Multiboson 380+ 40 2800+ 500
WHWw- 7690 £ 230 28100 £ 1200
Total background || 4240 £480 63500 £ 1800
Total SM 11930 £ 530 91600 + 2500
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Figure 7.6: Composition of signal (W W ™), top-quark (Top), misidentified leptons (Fakes), and other di-
boson and triboson (Multiboson) background contributions of the SM prediction. Results are presented for
signal regions defined in previous cross-section measurements of W+W ~ production of the ATLAS Collab-
oration at y/s = 13 TeV, using (a) the partial (2015-2016) Run 2 dataset with no additional hadron activity in
the final state [79], and (b) the full Run 2 dataset with at least one jet in the final state [81]. The table displays
the total yield for each signal and background source, with errors representing the sum in quadrature of
statistical and systematic uncertainties. The percentages on the charts indicate the relative contribution to
the total SM prediction.

The expected W W~ signal as well as Drell-Yan and multiboson background contri-
butions are usually estimated using MC simulations. The assigned uncertainties rely on
the theoretical precision involved in the matrix element calculation (variations on factor-
ization and renormalization scales in ag), PDF, and parton shower modeling. Theoretical
calculations of ag up to NLO are incorporated for the two measurements shown in Fig-
ure 7.6, leading to uncertainties between 4 % and 30 %, depending on the process and the
region of interest.

The estimation of background contributions arising from fake and non-prompt lep-
tons is of great importance in W W~ measurements at hadron colliders. In SM processes
with production cross sections orders of magnitude greater than W+ W~ producing one
prompt lepton, a dilepton final state can arise when another object (e.g, a jet) fulfills the
lepton selection criteria of a prompt lepton or a secondary lepton is simply misassigned
to the primary vertex®. Since MC simulations poorly model the detector effects that influ-
ence lepton reconstruction, data-driven techniques are indispensable to fulfill this task.

3This is the case of W + jets or semihadronic £ production, discussed in Section 8.4.3.
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Although the event yields from fakes in the signal region are small, the modeling of this
background is of great complexity, translating into large systematic uncertainties. This
can be seen, e.g., in the W W™ results listed in Section 7.2.3. In the ATLAS results for
WW+>1jets production at /s = 8 TeV, non-prompt lepton contributions are modeled
with 40 % (60 %) accuracy in the signal region with 1 jet (0 jets) in the final state [75, 77].
Although fakes only constitute 7 % of the total background, its modeling is the main lim-
iting factor in the precision of the cross-section determination [77]. Similar conclusions
can be drawn from ATLAS analyses at a center-of-mass energy of /s = 13 TeV. In the
WHW ™ + 0jets measurement using a dataset of 36 fb!, fakes are estimated with a to-
tal relative error of 90 % using data-driven methods (see Fig. 7.6a). After uncertainties
from flavor tagging, the modeling of this background constitutes the second largest un-
certainty of the measured cross section [79]. These two results implemented the so-called
matrix method, a widely used data-driven technique discussed in Section 8.4.1. Using the
full Run 2 dataset, estimated event yields in the WW+2> 1 jets signal region originating
from fakes are estimated with a total uncertainty of 40 % (Fig. 7.6b), which is the third
leading uncertainty of the cross-section measurement after jet calibration and top back-
ground modeling uncertainties. Fake background modeling uncertainties are dominant

at the lowest plTead‘ eP- hin up to 40 GeV [81].

Systematic uncertainties related to the estimation of the top-quark background, the
reconstruction of jets, and the b-jet tagging usually dominate WV~ cross-section mea-
surements. A precise estimation of the top-quark background is therefore one of the
cornerstones to achieve high precision in W+ W~ production. At the LHC in jet-vetoed
WTW~ signal regions such as the one presented in Figure 7.6a, the event yields arising
from this background have been estimated with a precision of roughly 20 % at 7 TeV [73],
converging to 10 % at 8 [75, 77] and 13 TeV [79] for the ATLAS measurements. These rely
mainly on a data-driven method known as the Jet Veto Survival Probability (JVSP) [440],
corresponding to a variant of the transfer factor (TF) presented in Section 8.1.2. In mea-
surements where no jets are reconstructed in the signal region, the JVSP method can be
used by extracting the probability of surviving the jet veto requirement in a control re-
gion dominated by the targeted background. The strong dependence on the data in this
method reduces the modeling and detector-level uncertainties from the top-quark simu-
lation compared to a fully MC-based background estimation. However, MC input is still
required for the computation of the extrapolation factors to the signal region. The latest
CMS measurement at /s = 13 TeV reports a precision of 5 %* in jet-vetoed regions for
the top-quark background estimate, as well as 3 % in 1-jet signal regions defined by the
sequential-cut approach [80]. By including the normalization of the MC-based top-quark
background yields in a simultaneous fit with the signal strength of the W W~ measure-
ment, uncertainties related to the top-quark background are strongly constrained. The
latest WW+ > 1 jets measurement at /s = 13 TeV from ATLAS reports a precision of
2.7% of the top-quark background yields in the signal region [81], achieved by using a
data-driven method referred to as b-tag counting, which is based on an in-situ determi-
nation of the differental effective cross section of the ¢t background in the signal region.
The level of precision of this background allows for the first time a competitive W W~
measurement in bins of high jet multiplicity in a model-independent approach, where
the top-quark background constitutes 61 % of the total SM prediction and 88 % if the total

*These are post-fit uncertainties.
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Process Generator Parton shower PDF Matrix element O(asg) Normalization
qqg — WW MINNLO PYTHIA 8 NNPDF3.0NNLO NNLO Generator

g9 — WW  SHERPA2.2.2 SHERPA NNPDF3.0NNLO LO (0-1 jet) NLO

tt POWHEGBOX2 PYTHIA8 NNPDEF3.0NLO  NLO NNLO+NNLL
Wt POWHEGBOX2 PYTHIAS8 NNPDEF3.0NLO  NLO NLO+NNLL
Z + jets SHERPA 2.2.1 SHERPA NNPDEF3.0NNLO NLO (0-2 jets), LO (3-4 jets) NNLO
WZzZ,2Z SHERPA 2.2.2 SHERPA NNPDEF3.0NNLO NLO (0-1 jet), LO (2-3 jets) Generator'
Wey, Z~ SHERPA 2.2.8 SHERPA NNPDEF3.0NNLO NLO (0-1 jet), LO (2-3 jets) Generator'

1: The cross section calculated by SHERPA is found to be in good agreement with the NNLO result [441, 442, 443, 444, 233].

Table 7.1: Summary of the nominal Monte Carlo simulated samples used in the analysis. The gg — WW
simulation includes Higgs boson contributions. The last two columns give the order in as of the matrix
element calculation and the overall cross-section normalization. The samples generated with SHERPA relies
on its default set of tuned parton-shower parameters, while for the POWHEG BOX samples the A14 set of
tuned parameters and the NNPDF2.3L0 PDF set are employed for the parton shower.

background. This dissertation relies on an improved implementation of this approach,
which is described in Section 8.1.

A way to maximize the signal acceptance in W W~ measurements would be to
merge both strategies from the last two ATLAS measurements. On the one hand, the
WW+2> 1 jets measurement provides accurate background estimates with sensitivity to
WTW ™ production at high jet multiplicities. On the other hand, the jet-vetoed region
offers the best sensitivity to W W~ final states into fully leptonic channels, followed
by larger theory and jet-related uncertainties arising from the jet-veto requirement (see
Section 3.1). In this way, the sensitivity to W W~ production can be strongly increased
in a fully jet-inclusive phase space. This can be achieved by exploiting the most precise
theory predictions to date as well as an optimized estimation of the backgrounds.

The techniques implemented to estimate the top-quark, Drell-Yan and diboson back-
grounds are outlined in Sections 8.1, 8.2 and 8.3, respectively. Special effort has been
devoted to reduce systematic uncertainties of the fake lepton background, which consti-
tutes one of the focuses of this dissertation. The sources of this background, the different
methods implemented, and the corresponding systematic uncertainties are studied in
detail in Section 8.4. Finally, a discussion of the W W~ event candidates in the studied
signal regions as well as their background composition is presented in Section 10.1.

7.4 Dataset and Simulated Events

The analysis presented in this thesis makes use of data collected in pp collisions at a
center-of-mass energy of 13 TeV from 2015 to 2018 with the ATLAS detector at the LHC
(see Table 4.5). After applying data quality criteria [343], the dataset corresponds to
140 fb~! of integrated luminosity, with an uncertainty of 0.83 % [342], which has been
obtained using the LUCID-2 detector [329] for the primary luminosity measurements.

The modeling of signal qg — W W events is performed with POWHEG MINNLO [216,
212], which is next-to-next-to-leading order (NNLO) accurate in QCD for inclusive ob-
servables. The simulation of the signal sample and all other W+ W ~ production processes
described in the following is produced making use of the PDF set NNPDF3.0NNLO [445].
The events were interfaced to PYTHIA 8.245 [147] for the modeling of the parton shower,
hadronization, and underlying event, with parameters set according to the A14 tune [446]
relying on the NNPDF2.3L0 PDF set [447]. The matrix element calculation of gg — WW
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production, which includes off-shell effects and Higgs boson contributions, incorporates
up to one additional parton emission at LO. This contribution was simulated with the
SHERPA2.2.2 [148, 259] generator, which was matched and merged with the SHERPA par-
ton shower based on the Catani-Seymour dipole [448, 202] with the MEPS@NLO pre-
scription [449, 210, 205, 450]. The virtual QCD corrections were provided by the OPEN-
Loors library [451, 452]. The electroweak production of a diboson in association with
two jets (VVjj) was simulated with the SHERPA2.2.2 [148] generator. The LO-accurate
matrix elements were also matched to a parton shower based on the Catani-Seymour
dipole factorization scheme [448, 202] using the MEPS@LO prescription [449, 210, 205,
450]. A dedicated set of tuned parton-shower parameters developed by the SHERPA au-
thors was employed for all SHERPA samples.

The generator POWHEG BOX 2 [453, 149, 454, 150] is used to model the production of
tt and single-top Wt events at NLO accuracy, relying on the NNPDF3.0NLO [445] PDE
The events were interfaced to PYTHIA 8.230 [147] to model the parton shower, hadroniza-
tion, and underlying event, with the A14 set of tuned parameters [446] and accessing the
NNPDF2.3L0 set of PDFs [447]. For ¢t event generation, the hdamp parameter5 was set
to 1.5myep [455]. The diagram-removal scheme [456] was employed to handle the in-
terference between the Wt and ¢t production processes [455]. Alternative samples were
generated to assess the uncertainties in the top-background modeling. The uncertainty
due to initial-state radiation and higher-order QCD effects was estimated by simultane-
ous variations of the hgamp parameter and the renormalization and factorization scales,
and by choosing the VAR3C up/down variants of the Al14 set of tuned parameters, cor-
responding to the varying of ag in the parton shower, as described in Ref. [457]. The
impact of final-state radiation was evaluated with weights that account for the effect of
varying the renormalization scale for final-state parton-shower emissions up or down
by a factor of two. To assess the dependence on the ¢t-Wt overlap removal scheme,
the diagram-subtraction scheme [456] was employed as an alternative. The uncertainty
due to the parton shower and hadronization model was evaluated by comparing the
nominal sample of events with an event sample generated by POWHEG BOX 2 and inter-
faced to HERWIG7.04 [144, 145], with the H7UE set of tuned parameters [145] and the
MMHT2014LO PDF set [169]. To estimate the uncertainty in the matching of NLO ma-
trix elements to the parton shower, the nominal sample was compared to a sample gen-
erated by MADGRAPH5_AMC@NLO 2.6.2 [208] at NLO in QCD using the five-flavour
scheme and the NNPDF2.3NLO PDF set. The events were interfaced with PYTHIA 8,
as for the nominal sample. The ¢t sample was normalized to the cross-section predic-
tion at NNLO in QCD including the resummation of next-to-next-to-leading logarithmic
(NNLL) soft-gluon terms calculated with TOP++2.0 [458,459, 460, 461,462,463, 464]. The
inclusive cross section for single-top Wt was corrected to the theory prediction calculated
at NLO in QCD with NNLL soft-gluon corrections [465, 466].

The background due to Z/~v* + jets production was simulated with the SHERPA 2.2.1
generator with NLO-accurate matrix elements for up to two jets, and LO-accurate ma-
trix elements for three and four jets calculated with the ComIx [448] and OPENLOOPS li-
braries. They were matched with the SHERPA parton shower [202] using the MEPS@NLO
prescription [449, 210, 205, 450] and the set of tuned parameters developed by the SHERPA

>The hdamp parameter is a resummation damping factor and one of the parameters that control the match-
ing of POWHEG matrix elements to the parton shower and thus effectively regulates the high-pr radiation
against which the tf system recoils.
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authors. The NNPDF3.0NNLO set of PDFs was employed, and the samples were normal-
ized to a NNLO prediction [467].

The production of diboson final states was simulated with the SHERPA2.2.2 (W Z,
ZZ) and SHERPA 2.2.8 (Vv, with V' = W, Z) generators running OPENLOOPS at NLO
QCD accuracy for up to one additional parton and LO accuracy for two to three addi-
tional parton emissions, matched and merged with the SHERPA parton shower. The V' Z
simulation includes V~* contributions for m(¢¢) > 4 GeV. The NNPDF3.0NNLO PDF set
was used. The samples are normalized to the cross section calculated by the generator.

Samples generated with POWHEG BOX or MADGRAPH5_AMC@NLO rely on the EVT-
GEN program [468] to model the decay of bottom and charm hadrons. The effect of
multiple interactions in the same and neighboring bunch crossings (pile-up) was mod-
eled by overlaying the hard-scattering event with simulated inelastic pp events generated
with PYTHIA 8.186 using the NNPDF2.3L0 set of PDFs and the A3 set of tuned param-
eters [469]. Table 7.1 summarizes the nominal MC samples used in the analysis.

For the interpretation of the measurement in the SMEFT (presented in Chapter 11), the
MADGRAPH5_AMC@NLO 2.9.5 generator based on the SMEFTSsIM 3.0 [470, 471] model
was used to simulate events of fully-leptonic W*W ™ production at leading order [151].
The {mw,mz, Gr} electroweak input parameter scheme is used. A flavor symmetry in
the first two quark generations and in all three lepton generations, U(2),x U (2), x U (2)4 X
U(3)¢ x U(3), is assumed. The MADGRAPH5_AMC@NLO reweight module is used to
model the effect of the eleven Wilson coefficients affecting the signal process. Events were
interfaced to PYTHIA 8.245 [147] to simulate parton shower and hadronization.

To account for detector effects, all samples were passed through a full simulation
of the ATLAS detector [345], based on GEANT 4 [344]. The physics objects are recon-
structed and calibrated to the data following the methods described in Section 4.3. Based
on these, a selection criteria of W W~ candidates is defined.

7.5 Selection Criteria

Candidate W*W ™ events are selected by requiring exactly one high-pr electron and one
muon with opposite electric charges. These leptons are required to be isolated, i.e., there
should be little hadronic activity in the vicinity of the lepton, to suppress backgrounds
due to misidentified leptons or leptons from hadron decays. Events with two isolated
leptons of the same flavor are not considered in the analysis due to the higher background
from Drell-Yan events.

Events were recorded by either single-electron or single-muon triggers listed in Ta-
ble 4.4. The minimum pr threshold varied during data-taking between 24 GeV and 26 GeV
for electrons, and between 20 GeV and 26 GeV for muons, both requiring loose to medium
isolation criteria [340, 326]. Triggers with higher pr thresholds and looser isolation re-
quirements are also used to increase the efficiency. The trigger selection efficiency is more
than 99 % for signal events fulfilling all other selection requirements detailed in the fol-
lowing. Figure 7.7 shows the fraction of trigger-matched leptons® for each of the offline

Only well-identified and well-isolated electrons and muons are considered, fulfilling the selection crite-
ria listed in Table 7.2 besides the pr requirement.
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Figure 7.7: Fraction of trigger-matched electrons (left) and muons (right) by offline single-lepton and ey
dilepton triggers during ATLAS data-taking between 2016 and 2018 in MC simulation of W+W ~ (top) and
events involving lepton misidentification (bottom). The fractions are computed in dilepton events, where
electron and muon selection requirements fulfill the criteria listed in Table 7.2 besides the pr requirement.
Error bars show statistical uncertainties.

single-lepton (listed in Table 4.4) and e unprescaled dilepton triggers available in AT-
LAS data-taking between 2016 and 2018 for both W+ W~ events and contributions from
lepton misidentification’. The passing rate of single-lepton triggers increases rapidly fol-
lowing the expected turn-on shape once the lepton pr surpasses the threshold of the trig-
ger. Single lepton triggers with higher pr thresholds are more efficient than the ones
with lower pr due to looser identification and isolation requirements. Only roughly
20 % of leptons in W W~ events are matched using dilepton triggers while their effi-
ciency to trigger events involving lepton misidentification is a factor 2 higher at lepton
pr < 26 GeV, where dilepton triggers are effective. Dilepton triggers are therefore rather
inefficient for W' W™ events in comparison to single-lepton triggers. Including dilepton
triggers in the trigger menu is also inconvenient for data-driven estimations of the lepton
misidentification background (described in Section 8.4). Therefore, only single-lepton
triggers are considered for this analysis.

Trajectories of charged particles are reconstructed as tracks in the inner detector, whose
common vertices are considered to extract interaction vertex candidates, as described in

’Events involving lepton misidentification in dilepton final states are simulated as the sum of W + jets,
semi-hadronic ¢Z, and single-top production.
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| Object |  Requirement | Criteria ‘
pT > 27 GeV
n [n] €10, 1.37) U (1.52, 2.47) (electron); |n| < 2.5 (muon)
Lepton Identification TightLH (electron), Medium (muon)
Isolation Gradient (electron), Tight _FixedRad (muon)
Impact parameters | |do/oq,| < 5,3 (electron, muon); |z - sin | < 0.5 mm
Jet b-tagging pr > 20GeV, |n| < 2.5, DL1r (85 % eff. WP)
Selection pr > 30GeV, |n| < 4.5
1 electron and 1 muon of opposite electric charge,
Leptons no additional lepton with pr > 10 GeV, Loose isolation,
Event and LooseLH (electron) / Loose (muon) identification
Number of b-jets | 0
Mey > 85 GeV

Table 7.2: Summary of the object and event selection criteria.

Section 4.3.1. Candidate events are required to have at least one vertex having at least two
associated tracks with pr > 500 MeV. The vertex with the highest 3" p2 of the associated
tracks is taken as the primary vertex.

Object Selection

In this section, the selection criteria for the objects used in the measurement of W-boson
pair production along with any number of hadronic jets in the final state are presented.

Electrons are reconstructed from energy deposits in the calorimeter that are matched
to tracks [353], as described in Section 4.3.2. Electron candidates are required to fulfill
the TightLH likelihood-based identification criteria as defined in Ref. [472]. Furthermore,
they are required to have Et > 27GeV and |n| < 2.47, excluding the transition region
between barrel and endcap, 1.37 < || < 1.52.

Muons are required to fulfill a set of quality requirements recommended by the Muon
CP group and outlined in Section 4.3.3. Muon candidates are reconstructed by combining
a track in the inner detector with a track in the muon spectrometer [358]. Muons are
required to have pr > 27GeV and || < 2.5 and to satisfy the Medium identification
selection, as defined in Ref. [358].

Leptons are required to be compatible with the primary vertex by imposing require-
ments on the impact parameters of associated tracks. The transverse impact parameter
significance is required to satisfy |dy/oq4,| < 5(3) for electrons (muons). The longitu-
dinal impact parameter must satisfy |z - sinf| < 0.5mm, where 6 is the polar angle of
the track. Additionally, leptons are required to be isolated using information from the
inner-detector tracks and energy clusters in the calorimeters in a cone around the lep-
ton. The Gradient (Tight FixedRad®) working point is used for electron (muon) isola-
tion [472, 473]. The electron or muon trigger object is required to match the respective
reconstructed lepton.

Jet reconstruction relies on the anti-k; algorithm [359] with a radius parameter of R =
0.4 building particle-flow objects [474], preselected by requiring pr > 20 GeV and || <

$This isolation working point is similar to the Tight selection defined in Ref. [473] but with altered criteria
at muon pr > 50 GeV in order to increase the background rejection.
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Figure 7.8: Kinematic distributions of (a) the dilepton invariant mass m., and (b) the jet multiplicity after
requiring two leptons of pr > 27GeV at the preselection stage. Signal and backgrounds are estimated
using MC simulation. Only statistical uncertainties of the MC samples are displayed. Overflow events are
included in the last bin.

4.5. To suppress jets that originate from pile-up, a jet-vertex tagger [475] is applied to jets
with pr < 60GeV and |n| < 2.4. The jet energy scale is recalibrated with a correction
that is dependent on 7 and pr [361]. The selected calibrated jets are required to have

I > 30 GeV and || < 4.5. Jets with plo* > 20 GeV and |1 < 2.5 containing decay
products of a b-hadron are identified employing the DL1r b-tagging algorithm [476, 372]
(see Section 4.3.5) at the 85 % efficiency working point. This is the highest efficiency
working point provided centrally by the flavor tagging group of ATLAS and it is chosen
to maximize the rejection of top-quark contributions. Choosing b-jets with a lower pr
threshold” results in a higher rejection of the ¢ background.

In order to resolve the overlap between particles reconstructed as multiple physics
objects in the detector, non-b-tagged jets are removed if they overlap, within AR < 0.2,
with an electron, or with a muon if the jet has less than three associated tracks with pr >
500 MeV and satisfies p% / plﬁt > 0.5, and the ratio of the muon p7 to the sum of the track pr
associated with the jet is greater than 0.7. After the aforementioned overlap requirements
have been addressed, electrons or muons overlapping within AR < 0.4 with any jet,
including b-tagged jets, are removed. The standard approach of overlap removal used in
ATLAS is introduced in Section 4.3.7 and details can be found in Ref. [378].

The missing transverse momentum, with magnitude E%ﬁss, is computed as the nega-
tive vectorial sum of the transverse momenta of tracks associated with jets and muons,
as well as tracks in the ID that are not associated with any other component, as described
in Section 4.3.6. The pr of the electron track is replaced by the calibrated transverse mo-
mentum of the reconstructed electron [377].

After selecting events with two well-identified and well-isolated leptons of different-
flavor as defined in Section 7.5, Figure 7.8 illustrates the signal and background compo-

?Calibrations for the DL1r flavor tagging algorithm are provided for pls* > 20 GeV, see Section 4.3.5.
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Figure 7.9: Number of simulated events corresponding to an integrated luminosity of 139 fb™" as a function
of cut thresholds applied simultaneously on 7., and p4 at the preselection stage for (a) W W ™, (b) Drell-
Yan Z+jets and (c) fake-lepton contributions, together with (d) the ratio of W+ W ~ event yields over Z+jets.
Final states into one electron and one muon are used over the full Run 2 dataset.

sition across the distributions of both the dilepton invariant mass and the jet multiplicity.
This is selection stage is referred to as preselection. While diboson and fake-lepton events
are subdominant, Drell-Yan is enhanced at values of m,, around 70 GeV, as expected from
a resonant Z — 77 decay. Top-quark contributions, composed by mostly ¢¢ production,
dominate at higher values of the my, spectrum and high jet multiplicities as they decay
into two W bosons plus b-jets. After calibrating the objects reconstructed in the event, the
data can be described well by MC simulation of the SM processes listed in Table 7.1.

Event Selection

The event selection is designed to enhance W~ signal over background contributions
from top-quark, Drell-Yan, lepton misidentification and other multiboson processes such
as VZ,V~,or VVV (V. = W%, Z). Events with additional isolated leptons with pr >
10 GeV satisfying the Loose isolation and LooseLH (Loose) identification requirements for
electrons (muons) are vetoed to reduce backgrounds due to W*Z and ZZ production.
This requirement is referred to as third lepton veto. Drell-Yan contributions, dominated
by Z + jets decaying into 7-lepton pairs, are suppressed by requiring the invariant mass
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Figure 7.10: (a) Cumulative and (b) cut selection efficiencies (with respect to previous cut) per cut stage
defined in the event selection. Signal and backgrounds are estimated using MC simulation. The first effi-
ciencies are computed with respect to the selection of a well-identified and well-isolated ey lepton pair. Only
statistical uncertainties of the MC samples are displayed.

of the dilepton system to be m,., > 85GeV, imposing the two leptons to have opposite
electric charge. As observed from Figure 7.8a, this requirement is effective at rejecting
Z + jets events, but also suppressing the contribution of resonant g9 - H — WW
production to proportions below 1% of the W W~ yield. Studies for the WIWV+> 1 jets
analysis showed the choice of this value significantly improves the signal-to-background
ratio, tested in combination with additional selection criteria on variables such as pgf and
Emiss. Figure 7.9 shows the event yields for the W+ W~ signal together with Drell-Yan
and lepton misidentification backgrounds as a function of the cut thresholds applied on
Mey and p%. An enhancement of W I~ contributions is observed on the ratio of W W~
yields over Drell-Yan after imposing m., > 85 GeV (Fig. 7.9d), while the ratio is roughly
constant across p4. Criteria on p4 and E* were not considered to avoid an increase on
systematic uncertainties. To reduce the dominant background from top-quark sources,
events with at least one b-tagged jet are vetoed. The above requirements define the jet-
inclusive signal region. A summary of the lepton, jet, and event selection requirements is
presented in Table 7.2.

The selection efficiencies for each of the requirements defining the event selection are
displayed in Figure 7.10, both cumulative (Fig. 7.10a) and with respect to the previous
criterion (Fig. 7.10b). The requirement on the lepton pr discards 33 % of the signal and
95 % of misidentified leptons. While contributions from lepton misidentification decrease
slowly, mainly after rejecting events with two leptons of same electric charge and low
me,, events, the third lepton veto removes roughly 80 % of the diboson contributions
with the effect on the signal, top-quark and Drell-Yan backgrounds being lower than
1%. Similarly, the high m,, requirement is very powerful in suppressing 90 % Drell-Yan
contributions, at the cost of 30 % of the signal. The signal is finally enhanced by the b-jet
veto, which discards 90 % of the dominant top-quark contributions and only 5 % of the
signal.



Chapter 8

Background Estimates

"Perfect is the enemy of good.”

— M. de Voltaire (1694 — 1778).

The signature of a fully-leptonic W*W ™~ candidate event is expected to contain two
well-reconstructed leptons within the detector acceptance whose transverse momenta
are unbalanced due to the two untraceable neutrinos. As outlined in Section 7.1, mul-
tiple SM processes with analogous signature such as Drell-Yan Z + jets, top-quark pro-
duction, and multiboson processes are expected to contribute as backgrounds in mea-
surements of W W~ production at the LHC. Accurate estimations of the contributions
from background processes enhance the precision of the measurement. The background
contributions are dominated by top-quark production processes, especially t¢. These con-
tributions are estimated with high accuracy using data-driven techniques as described in
Section 8.1. Background sources from Drell-Yan Z + jets, diboson (W Z, W+, ZZ, and Z~)
and triboson production are described in Sections 8.2 and 8.3, respectively. Non-prompt
or misidentified leptons produced mainly in W + jets and semileptonic ¢ events can also
fulfill the lepton selection criteria, becoming backgrounds of W*W ™ final states. Sec-
tion 8.4 describes the data-driven techniques used to estimate this reducible background
contributions.

8.1 Top-Quark Background

The production of top-quarks in pp collisions is associated to the production of b-jets, i.e.,
the hadronized collimated signature of the b-quarks produced. Decays into W W~ + bb
characteristic of ¢t production can fulfill the W W~ selection criteria if the b-jets in the
final state are not reconstructed, e.g., after either inefficiencies in the b-jet identification,
or if the jet falls outside the acceptance of the inner detector.

The measurement presented in this dissertation estimates top-quark background events
using various techniques. The dominant ¢ component of this background relies on the
data-driven b-tag counting method, described in Section 8.1.1. The remaining contribu-
tions can be attributed to single-top production, estimated using MC simulation. The
b-tag counting method is augmented using a transfer factor method in certain regions of the
phase space where the b-tag counting method suffers from large statistical uncertainties.
The transfer factor method, and a comparison with respect to the b-tag counting method,
is presented in Section 8.1.2. A region where top-quark contributions are enhanced is
used to validate the background estimation. The validation as well as systematic uncer-
tainties of the background estimation propagated to the final measurement in the signal
region is presented in Section 8.1.3.
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8.1.1 The b-tag Counting Method

The b-tag counting method is a data-driven technique implemented to estimate the ¢t
background contributions. Following the procedure considered in measurements of the
tt production cross section by the ATLAS Collaboration [477] and as a background es-
timate in the measurement of W +2> 1 jets production [81], two regions requiring ex-
actly one and two b-tagged jets are defined, based on the signal region definition (see
Table 7.2). An estimation of the observed ¢t events in data in a b-vetoed phase space can
be performed by evaluating

Nop = Ny, - (1= 2e4 + Cyed) + Ny (8.1)
Nip = N, - 264 (1 — Chep) + NpE (8.2)
Noy = N%, - Chel + Nyy®. (8.3)

By measuring the number of events in the regions with exactly one (Vi) and two b-jets
(Ng) in data, the effective b-tagging efficiency ¢, as well as the effective ¢t cross section
(NgOb) can be calculated. This also applies in regions of phase space requiring events
with less than two jets, since b-tagged jets are tagged for a lower py threshold (20 GeV)
than regular jets (30 GeV), as defined in the object selection of the analysis (Section 7.5).
When tagging two b-jets in an event, the efficiency of tagging the first b-jet can be affected
by the kinematics of the second b-jet, and vice versa. The b-tagging correlation factor Cy,
defined as the ratio of the efficiency to tag two jets in the event (e,) over the efficiencies
of both independent b-jets (£7) is estimated from t¢ MC simulation. This constitutes the
only input that is susceptible to ¢¢ modeling uncertainties in the b-tag counting method.
The correlation factor Cj, is derived as follows,

tt tt
4- NMCN2b MC

, (8.4)
3
<Ntb me +2- N MC)

Cy =

with Nifo = N§ o + Nij e + N8 e and Nf o being the number of tf events esti-
mated from MC with k = 0,1, 2 selected b-jets. The correction factor C is typically close
to unity, between 0.99 and 1.01 across jet-inclusive distributions, like my, (Figure 8.1a).
In certain configurations, for example in events with exactly one jet with pr > 30 GeV,
Cp can be as low as 0.8 (Figure 8.1b). The identification of two b-jets is possible for some
of these events, as the b-jet pr requirement is 20 GeV. However, the probability of iden-
tifying both b-jets is significantly smaller than &7 since the second jet is often outside the
acceptance, and because the b-tagging efficiency is lower for jets with p] € [20,30] GeV.
The disparity in jet kinematics therefore leads to smaller Values of Cy whlle the reduced
correlation of the uncertainties of finding the first and the second jet increases the uncer-
tainty in (. The uncertainty in C}, is less than 1 % in most analysis bins.

The number of ¢t events with no reconstructed b-jet activity in the final state can there-
fore! be inferred as

_ N\ 2
tt tt
o, (Ni+aNg)
NO = Z— NObg7

N7 (8.5)

!Details of its derivation can be followed in Appendix A.1.
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Figure 8.1: The b-jet correlation correction factor Cj, derived from t¢ MC simulation in the jet-inclusive signal
region as a function of (a) me, and (b) the number of jets in the event. The displayed uncertainties account
for statistical uncertainties from the regions with 0, 1, and 2 b-jets in the MC simulation (Nyic and N{j, vc)
and experimental and theory modeling systematic errors from ¢¢ simulation. Published in Ref. [87].

where N/i = Ny, — N for k = 0,1,2. The b-tag counting method can also be applied
in each individual bin for differential measurements.

The dominant background to t¢

events in the b-tagged regions arise CR 1b-jet CR 2b-jet
from single-top Wt production. Ta- Data 260971+ 510 | 257777+ 507
ble 8.1 lists the event yields in the 1 and Total SM 269270+17313 | 267645420792
2 b-jet regions. In the jet-inclusive sig- tt(MC)  232779+15741 | 256644420698
nal region, the contribution of non-t¢ Single-top 31347+ 7102 | 9954 1691
. . . . WTWw-= 1961+ 178 124+ 15
events in the regions with 1 and 2 b-jets
is 13 % and 4 % of the expected events Fakes 1783+ 812 806397
15 1370 o of the exp ’ 7 + jets 203+ 42 17+ 5
respectively, of which 90 % can be at- A 433+ 56 374 6
tributed to single-top Wt production. 77 344+ 4 3+ 0
Figure 8.2 shows the agreement be- vy 77£ 15 3+ 2

tween the data and SM simulation in Table 8.1: Event yields in the 1 and 2 b-jet regions for the

the ¢t regions with one b-jet and two b- b-tag counting method estimate in the jet inclusive SR.
jets as a function of my,. At high dilep-

ton invariant mass, the ¢¢ simulation underpredicts the data, as expected in MC sim-
ulations of t¢. This feature can also be seen in the high-my, tails after the preselection
is imposed (where ¢t contributions dominate, c.f. Figure 7.8a), and is corrected by the
data-driven estimate. Despite this trend, excellent agreement of data and simulation is
observed within uncertainties. To avoid any double counting between semileptonic top-
quark events where a fake lepton is reconstructed when using the two data-driven meth-
ods, the data-driven fake background estimate presented in Section 8.4 is used in the
tt control regions. Contributions from ¢¢ and single-top account only for fully-leptonic
decay modes.
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shown. Published in Ref. [87].

8.1.2 The Transfer Factor Method

In a few analysis bins, the two-b-jet region defined in the b-counting method contains
relatively few events, which would result in a large statistical uncertainty of the ¢ back-
ground estimate. To mitigate this problem, the top-quark background (i.e. including both
tt and single-top Wt contributions) is instead estimated by extrapolating from a control
region enriched in the production of top quarks. This control region is constructed by
requiring at least one b-jet, with the other selection criteria being the same as for the SR.
For each bin of the measured distribution of interest, the number of expected top-quark
background events from both ¢t and Wt contributions, Né‘f—f, is estimated from the corre-
sponding bin in the region as

top __
NSR - Ntop,MC X

CR

Ntop,MC
SR (Ng%;fa o Né\j/llg,others> ) (8.6)

Here Ny """ is the contribution from non-top background in the region, which is
of the order of 10% of the total and estimated from MC simulation. The transfer factor, de-
fined as the ratio of events expected in the signal and control regions and also estimated
from MC simulation (N;%p’MC /N, gﬁ)’MC), gives name to this data-driven method. With an
uncertainty of about 10%, the transfer factor method is only employed in a few bins at the
high-mass tails (mg 2 0.5TeV) of the distributions where there are 100 events or less in
the 2 b-jet region, as its uncertainty is smaller than the uncertainty of the b-tag counting
method in these bins. This approach is found to be optimal, as shown in Appendix A
(Fig. A.1). The predictions from both transfer factor and b-tag counting methods are also
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in very good agreement within uncertainties. In the transfer factor method, the effect
of experimental and theory uncertainties is reduced compared to a background estimate
purely based on simulation. The dominant uncertainties arise in the theoretical modeling
of the top-quark background.

8.1.3 Systematic Uncertainties and Validation

The b-tag counting method is affected by systematic uncertainties in the ¢t modeling,
through the input of the b-tagging correlation factor Cj, as well as by uncertainties in
the non-tt estimate in the 1 and 2 b-jet regions. Similarly, the transfer factor approach is
affected by uncertainties in the transfer factor and the non-top subtraction in the control
region. As the t¢ background estimate is largely based on observed yields in data re-
gions and the only input from ¢¢ simulation is the correlation factor Cj, the b-jet counting
method strongly reduces experimental and theoretical uncertainties in the ¢¢ background
estimate, and thus lowers its total uncertainty by a factor of approximately 5 in the inclu-
sive phase space, corresponding to an uncertainty of about 3 %. The single-top Wt back-
ground is estimated using simulation, with an attributed uncertainty on the predicted
cross section of 30 %. The subtraction of Wt backgrounds in the ¢t regions introduces
an anticorrelation in the estimated Wt and t¢ event yields in the signal region so that
the modeling uncertainties in Wt have a reduced impact on the measurement®. A de-
tailed breakdown of the systematic uncertainties of b-tag counting, transfer factor, and
MC estimation approaches for the top-quark background is given in Appendix A.2.

The nominal ¢¢ and single-top events are generated with POWHEG, using PYTHIAS for
the parton shower. As the generator setup is identical for both ¢¢ and single-top MC sam-
ples, modeling uncertainties are considered as correlated. The modeling uncertainties
include®

¢ the dependence on the matrix element calculation, assessing the difference between
nominal and MADGRAPH5_AMC@NLO+PYTHIA 8 samples as an uncertainty,

¢ the influence of the parton shower model, comparing the nominal sample with the
predictions of POWHEG+HERWIG 7,

¢ the modeling of ISR, FSR, and QCD scale uncertainties via alternative generator
weights (for QCD scales pr and pp, and ISR) and hqam variation for ¢, and

e the modeling of the interference between ¢ and Wt events, estimated by compar-
ing the nominal diagram-removal sample for single-top with an alternative sample
generated according to the diagram-subtraction scheme [455].

*For instance, uncertainties in the single-top Wt production rate that are independent of the b-jet mul-
tiplicity, such as the cross-section uncertainty, partially cancel out because single-top Wt is the dominant
background to ¢ in the ¢t regions. Additionally, a variation leading to a larger Wt prediction in the regions
reduces the ¢t estimate, so if the same variation also leads to a larger Wt prediction in the signal region, the
overall effect on the combined top background is reduced.

The listed theory uncertainties follow the recommendations of the ATLAS top modeling working
group [478]. Uncertainties from the choice of the PDF were found to be negligible in jet-inclusive phase
spaces.
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inclusive region. Overflow events are included in the last bin. Data are shown as black markers, together
with histograms for the predictions of signal and background processes. The top-quark background is esti-
mated using the data-driven methods described in Section 8.1. The lower panels show the ratio of the data
to the total prediction. The displayed uncertainty bands include statistical and systematic uncertainties.
Theory uncertainties on the signal are negligible and, therefore, not shown. Published in Ref. [87].

In comparison to a pure MC estimate, the uncertainty in the matrix element calculation,
the final state radiation, and the t¢ cross section, which dominate the modeling uncer-
tainties, are strongly reduced by the b-tag counting method. As Wt events dominate
the backgrounds in the 1 and 2 b-jet regions, any uncertainties affecting the Wt indepen-
dently of b-jet multiplicity (e.g. the cross-section uncertainty) mostly cancel out.

The top-quark background estimate is validated in a top-enriched region that over-
laps with the signal regions, by requiring at least one jet and my; < 140 GeV as well as
A¢eu < /2 in addition to the normal event selection. Here my; is the invariant mass of
the leading jet and the closest lepton. This region is approximately 70 % pure in top events
and shows good agreement between the data and the combined signal and background
prediction, which uses the data-driven top-quark background estimate. Figure 8.3 show
the distributions of the pie*® " (Fig. 8.3a) and the jet multiplicity (Fig. 8.3b), confirming

the accurate modeling of lepton and jet-related properties in events without b-jets.

8.2 Drell-Yan Background

Despite the strong suppression of Drell-Yan Z + jets contributions by the requirements
of opposite-flavor dilepton system as well as dilepton invariant mass of m,, > 85 GeV of
the signal region definition listed in Table 7.2, decays into 7-lepton pairs (Z/7* — 777,
when the two 7-leptons decay leptonically into one electron, one muon and neutrinos)
can still fulfill the selection criteria. The Z + jets background is estimated using MC sim-
ulation computed with SHERPA 2.2.1. The relative contribution of this background to the
selected W+ W™ event candidates in the jet-inclusive signal region is about 5 %. In addi-
tion to the theoretical uncertainty in the Z + jets cross section of 5 % [479], uncertainties
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Figure 8.4: Detector-level distributions of (a) the dilepton invariant mass (m.,) and (b) the leading lepton pr
(p** ') in the Drell-Yan validation region. Overflow events are contained in the last bin. Data are shown
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The top-quark and fake backgrounds are estimated using the data-driven methods described in Sections 8.1
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The lower panels show the ratio of the data to the total SM prediction. The shown uncertainty bands include
statistical and systematic uncertainties. Theory uncertainties on the signal are negligible and, therefore, not
shown. Published in Ref. [87].

in the Z + jets background are estimated by assessing the 7-point scale variations of the
renormalization and factorization scales used in the matrix element calculation.

The modeling of the Z + jets estimation is evaluated in a validation region by mod-
ifying the dilepton invariant mass requirement of the W*W ™ selection to be between
45 GeV and 80 GeV, imposing also that either pgf < 30GeV or EITniss < 20GeV, in ad-
dition to the remaining signal region conditions. The Z + jets purity of this region is
about 85 % and good modeling of the data is observed. Figure 8.4 shows the distribu-
tion of the dilepton invariant mass m,, (Fig. 8.4a) and the leading lepton pr (Fig. 8.4b)
in the Drell-Yan validation region, featuring the resonant Z — 7~ 7" production over a
rising background of top events. The background estimate is successfully validated by
an excellent agreement with the data in this region.

8.3 Multiboson Contributions

Events arising from (i) WZ production (i.e., a W-boson in association with an off-shell
Z/~* or an on-shell Z-boson) when one of the leptons is either not identified or lies
outside the acceptance of the selected jet inclusive region, (ii) ZZ events where one
lepton from each Z-boson escapes the W*W ™ selection acceptance, and (iii) Vv (with
V = W, Z) events when the photon is reconstructed and selected as an electron candi-
date, can mimic the expected signature of W+ W~ production.

Backgrounds from VZ and Vv contributions are estimated from simulation using
SHERPA MC generators (listed in Table 7.1), and are found to contribute about 3 % of the
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total selected events in the jet-inclusive signal region. The SHERPA cross sections for these
processes are found to be in good agreement with the NNLO predictions [441, 442, 443,
444]. The dominant contributions from diboson processes arise from W2, and its mod-
eling is observed to be well-described by the nominal SHERPA simulation in other WZ
measurements by the ATLAS Collaboration [480]. Similarly to the Z + jets background,
uncertainties from the simulation of diboson processes due to missing higher-order QCD
corrections are derived as the envelope of the 7-point scale variations of g and pp used
in the matrix element calculations. An additional uncertainty in the diboson cross section
of 10 % [481, 482] is considered. Triboson production (VV'V') has a relative contribution
lower than 0.1 % in the signal region* and it is therefore neglected.

The VZ (WZ and ZZ) prediction is validated in events containing a third lepton
having pr > 10 GeV that must satisfy loosened identification criteria. The invariant mass
of the resulting same-flavor opposite-charge pair of leptons is required to be between
80 GeV and 100 GeV (close to the Z-boson mass), while the remaining selection criteria are
identical to the signal region. A purity greater than 90 % for diboson events is found in
this region, and the prediction is in good agreement with the data. The E#i* distribution
in this region shows strong separation power between ZZ and W Z events, as seen in
Figure 8.5a.

Vv (W~ and Z~) events enter the signal region as backgrounds when the photon is
reconstructed and selected as an electron candidate. Double-counted events due to final-
state photon radiation between Drell-Yan Z + jets and V' MC simulation are discarded
from the Drell-Yan MC samples using information at the event-generation level. Photons
produced after initial- or final-state radiation are accounted for in this background con-
tribution. To validate estimates of these backgrounds, the electron identification require-
ments are changed such that contributions from photon conversions increase®. As the
electron candidates reconstructed from photon conversion are charge symmetric, both
opposite-charge and same-charge candidates are selected with respect to the selected
muon. For the Vv validation region the pr distribution of the electron candidates is
shown in Figure 8.5b. It is dominated by electrons from photon conversion. Good agree-
ment with the observed data in the validation regions is found.

8.4 Contributions from Fake and Non-Prompt Leptons

Reducible backgrounds due to lepton misidentification originate from events where the
lepton selection criteria are fulfilled by a different object, making the event be accepted
by the W+ W~ dilepton selection requirements. This happens mostly in the production
of collimated jets and secondary decays that are misidentified as prompt leptons, and
are referred to as fake and non-prompt leptons, respectively, or fakes for brevity). As dis-
cussed in Section 7.3, the estimation of the fake-lepton background is of great impor-
tance in W*W ™ measurements at hadron colliders. Due to the limitations of the MC
simulation of these processes and the limited dataset of misidentified leptons, the mod-
eling of the fake background requires complex data-driven techniques. In this section,

*For a dataset of 140 fb™!, the predictions of WWW, WWZ, WZZ, and ZZZ production using
SHERPA 2.2.2 MC simulation yield a sum of 81 & 1 (stat.) & 10 (syst.) expected events in the jet inclusive SR.

°Photon conversions are enhanced by selecting electron candidates using the LooseLH identification
working point, discarded if a hit in the IBL pixel detector is recorded.
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Figure 8.5: Detector-level distributions of (a) £7'*° in the V' Z validation region and (b) the electron candidate
pr in the V+ validation region. Overflow events are included. Data are shown as black markers, together
with histograms for the predictions of signal and background processes. The top-quark background is esti-
mated using the data-driven methods described in Section 8.1. The lower panels show the ratio of the data
to the total prediction. The displayed uncertainty bands include statistical and systematic uncertainties.
Theory uncertainties on the signal are negligible and, therefore, not shown. Published in Ref. [87].

the background contributions due to lepton misidentification are discussed. The matrix
method, and a variant, the fake-factor method, are studied in Section 8.4.1 being the data-
driven techniques used for the estimation of this background in W+ W~ analyses. These
methods require additional lepton selection criteria, which are looser compared to the
nominal selection (Table 7.2), defined in Section 8.4.2. Section 8.4.3 presents studies of
the fake lepton composition in the measurements performed in this dissertation. The
determination of the fake factors used for this analysis is presented in Section 8.4.4. A
dedicated calibration of prompt leptons passing the loose selection requirements, pre-
sented in Section 8.4.5, has been performed to reduce systematic uncertainties, which are
finally discussed in Section 8.4.7 after the validation of the background estimate.

8.4.1 Foundations of Matrix and Fake-Factor Methods

The backgrounds arising after the production of fake and non-prompt leptons are diffi-
cult to model accurately from simulation. These depend strongly on the details of the
physics simulation, either on non-perturbative regions where the simulation is not ex-
pected to be reliable or the limited modeling of the material composition and response of
the detector. The simulation of these processes with a sufficient statistical dataset requires
enormous computing resources. Even though the event yields from fakes in the signal
region are small, the modeling of the lepton misreconstruction background is highly com-
plex, which translates into large systematic uncertainties propagated to the cross-section
measurement. Data-driven techniques are therefore indispensable to estimate these back-
ground contributions with sufficient accuracy. The data-driven techniques considered in
this analysis, denoted as matrix and fake-factor methods, are outlined in this section. The
relationship between the two is studied in Ref. [483]. These and other methods used by
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the ATLAS Collaboration for the fake and non-prompt lepton background estimation are
also discussed in Ref. [484].

After a given baseline selection C is required, a certain number of events of the pro-
cess a are selected by C, designed to enhance contributions of the process b, with ef-
ficiency £,(Cy). A number of events N(C,) can therefore contribute to a given dataset
where a total number of events N is selected. Background contributions are not fully
rejected in real scenarios by the signal-region selection C's, with e, (Cs) being efficiency
of the corresponding selection criteria of the background source B; (i = 1,...,n number
of background sources). The contributions to the events selected by Cs, N(Cg), can be
estimated by considering the corresponding selection efficiencies for each process as

N(Cs) =es(Cs)Ns + Y _ep,(Cs)Na, , (8.7)
i=1

with the contributions Ng and Np, being defined with respect to a common baseline
selection. A given selection efficiency ¢,(Cx) is therefore defined as the ratio of a-selected
events by a given selection C'x over all the events of a in the given baseline selection. The
estimation of the contributions Ng and all Np, can be inferred by including additional
selection criteria Cp,, extending Eq. (8.7) to a system of equations that, in matrix notation,
can be written as

N(Cs) es(Cs) €p,(Cs) €p,(Cs) -+ €p,(Cs) Ns
N(Cg) es(B1) ¢ep,(B1) ep,(B1) - e€g,(B1) Np,

Ne = | N(CBy) | = | es(B2) eB(B2) ep(B2) -+ ep,(B2)|.|Np, | =2-N.
N(Cs))  \es(B) en(Ba) cm(Ba) - e5.(Bw)) \Ns,

(8.8)
Here, N is the vector of events selected using the different selection criteria while N
is the vector of expected baseline number of events contributing from each process. Note
that, since the signal event yields observed in the data N (Cs) are present in the equation,
the signal region is not blinded when performing the estimation of the background con-
tributions. The matrix ¢ is the so-called efficiency matrix, diagonal if all selection criteria
Cq (a =S, By, ..., By,) isolated the targeted process a perfectly. Therefore, the estimation
of the vector N can be performed by inverting the efficiency matrix

N =¢1.Ng. (8.9)

The presented formalism, known as the matrix method, is in principle fully data-driven.
However, the efficiency matrix € needs to be determined beforehand. Depending on the
processes to be estimated, control regions in data can be defined to extract the selection
efficiencies using, e.g., the tag-and-probe method presented in Section 8.4.5. Neverthe-
less, this is sometimes not possible due to, for instance, limited statistics or challenging
isolation of the process of interest. In such cases, MC simulations are required.

The matrix method has been extensively used in hadron collider measurements and
traditionally in ATLAS W+ W~ measurements such as Refs. [75, 79] to estimate fake and
non-prompt lepton background contributions. For fake-background estimations, the en-
richment of signal and lepton misidentification is performed by using different lepton
selection criteria. The former is enriched by using tight requirements (referred to as ID
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selection, I) such as the ones listed in Table 7.2. The latter are usually enhanced by loosen-
ing the identification and isolation working points. Contributions from lepton misidenti-
fication can be further enriched by requiring the working point to fail the tight definition,
being both completely orthogonal. This selection strategy is denoted to as AntilD selection
(A). For dilepton final states under these conditions, Equation (8.8) reduces to

4 4 Lo L
N(I+1) ey 5505}3[ ) efer LETET Ny
NI+ A) _ Ef,o(l—sél) 5‘;0(1—5.1) slfo(l—sﬁl) sfo(l—sll) . Nyy
N(A+T1) (1— 515;0)51‘;1 (1- 520)5? (1- 5?0)621 (1- 8?0)6? Ngp |7
4 V4 V4 0 .
N(A+A) (1—el)1—eh) (1-ed)1-ef) (1—eP)(-c) (-1 —c}) Ny
(8.10)

with 5f;0 and 5? being the efficiencies of the leading and subleading £ lepton, respectively,
fulfilling the baseline lepton selection criteria to also pass the tight criteria. The efficien-
cies ef, where k = p, f labels either a prompt or a fake lepton, depend on features of the
lepton kinematics such as its transverse momentum pr, ||, or proximity in AR to other
objects. After the inversion of Eq. (8.10), two components of the fake-lepton background
can contribute to the background estimation, namely when only one of the fake leptons is
misreconstructed as a prompt (N, s + Ny, mostly arising from W + jets and semileptonic
tt) or from cases where the two fake leptons are reconstructed as prompt (N, originating
from QCD multijet production). The background estimation is computed by accounting
for these two terms in the ID+ID selection, which corresponds to the signal region,
NlIe—}t{on misID — gio 8? pf + Ef‘O E;f;l pr + gffo 8? fo ’

The aforementioned equations give an estimation of the normalization factor to be ap-
plied on the measured total number of data events. However, the method can also be
used to estimate differential distributions by calculating a weight for each data event.
The expression of the weight depends on the selection criteria fulfilled by the two lep-
tons in the final state.

In usual definitions of the two lepton selection criteria, ¢, are close to 1, while ¢/
are low to reject fake leptons. The ideal prompt and fake lepton selection criteria will
make the efficiencies €, — 1 and £; — 0, which is the case when the efficiency matrix
in Eq. (8.10) is diagonal. The lepton selection criteria used in this work are presented in
Section 8.4.2. Using the one-lepton final state case of Eq. (8.10) for simplicity, the matrix
inversion results in

1

N, =
d Ep —Ef

[(e, — 1)N(ID) + £, N (AntiID)] . (8.11)

Since MC simulation provides an accurate modeling and calibration of prompt leptons, a
simplification of the matrix method can be performed by assuming ¢, — 1. The contribu-
tions lost after this assumption can be accounted for by subtracting prompt contributions
in the region with AntilD leptons using MC simulation. After these considerations, the
estimated number of events in the ID region originating from lepton misreconstruction
then is

9 . . .
Niepton mistp = €Ny = - _fgf - N(AntiID) = F [Npata(AntiID) — N, v (AntiID)]
(8.12)
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where the extrapolation factor F' from the AntilD region to the signal region is the known
as fake factor. In this approach, known as fake-factor method, the estimated background
yield does not depend on the yield N(ID), and the method can be used while blinding
the data in the signal region. It should be noted that Eq. (8.12) also establishes a relation
between the fake-lepton selection efficiencies ¢y and the fake factor F'. Similarly as for
er, ' depends on the fake-lepton kinematics. The fake factors are computed as the ratio
of fake leptons fulfilling the ID requirements over the number of AntilD fake leptons,
being normally derived from the number of events in data (after subtracting events from
prompt lepton contamination) in a region enriched in fake-lepton production as

o _NID) _ N(D)- Nyc,(D)

- - . 1
N(AntilD) ~ N(AntilD) — Nyc,,(AntilD) 8.13)

Since differential distributions are available for N and Nyic,, in Eq. (8.12), the fake back-
ground estimation can be performed by applying the method bin by bin across the dif-
ferential observable of interest.

8.4.2 Definition of the AntiID Lepton Selection Criteria

In the matrix method, the challenge to be tackled when defining the loose lepton selection
criteria is twofold. On the one hand, the difference ¢, — ¢ is to be maximized to reduce
the number of fake-lepton contributions in the signal region. On the other hand, one has
to keep a sufficiently large dataset to derive the fake-lepton selection efficiencies with
significant statistics. Additionally, the AntilD selection criteria imposes the ID conditions
to be failed, constraining the lepton selection even further.

The electron and muon AntilD selection requirements used in this analysis are listed
in Table 8.2, defined by loose conditions while failing the ID selection criteria (Table 7.2).
AntilD electrons are required to satisfy the MediumLH identification, and the track- and
calorimeter-based isolation requirements are relaxed imposing the FixedCutPflowLoose
working point for electrons with pr < 55GeV. No isolation requirements are imposed
for AntilD electrons of greater transverse momentum. AntilD electrons must fail either
the identification requirements of the ID electron (TightLH) or the ID isolation working
point (Gradient). The AntilD muon |dy/o4,| is extended to the region |dy/oq4,| < 10
to target production in secondary decays, as well as isolation conditions imposed to
fulfill the looser FixedCutPflowLoose definition, based on track isolation only. AntilD
muons must therefore fail the Tight_FixedRad muon isolation working point for muon
|do/oa,| < 3, allowed to be fulfilled if the muon impact parameter lies within the range
3 < |do/og,] < 10. In terms of selection efficiency, the AntilD electron (muon) selec-
tion criteria are tighter than the ID definition by a factor of 8 (16). Table 8.3 shows the
number of WTW ™ event candidates selected with both ID+ID and ID+AntiID selection
requirements at the preselection stage.

As discussed in Section 4.2.7, the definition of the single lepton trigger chains makes
use of lepton identification and track isolation criteria to improve the prompt lepton pu-
rity. This causes biases in the AntilD lepton sample, since the selection requirements in
the trigger algorithm are implicitly tighter than the AntilD lepton selection. Using the
full Run 2 dataset in the ID+AntilD control regions used to determine the data-driven
background estimate, Table 8.4 shows the fractions of data events triggered by either the
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‘ ‘ AntiID electron ‘ AntilD muon ‘
Pseudorapidity In| < 1.37 or 1.52 < |n| < 2.47 ‘ In| <2.5
pr [GeV] pr > 15
|20 sin 6| [mm] |z0sin 6| < 0.5
do/oa| do/oap] <5 do/cd,| < 10
Identification MediumLH Medium
Isolation FixedCutPflowLoose FixedCutPflowLoose (pr < 55GeV)
Fail ID selection | Fail either TightLH ID or Gradient isolation | Fail either |dy/o4,| < 3 or Tight _FixedRad isolation

Table 8.2: AntiID lepton selection requirements for electrons and muons.

Channel el e
AntiID lepton | muon electron muon electron
ID+AntilD | 3442 £25 3730+£30 | 1338 £15 5350+ 30
ID+ID 41650 £ 90 38380 + 80

Table 8.3: Number of signal gg¢ — W1W ™~ event candidates for the full Run 2 dataset at the preselection
stage using both ID+ID and ID+AntiID dilepton selection. Only statistical uncertainties are shown.

Lepton matched AntilD muon | AntiID electron Fraction [%]
ep pe ep pe
ID only 4167 914 3160 6358 41.7
ID and AntilD | 6382 2331 | 3578 4690 48.4
AntilD only 391 391 1257 1413 9.9

Table 8.4: Fractions of data events recorded in full Run 2 trigger-matched by either the ID lepton only, the
AntiID lepton only, or both ID and AntiID leptons in the jet-inclusive region defined in Table 7.2 using
ID+AntiID dilepton selection.

ID lepton, both ID and AntiID leptons, or the AntilD lepton only. The effects on these
fractions introduced by the selection requirements defining the signal region are minor.
The ID lepton drives the triggering of the event, either alone or together with the AntilD
lepton, especially when being the lepton of highest-pr in the event. Events triggered by
the AntilD lepton only constitute 9.9 % of the total number of events, which would intro-
duce a bias in the AntilD lepton definition. To account for this bias, the selected events
are categorized according to the leptons that triggered the readout system, deriving fake
factors individually for the categories where at least one ID lepton or only AntilD leptons
fire the single lepton triggers.

Additionally, the fake-factor method assumes a good modeling of prompt leptons
passing the looser selection. In this dissertation, an accurate modeling of prompt AntilD
leptons is ensured for the first time deriving a dedicated calibration using tag-and-probe
techniques. This endeavor, which improves the precision of the measurement consider-
ably, is discussed in Section 8.4.5.

8.4.3 Sources and Composition of Misidentified Leptons. Definition of the
Fake-enriched Region

The aforementioned fake leptons can be divided in two main categories. On the one
hand, leptons produced in secondary hadron decays that fulfill the primary vertex as-
signment and lepton selection requirements of the analysis are referred to as non-prompt
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Vi
o Real (prompt) lepton

Fake lepton candidates

(a) W + jets production. (b) Semileptonic t¢ production.

Figure 8.6: Illustrative Feynman diagrams for the sources of fake and non-prompt leptons in the signal
region defined in Table 7.2 for the W W~ analysis.

leptons. On the other hand, if a non-leptonic object such as a hadronic jet fulfills the lepton
selection requirements, being finally misreconstructed as a lepton, it is denoted as fake lep-
ton. These sources do not include leptons originated from photon conversions, accounted
for in background contributions arising from V'~ production, described in Section 8.3. In
contrast, prompt leptons are defined as electrons or muons directly produced either in
the hard-scattering process or in the decay of a short-lived non-hadronic resonance (such
asa W¥ and Z bosons). Non-prompt electrons are produced via secondary decays within
the hadronic activity of a jet, while fake electrons are mainly highly-collimated jets® that
leave little activity in the hadronic calorimeter and fulfill the reconstruction, identifica-
tion and isolation criteria of prompt electrons. Most of misidentified muons arise from
secondary decays within the hadronic activity of a jet, which further traverse the elec-
tromagnetic and hadronic calorimeters. Fake muons can also be produced via so-called
punch-through jets that penetrate through the hadronic calorimeter, leaving signatures also
in the first layers of the muon spectrometer. When referring to the fake background (or fakes
for simplicity), contributions from both fake and non-prompt leptons are considered.

Due to the large electron (Section 4.3.2) and muon (Section 4.3.3) reconstruction effi-
ciencies of the ATLAS detector, these background contributions stem from SM processes
with much higher production cross sections with respect to the process of interest. In
measurements of W W~ production, W +jets production dominates the source of lepton
misreconstruction. In the jet-inclusive signal region (whose selection criteria are summa-
rized in Table 7.2), these arise especially when charmed- (42 %) and light-hadron (40 %)
decays are associated to the produced jets misreconstructed as leptons’, according to
flavor-filtered W + jets MC simulation. Only 3.5 % of the non-prompt and fake lepton
sources in the signal region arise from top-quark production sources such as semileptonic
tt or single-top. Illustrative Feynman diagrams are presented in Figure 8.6. Two-lepton
misreconstruction in multijet QCD production, having a production cross section roughly
four orders of magnitude greater than diboson W*W ™ (Fig. 1.5), contributes about 5 %
of the total fake background at the lowest pr regime of the analysis.

Lepton misidentification is enhanced in a region enriched in multiple jet production,
ensuring that one lepton is reconstructed with at least one jet. The same requirements

%In measurements of processes with small cross sections, it is likely that photons are reconstructed as
electrons. Due to the large W W™ production cross section with respect to processes producing a lepton
and a photon in the final state (e.g. W+, see Fig. 1.5) and the small fake probability, electron fakes from
photons are neglected in this analysis.

"Note that a b-jet veto is involved in the jet inclusive signal region (see Table 7.2).
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] Dijet event selection ‘

Exactly one electron or muon with pr > 15 GeV
]Vjet >0
b-tagging requirement on leading jet (either b-tagged or b-veto)
piresing et 95 (30) GeV with |5 < 2.5 (2.5 < || < 4.5)
|A¢57]:0’ > 2.8
mr + EF < 50 GeV
Lepton is ID or AntilD

Table 8.5: Dijet event selection used in the W W ™~ analysis.

as the selection criteria in the signal region, described in Section 7.5, are used for object
selection and flavor tagging. The lepton and the leading jet are required to be produced
back-to-back, i.e., with a large difference in azimuthal angle of [Agy jo| > 2.8. In this
configuration, the lepton is very likely to arise from the production of a jet. This is a
so-called dijet region. The selection criteria used in this analysis are summarized in Ta-
ble 8.5. To vary the flavor composition of the jet leading to the misreconstructed lep-
ton, different b-tagging requirements can be applied on the recoiling jet. The production
of W + jets events dominates the prompt lepton contamination, i.e., SM processes in-
volving a prompt lepton in addition to hadronic activity in the final state. These can be
suppressed by selecting events with low E%i%srack +mr.

The information of fake electrons and muons at particle level in the dijet MC sam-
ples is insufficient to infer the origin of the lepton®. An alternative approach to infer the
jet-flavor composition of the fake leptons in the signal region is followed by comparing
the MC predictions of lepton misidentification sources from W + jets, where the flavor of
the hadronic activity in the final state is filtered, and semileptonic ¢t production. Three
filters are used: (i) events where at least one of the partons in the final state is a b-quark
(categorized as b-flavor), (ii) events where at least one of the partons in the final state is
a c-quark while events containing b-quarks are vetoed (c-flavor), and (iii) the remaining
events where no b- or c-flavored quarks are produced (light-flavor). Jet filters are applied
at particle level (i.e. before any detector simulation) to a large unfiltered sample, with
each MC sample being rescaled by a corresponding filter efficiency. Semileptonic ¢¢ and
single-top production is included in the b-flavor category. Jet-flavor fractions for each cat-
egory are computed with respect to the sum of the three flavor categories. By assumption
of lepton universality in the MC production, the flavor composition of these samples is
independent of the lepton flavor.

The dominant contributions from W*+W ™, t¢, and Drell-Yan production can be heav-
ily suppressed by imposing a same-sign dilepton selection. This feature is exploited to
enhance contributions from lepton misidentification, used to define validation regions for
the estimation of this background. Figure 8.7 presents the flavor composition of W + jets,
semileptonic ¢¢, and single-top production along the sequential stages that define the sig-
nal region of this analysis. The MC samples used as a source of lepton misidentification
are enriched in 58 % b-flavor at the preselection stage, before same-sign and opposite-sign
selections are imposed. These fractions drop by a factor of 3 after the b-jet veto is ap-
plied. The flavor composition between same- and opposite-sign selection criteria agrees

$Studies on fake lepton composition using the ATLAS MCTruthClassifier are presented in Appendix B.
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the signal region. = Contrarily as derived from flavor-filtered MC samples of W + jets, semilep-
to the approach followed by tonic ¢, and single-top production in the same-sign and opposite-
the WW+2> 1]jets analysis [81] sign signal regions. Only statistical uncertainties in the simulated

where the b-vetoed fake fac- MC samplesare displayed.

tors were considered as nomi-

nal, the results presented following this approach motivate the redefinition of the nomi-
nal fake factors as an average of b-tagged and b-vetoed distributions, being the envelope
of distributions from these two requirements an assessment of the uncertainty due to jet-
flavor composition bias. The use of the average reduces the corresponding uncertainties
by a factor of two with respect to the WW+>1 jets analysis.

8.4.4 Fake-Factor Measurement

Since no further requirements on the jet multiplicity enter the definition of the dijet re-
gion, the fake factors computed for the WW + > 1jets analysis [81] are also implemented
in this measurement. In the dijet region defined in Table 8.5, where each event contains
at least one lepton candidate balanced by a jet, a control sample of data events enhanc-
ing the reconstruction of non-prompt leptons is selected for the determination of the fake
factors using Eq. (8.13). Contributions from prompt leptons, as predicted from MC sim-
ulation, are subtracted from the data beforehand. An unprescaling weight is applied to
data events recorded with prescaled single-lepton triggers9. Similarly, the bias by the trig-
ger selection on AntilD leptons is evaluated by computing fake factors using the nominal
unprescaled triggers of the analysis, listed in Table 4.4. Fake factors using unprescaled
single-lepton triggers are applied to events triggered by the AntilD lepton only (a total of
9.9 % of the events, as given in Table 8.4). The electron and muon fake factors are shown
in Figure 8.8, together with their aforementioned systematic variations. Systematic vari-
ations to these, discussed in Section 8.4.6, are determined by deriving additional sets of
fake factors. Prompt AntilD lepton mismodeling, studied in detail in the following sec-
tion, can affect the calculation of the fake factors. The observed effects are negligible with

*The prescaled single-electron trigger HLT e12 lhvloose nod0_L1EM10VH and single-muon trigger
HLT mul14 are implemented, with thresholds of Er > 12GeV and pr > 14 GeV, respectively. The values
of the prescales vary according to the demands of the data acquisition system throughout data-taking.
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respect to the statistical uncertainties and are therefore not considered’.

8.4.5 AntiID Prompt Lepton Calibration

The fake-factor method, introduced in Section 8.4.1, relies on the definition of both ID
and AntilD lepton selection criteria. While the modeling of ID leptons in MC simulation
is expected to be good after an exhaustive calibration performed by dedicated Combined
Performance groups within the ATLAS Collaboration, an accurate modeling of AntilD
leptons needs to be ensured for a reliable background estimate. This is particularly im-
portant if prompt contributions are large in AntilD regions, such as the dijet control re-
gion used in Eq. (8.13), or the ID+AntiID control region where the extrapolation to the
ID+ID region is performed by applying the fake factors via Eq. (8.12). This is crucial
for W W~ measurements, whose ID+AntiID control regions suffer from a large prompt
contamination!!. In this section, studies of this mismodeling and dedicated calibrations
for the W1 W™ measurement are presented.

After systematic uncertainties from the parton shower modeling of the top-quark
background and pile-up jets, uncertainties related to the mismodeling of prompt AntilD
leptons were the largest in the WW +>1 jets analysis [81]. This was observed by compar-
ing the lepton modeling in data and MC simulation in a region enriched in fully-leptonic
decays of tt. The agreement between ID and AntilD modeling of electrons and muons
can be quantified using a double ratio (DR) by comparing the data-to-MC agreement in
ID+AntiID and ID+ID selection criteria as

NData _ Nnonfprompt,MC
Nprompt,MC

|:NData _ Nnon—prompt,MC

DR =

NMC } ID+ID

Due to the given ratio, this method is particularly effective canceling out most of the sys-
tematic uncertainties affecting both event selections in a similar manner. In the WW 4>
1 jets analysis, the DR where found to be equal to 1.1444-0.007 for muons and 1.05540.006
electrons, showing a clear mismodeling of the simulated leptons passing AntilD selection
requirements with respect to the leptons selected using the ID definition. This evidences
a poor model of the prompt AntiID lepton selection efficiencies, which also differs be-
tween muons and electrons. In this analysis, a Z-peak ID+AntilD region is designed to
study the modeling of prompt AntiID leptons in detail, whose definition and results are
presented in the following.

The Z-peak and ¢t ID+AntiID Regions

In contrast to the ¢ region exploited during the WW+> 1 jets analysis, an ID+AntilD re-
gion at the Z-boson resonance is used to study a richer dataset of prompt AntilD electrons

*The modeling of prompt AntilD lepton contamination in the dijet region can affect the subtraction of the
background contamination in the denominator of the fake factor calculation given in Eq. (8.13). These are
found to be about one and two orders of magnitude lower than the data for AntiID electrons and muons,
respectively. The effects of such mismodeling where found to be at the percent level in each bin.

"' A prompt contamination of about 75 % is found in the ID+AntiID region used in the W+~ measure-
ment presented in this work (Fig. 8.17).
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Figure 8.9: Data-to-MC agreement in the Z-peak region defined in Section 8.4.5 using a ID+ID dilepton
requirement in (a) the e~ e™ channel, and (b) 1~ ™ channel, and a ID+AntID dilepton requirement in both
(c) the e~ e channel and (d) the 1 channel. Data is shown as black dots. The stacked histogram shows
SM contributions from MC simulation. Only statistical uncertainties are shown.

and muons. The same selection criteria of ID (Table 7.2) and AntilD leptons (Table 8.2)
is used. Same-flavor decays are considered, i.e., final states of muon-antimuon (= p™*
channel) and electron-positron (¢e"e™ channel) pairs. The same quality and trigger re-
quirements as in the signal region are used. As done in the signal region, a third lepton
veto is applied. The two leptons are required to have opposite-sign electric charge. At
least one of the two leptons in the final state must fulfill ID lepton selection criteria, while
the other one must satisfy the AntiID selection. To narrow prompt lepton production
from Z-boson decays, a Z window of 10 GeV is imposed on the dilepton invariant mass
Mg, i.e. [mg — mEDG| < 10 GeV, where ngG = 91.1876 4 0.0021 GeV denotes the global
average of the Z-boson mass [95].

Figure 8.9 shows the differences between ID+ID and ID+AntiID selection criteria in
data-to-MC agreement for events at the Z-peak region in both e"e™ and p~ ™ channels
as a function of my. Using the SHERPA 2.2.1 Z + jets MC simulated events, the data and
expected SM contributions from MC simulation are in good agreement in ID+ID events
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Figure 8.10: Data-to-MC ratios for the A (ID+ID selection, shown in grey), B, C, and D ID+AntilD Z-peak
regions (in green) according to the fulfilled conditions of the AntilD lepton using SHERPA 2.2.1 Z + jets MC
simulation. No prompt AntilD lepton calibration is applied. Results in both the (a) e e channel and (b)
p~ T channel are shown. Ratios within parentheses are computed using a POWHEG+PYTHIA 8 Z + jets MC
sample. Percentages give the portion of the corresponding region contributed to the total ID+AntiID region.
Statistical errors are below 1 %.

at the Z-peak region, yielding data-to-MC ratios of 1.01 in both e~e™ and = u™ chan-
nels'?. However, these ratios increase up to 1.28 (1~ pt) and 1.09 (e~ et) when selecting
ID+AntiID events in the same region. When using an alternative Z + jets MC sample
produced with the POWHEG+PYTHIA 8 generator, data-to-MC ratios in the ID+AntilD
Z-peak region drop to 1.10 and 1.06 in the p~ pt and e~ e channels, respectively, show-
ing a dependency of the AntilD prompt lepton mismodeling with the used MC generator.

To better understand the source of this disagreement, the Z-peak ID+AntilD region
is further divided according to the selection requirement of the ID lepton that is failed in
the definition of the AntilD selection. The four possible combinations are labeled as A,
B, C, and D regions. For muons, these are either failing the |dy/o4,| < 3 condition of the
ID muon, or its isolation working point (Tight_FixedRad), or both. Similarly for electron
decays, the conditions to be failed are either the LHTight identification, or the Gradient
isolation working points of the ID electron, or both. Since the four regions are orthogonal,
the non-ID lepton populates only one of the A, B, C, or D regions. The definitions of these
regions are therefore:

* Region A is populated by electrons and muons that do not fail any of the conditions
of the ID selection. Therefore, region A corresponds to an ID+ID selection.

* Region B hosts electrons (muons) that fulfill the isolation of the ID lepton, but fail
its identification (|do/0q,|) criterion.

¢ Region C includes electrons (muons) that satisfy the identification (|do/0q4,| < 3)
requirements of the ID lepton, failing the ID isolation working point.

2Errors in the given data-to-MC ratios are lower than 1 %, considering statistical fluctuations only.
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ID+AntiID regions selection criteria
Z-peak \ tt

Unprescaled single lepton triggers

pr,e > 27GeV, |ng| < 2.5
3rd lepton veto + opposite-sign leptons
At least one ID lepton
mee > 20 GeV, |my — mEDG\ > 15 GeV
Two b-tagged jets

Non-ID lepton: A|B |C |D

My — ngG] <10GeV

Table 8.6: Selection criteria for the Z-peak and ¢t ID+AntilD regions used for prompt AntilD lepton calibra-
tion.

e Electrons (muons) that fail both conditions, i.e. isolation and identification (|dy /o4, | <
3) of the ID lepton, are classified in Region D.

Figure 8.10 displays the data-to-MC ratios in the four regions as discussed, both in e"e™
and p~p decays. As anticipated in Section 8.4.5, region A (the ID+ID event selection)
shows a good data-to-MC agreement in both e"et and p~u™ channels. The largest mis-
modeling in prompt AntilD muons arises in region B (data-to-MC equal to 1.63 when
using the SHERPA2.2.1 Z + jets sample), corresponding to 14.1% of the events in the
ID+AntiID selection. More importantly, region C also shows a large data-to-MC dis-
agreement (ratio of 1.2) while containing the majority of ID+AntiID events at the Z-peak
ID+AntiID validation region (85 %). The largest mismodeling of prompt AntilD muons
comes from region D, a small portion (0.9 %) of the set of AntilD muons. The prompt
AntilD electron mismodeling is found to be smaller in all these three regions, with a dif-
ferent distribution of the populations among AntilD regions. Region B is the one with
both largest population (59.5 % of ID+AntiID events in e~ e™ channel) and largest data-
to-MC disagreement (ratio of 1.13 when using SHERPA2.2.1) in the e~ e™ channel.

Additionally, the composition of AntiID leptons among B, C, and D regions is com-
pared to the Z-peak using prompt leptons produced in events enriched in ¢¢ production
decaying into two leptons of same flavor. The selection requirements defining the same-
flavor tt ID+AntilD region are similar to the ones defined in studies for the WW+> 1 jets
analysis. With respect to the Z-peak ID+AntiID region, a switch from the 10 GeV Z-
window to a requirement of exactly two b-jets in the event is implemented to enrich ¢
contributions. A Z-window of 15 GeV is vetoed to suppress contributions from Z + jets,
where heavy-flavor jets dominate!®. The cross sections for these processes are usually
underestimated in MC simulation [485]. This requirement also ensures the orthogonality
between Z-peak and ¢ regions. Once these requirements have been fulfilled, the events
are classified among regions A, B, C, and D according to the conditions of the ID selection
failed by the non-ID lepton, as done for the Z-peak region. The selection criteria for both
tt and Z-peak ID+AntiID regions are summarized in Table 8.6.

The ratios data-to-MC in the ¢t A, B, C, and D regions are shown in Figure 8.11. In
contrast to Figure 8.10, only one ratio is shown using the POWHEG+PYTHIA 8 ¢t MC
sample. Due to the different kinematic features of the enhanced t¢ decays, the data-to-

BHeavy-flavor jets refer to the additional jets in the final state arising from b- and c-hadron decays.
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Figure 8.11: Data-to-MC ratios for the A (ID+ID, shown in grey), B, C, and D ID+AntID same-flavor t¢
regions (in yellow) according to the fulfilled conditions of the AntilD lepton using POWHEG+PYTHIA 8 t¢
MC simulation. On the left-hand side, results in the e~ e channel are given. Ratios for the = u* channel
are shown on the right-hand side. Percentages give the portion of the corresponding region contributed to
the total ID+AntiID region. Statistical errors are below 1 %.

MC ratios and the composition of ID+AntiID events among B, C, and D regions slightly
differ with respect to the ratios of the Z-peak region using POWHEG+PYTHIA 8 simulated
events. For instance, the AntilD region B of the muon channel contributes 26.1 % of the
ID+AntiID events in the ¢t region while only contribution 14.1 % at the Z peak. This can
be caused by the higher jet activity in top-quark events, with larger contributions from
b-flavor decays producing more muons within the hadron activity of the b-jets which are
characterized by greater values of |dy/04,|. The composition among AntilD regions does
not vary considerably in the electron channel. Investigations are discussed later on.

In order to effectively address the differences of the three AntilD regions, calibra-
tion factors are computed independently per lepton flavor in the AntiID regions B, C,
and D. Since different MC generators provide different modeling schemes of prompt An-
tilD electrons and muons, SHERPA and POWHEG+PYTHIA 8 samples are also calibrated
separately with dedicated sets of scale factors. The applied calibration factors are then
validated using different-flavor decays (i.e. the ey + pe channel) enhancing ¢t production,
closer to the ID+AntilD region used for the extrapolation of the fake-lepton background
in the fake-factor method4.

Determination of Correction Factors. The Tag-and-Probe Method

To ensure a good modeling of the data using simulated events, well-known processes
can be exploited to provide reliable production mechanisms for the calibration of physics
objects in experiments. Additionally, resonant decays provide large statistical datasets,

A validation region enriched in W*W ™ decays becomes challenging due to the sizable contributions
arising from non-prompt leptons.
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where background contributions are usually very low. This is a common case in the cali-
bration of lepton reconstruction, identification and isolation working points. The decays
of the Z boson and the J/1) meson are extensively used in collider experiments, decaying
into pairs of leptons and hadrons. The tag-and-probe method is based on events selected
in processes decaying into two objects of the same type, namely e~ e™, =™, or ¢ final
states. In the dilepton decay, one of the two leptons (the so-called tag lepton) is required
to pass the selection triggersl5 and fulfill stringent reconstruction, identification, and iso-
lation criteria. The remaining probe lepton is then very likely to be produced from the
same source as the tag lepton, and it is therefore used to perform the calibration of the
working point of interest. Selection efficiencies are computed as the ratio of the number
of selected probe leptons over the total number of probe leptons, which are usually per-
formed differentially as a function of, e.g., the probe-lepton pr, 7, its angular separation
AR with respect to the closest jet, or combinations of these. To match the simulated
events to the data distribution, the ratio of data and MC efficiencies can be applied as
a correction factor to the simulation. Calibration procedures using the tag-and-probe
method face limitations imposed by the kinematic features of the physics objects, prod-
uct of the decay of the targeted process, as well as the size of the selected dataset. These
result in restricted coverage of the phase space subjected to calibration. However, these
limitations diminish as the integrated luminosity increases. The tag-and-probe method
is extensively used in hadron collider physics. For instance, ATLAS muon reconstruc-
tion, identification and isolation efficiencies [358], as well as electron trigger [486], and
identification efficiencies [472] used in this thesis have been derived using this approach.

In this analysis, the tag-and-probe technique is implemented in the ID+AntiID re-
gions B, C, and D. The ID lepton acts as the tag lepton and it is required to match at least
one of the nominal single-lepton triggers of the menu (c.f. Table 4.4). The probe lepton cor-
responds to the non-ID lepton, fulfilling the selection requirements of the AntiID regions
B, C, or D. Selection efficiencies are derived in bins of pr and ||, e(pr, |n|), in both the
data and MC in each of these three regions. Only signal probes are used, i.e., AntilD selec-
tion efficiencies are computed in data after the expected contributions from background
sources!®, as predicted by MC simulation, have been subtracted. Similarly, the selection
efficiencies derived in simulation are derived using the MC sample of the process of inter-
est. Taking selection efficiencies from data and signal MC, the prompt AntilD correction
factors, also referred to as Scale Factors (SF), are computed in the i-th p bin and j-th |7]

bin as
gData

SFi.j = ~Signal,hic (8.15)
€ ;

If kinematic constraints defining the AntiID regions B and C were orthogonal, prompt
AntilD scale factors in region D could be computed as a product of the scale factors de-
rived from these two regions. This is indeed the case for prompt AntilD muons, since
the criteria on |dp/o4,| and muon isolation are completely independent. Prompt AntilD
muon scale factors in region D are therefore computed as the product SFg - SF¢, reducing

This is particularly important if the working points under calibration are loose. In this way, the event
is ensured to be selected while the working point under calibration is not biased by the pr thresholds and
isolation criteria involved in the definition of the trigger selection.

16These background sources are defined as the event candidates that do not correspond to prompt lepton
production from the targeted process, namely prompt lepton decays arising in, e.g., Z boson or t¢ production
at the Z-peak or ¢t ID+AntiID regions, respectively.
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the statistical fluctuations of SFp drastically. However, the fulfillment of electron identifi-
cation and isolation requirements are correlated. For prompt AntilD electrons, dedicated
scale factors are computed using the AntiID electron population in region D, with a por-
tion considerably larger than in the muon case (see Figure 8.10). More details are given
in Appendix B.

Studies on the 7 Composition of Prompt AntilD Muons

In same-flavor final states, events arising from secondary leptonic decays of 7 leptons
(1 — lv.vy, with £ = e, ) could be accepted by the event selection. The reconstructed
electrons and muons from such decays are expected to have a greater transverse im-
pact parameter |dy/o4,| of the lepton primary track than prompt electrons and muons,
as well as large values of EX** in the event due to the momentum unbalance caused by
the unobserved neutrinos. The missing momentum balance in the event degrades the
reconstruction of the dilepton invariant mass m,, in leptonic Z — 7~ 7 decays, shifted
to values lower than the mass of the Z boson. Additionally, the vector E%liss is likely to
fall within the azimuthal range spanned by the two secondary leptons ina Z — 777+
decay into two leptons. As discussed in Chapter 7, Z — 7~ 7" production constitutes an
important background source in the signal region targeting the selection of W~ event
candidates, enhanced by the requirement of a dilepton system of opposite-flavor. In the
ID+AntiID region, Z — 7~ 7 contributions play an important role in the subtraction
of prompt contributions (see e.g. Figure 8.17). The Z-window requirement defining the
Z-peak ID+AntilD region, employed to derive correction factors for AntilD prompt lep-
tons, results in a pronounced suppression of Z — 7~ 7 decays which are reconstructed
with lower m,,. To ensure the validity of such corrections in the ID+AntiID control re-
gion, the composition of muons originating from 7 decays must be investigated. AntilD
muons are especially susceptible to this mismodeling due to the higher |dy/cg,| selection
that defines the AntilD muon selection criteria.

To study the reliability of the prompt AntilD calibration in regions with high |do/o4,|,
signal probes!” selected in data and MC are compared using three different selection
requirements: (i) the Z-peak region, (ii) the t¢ region, and (iii) an additional region tar-
geting larger contributions from Z — 7771 decays. This last selection is referred to
as T1-enhanced region, defined as the Z-peak region but shifting the Z-window range to
myee € [25,65] GeV. Figure 8.12 shows the transverse impact parameter dj of probe signal
muons and its significance in absolute value |dy/oq4,|. Distributions of the signal pro-
cesses simulated using POWHEG+PYTHIA 8 are used in the three regions to allow for a
direct comparison to the simulated t¢ events. Events from the remaining processes as
predicted by MC simulation are considered as background and they are subtracted from
the data. The distribution of the muon dy impact parameter in the 77-enhanced region
tends to mimic the trends observed in the ¢t region, where T decays are not suppressed,
showing a significant disagreement with the distributions extracted at the Z-peak region.
On average, the primary track of non-ID muons in the Z-peak region is closer to the in-
teraction point than those in 77-enhanced and ¢t regions, as expected from a decay of the

For this study, Z — ¢~ ¢ (¢ = e, u, 7) contributions are considered as signal in the Z + jets regions, at
both the Z-peak and the 77-enhanced region. Events from ¢t as expected from MC simulation account for
the signal probes in the ¢f region.
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distributions. Only statistical uncertainties are shown.

Z boson into two prompt muons. Clear differences between the three regions can be ob-
served from the |dy/o4,| distribution, directly correlated to the features of dy. The rate of
reconstructed muons with |dy/c4,| > 3 increases in Z — 7~ 7 decays by about an order
of magnitude compared to events at the Z-peak. This feature confirms the suppression
of 7 decays within the acceptance of the Z-peak region. Additionally, ratios between the
distributions of background-subtracted data over signal-predicted probes are calculated
independently in each of the regions and shown at the bottom plots bin by bin. A worse
description of the data by the MC simulation is observed at the Z peak with |dy/o4,| > 3
with respect to both 77-enriched and t¢ regions. The calibration factors derived at the
Z-peak region for high-|dy/o4,| muons are therefore not applicable in regions where 7
decays are not suppressed, e.g., the tt regions or the ID+AntilD control region, which is
also closer to the signal region. In order to derive the correction factors for prompt An-
tiID muons in regions of high |dy/oq,| susceptible to this mismodeling, the same-flavor ¢
region is used. Moreover, a reliable modeling of Z — 7~ 77 simulated events is ensured
by performing a standalone calibration of Z — 7~ 77 contributions in a dedicated region,
presented in the following.

Calibration of Z — 7~ 71 Contributions

A region pure in Z — 77 decays, inspired by the selection strategy of the Z — 7777
cross-section measurement of ATLAS at 7TeV [487], is designed to derive scale factors
for prompt AntilD 7 leptons. The selection criteria of this region are summarized in
Table 8.7. Considering different-flavor decays, the lepton and event preselection follow
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Z — 777 region ‘

Preselection (see Section 7.5)
25 < myy < 80 GeV
Third-lepton veto and ¢. x ¢, = —1
> i—oos(6(6:) — H(EF™)) > —0.15
Hp <150 GeV
One ID lepton (matching single-lepton triggers)
Non-ID lepton in AntiID B, C, or D region

Table 8.7: Selection requirements defining the Z — Tt region, used to derive the dedicated set of scale
factors to calibrate prompt AntilD 7 leptons.

_ Number of events in the Z — 7~ 77T region
140 17" (ep + e channel) | ——m [ AntilDe | AntiIDg,u
Z > 717t 16760 £ 70 5850 440 9790 4+ 60
Z Sl =e p) 240+ 50 770+ 90 112+ 33
Expected SM 18490 + 90 7380+120 | 10440470
Data 17365 7209 11518
Purity Z — 77 [%] 90.6 +0.6 79.3+1.5 93.8+0.8
Data/SM 0.9394+0.008 | 0.98+0.20 | 1.103+£0.012

Table 8.8: Number of events recorded in data using the full Run 2 dataset in different flavor decays in the
Z -1t region, as well as the expected SM contributions. The contributions from Z — T rTand Z — ¢
(¢ = e, u) predicted by the SHERPA 2.2.1 MC simulation are also shown. The uncertainties correspond
to statistical fluctuations in the simulated number of events. No AntiID lepton calibration is applied on
simulation.

the same requirements as the Z-peak region. Constraints on the lepton pr and |7|, electric
charge and the third-lepton veto are implemented as in the signal region (Section 7.5).
To enhance Z — 77+ decays, the direction of E‘%ﬂss is constrained to lie within the
direction of the pr of both leptons by imposing 27;1:0 cos(¢p(£;) —d(EWS®)) > —0.15, which
is positive if E%ﬁss is spanned within the trajectories of flight in the transverse plane of the
two leptons in the event. Contributions from ¢¢ production are suppressed by restricting
the phase space to low values of the total transverse momentum of the event (Hr),

Njets i Nlep
Hp=EP™+ > pri+ > vy < 150GeV.
i=0 j=0

For the events satisfying these requirements, at least one of the two leptons in the final
state must fulfill the ID lepton selection criteria and match one of the unprescaled single-
lepton triggers of the analysis. The second lepton in the event must pass the AntilD
selection (either in region B, C, or D). Table 8.8 displays the selected Z — 7~ 77 events
and purities in this region, either when the electron or the muon correspond to the AntilD
lepton in the event. Purities of at least 80 % are achieved in Z — 777" production for
the events satisfying these selection criteria, as predicted by Z + jets MC simulation with
SHERPA 2.2.1 (described in Section 7.4). The pr distributions of the signal probe leptons
are shown in Figure 8.13 for both the ID+ID region and the regions with either an AntilD
electron or muon. An overprediction of the data by 6 % is observed in the ID+ID selec-
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Figure 8.13: Comparison of the data distribution and the SM expected events in the Z — 777" region
fulfilling (a) an ID+ID selection, and an ID+AntilD selection where the (b) electron and (c) muon does not
fulfill the ID selection requirements. The expected contributions of SM processes are simulated using MC
events. While the muon pr is displayed in the ID+ID region, the non-ID lepton transverse momentum is
shown for the ID+AntiID regions. The AntilD leptons are not calibrated for the presented events. Only
statistical uncertainties are displayed.

tion. A good data-to-SM ratio is observed when the electron fulfills the AntiID selection
requirements, a trade-off between both the overcorrection of ID muons and underestima-
tion of AntiID electrons. A fraction of 10 % of the predicted events arises from Z — = u™
production, where one of the muons escapes the detector acceptance (introducing mo-
mentum imbalance in the event) while an AntilD electron is misreconstructed from the
additional hadronic radiation in the event. The underestimation of the data increases up
to 10 % when an AntilD muon is selected.

The prompt AntilD 7 scale factors are computed using the data and MC probe se-
lection efficiencies at the Z — 7777 region, analogously to the strategy followed at the
Z-peak and tt regions. Signal-probe leptons from data and MC simulation are selected
considering Z — 7~ 77 contributions only.

Systematic Uncertainties in the Calibration of Prompt AntilD Leptons

To account for possible biases on the computation of the prompt AntilD lepton correction
factors, different effects in the selection criteria are considered as systematic variations.

¢ The background subtraction performed to the data in Eq. (8.15) could be affected
by possible MC mismodeling in regions of the phase space away from the Z-peak.
Effects from this variation are found to be at the per mille level and therefore ne-
glected. For this reason, additional scale factors are calculated after increasing the
Z-window requirement from |mg — mbPG| < 10 to |my — mEP9| < 20 GeV.

¢ The production of additional jets in the final state can carry an important portion of
the activity in the detector. Jets could therefore bias the identification and isolation
requirements imposed on non-ID leptons, having also an effect on the MC modeling
of these. Additional sets of correction factors are derived after applying jet-veto
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Figure 8.14: Illustrative prompt AntilD electron calibration factors in the AntiID region B at the Z-peak (Ta-
ble 8.6, shown in green), and Z — 7~ 7 regions (Table 8.7, shown in blue) for || bins in (a) the central region
(0.0 < |n| < 1.0), and (b) the forward region of the inner detector (1.52 < |n| < 2.0), as well as the AntilD
region C for the same || bins in (c) the central region, and (d) the forward region. Statistical uncertainties
are displayed on the nominal scale factors. Systematic variations due to the jet-activity requirement (ei-
ther jet-veto or one-jet-inclusive selection, displayed as dashed lines) and the envelope of differences across
data-taking campaigns (dotted lines) are also compared to the nominal calibration factors (solid lines).

(Njets = 0) and one-jet-inclusive (Njets > 1) requirements on the event selection
criteria in both the Z-peak and Z — 7~ 77 regions. Since the definition of the t¢
region imposes two tagged b-jets in the final state, this systematic uncertainty is not
assessed for scale factors derived in ¢ events, ensuring a sufficiently large dataset
in their calculation.

Differences in pile-up, definitions of the trigger, or lepton identification and isola-
tion working points exist for different data-taking campaigns of the ATLAS Run 2
dataset. Their impact on the prompt AntilD modeling is conservatively accounted
for by quantifying the absolute deviations of the scale factors derived in indepen-
dent data-taking campaigns (2015+2016, 2017, and 2018), while the nominal values
of the correction factors are derived with full Run 2 dataset.

Distributions of the calibration factors for prompt AntilD electrons and muons, along
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Figure 8.15: Illustrative prompt AntilD muon calibration factors in the AntiID region B at the Z-peak (Ta-
ble 8.6, shown in green), same-flavor t¢ (Table 8.6, shown in orange), and Z — Tt regions (Table 8.7,
shown in blue) for |n| bins in (a) the central region (0.1 < || < 1.1), and (b) the forward region of the inner
detector (1.5 < |n| < 2.5), as well as the AntiID region C for the same |7| bins in (c) the central region, and (d)
the forward region. Statistical uncertainties are displayed on the nominal scale factors. Systematic variations
due to the jet-activity requirement (either jet-veto or one-jet-inclusive selection, displayed as dashed lines)
and the envelope of differences across data-taking campaigns (dotted lines) are also compared to the nomi-
nal calibration factors (solid lines). Scale factors in the ¢ region are derived only for muons with |do/oq,| > 3
(region B) and are no subject to systematic variations due to the jet activity.

with the associated systematic uncertainties, are depicted in Figures 8.14 and 8.15, re-
spectively, across illustrative central and forward bins of || within the inner detector
acceptance. The full set of scale factors can be found in Appendix B.2. The dominant
source of uncertainty in the calibration stems from variations observed across different
data-taking campaigns for both prompt AntilD electrons and muons. Significant dif-
ferences exist between the calibration factors for prompt AntilD leptons obtained from
Z-peak (defined in Table 8.6) and Z — 7~ 7t (Table 8.7) regions, surpassing the bounds
of both statistical and systematic uncertainties. Similar discrepancies are observed for
scale factors derived in a same-flavor ¢¢ region (summarized in Table 8.6), used to correct
the mismodeling of prompt AntilD muons in region B. The displayed uncertainties are
propagated into the signal region by performing the estimation of the lepton misidenti-
fication background using alternative sets of scale factors in dedicated variations. The
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total uncertainty is computed as the quadratic sum of the considered variations.

Additional systematic variations due to non-closure in a t¢ validation region using
different-flavor dilepton final states, introduced in the following, are also computed us-
ing two-dimensional double ratios derived bin by bin for each ID+AntiID region and
lepton flavor using Eq. (8.14). The deviations of the double ratios with respect to unity
are then used to vary the nominal scale factors up and down in a symmetrized manner.

Validation of the Prompt AntiID Calibration. The Different-Flavor ¢t ID+AntiID Val-
idation Regions

After the corrections on simulated prompt AntilD leptons have been applied, the closure
of the prompt SM contributions to the data is evaluated in a ¢t validation region (Ta-
ble 8.6) using fully leptonic decays of different flavor, which is closer to the selection of
WHW ™ event candidates in the ID+AntiID control region used for the estimation of the
lepton misidentification background. The non-ID electron and muon p7 distributions are
presented in Figure 8.16 in AntilD regions B and C. Correction factors derived at the Z
peak are applied to prompt AntilD electrons in regions B, C, and D, as well as AntilD
muons in Region C. Prompt AntilD muons in region B are scaled using the correction
factors derived at the t¢ same-flavor region. The corrections of prompt AntilD muons
in region D are computed as the product of the correction factors of region B and C for
the given muon pr and |n|. The MC simulation of prompt contributions from Drell-Yan
Z — 7~ 7 production is calibrated using dedicated corrections derived in the Z — 7~ 7+
region. The sum in quadrature of statistical and AntilD lepton calibration uncertainties is
displayed. A good closure is found in both electron and muon channels within 5 % across
the differential distributions, covered by the systematic uncertainties of the method. The
largest uncertainties in the ¢ validation region are observed at low AntilD lepton pr,
driven by the small non-closure with respect to the data. These are subject to MC fluctua-
tions, resulting in non-smooth distributions of the error band. For prompt AntilD muons
with |dy/oq,| < 3 failing the ID isolation requirement (region C), uncertainties at low
pr are dominated by the differences in prompt muon mismodeling across data-taking
campaigns.

To assess the modeling of AntilD leptons with respect to the ID selection after the
calibration has been performed, double ratios are computed in the different-flavor ¢
ID+AntiID region with respect to the corresponding ID+ID selection. The values are
given in Table 8.9 for regions B, C, and D separately, as well as for the full ID+AntiID
region corresponding to the sum of the three. AntilD leptons are found to be well de-
scribed up to 3%, observing an important improvement with respect to the previous
WTW ™~ measurements of ATLAS. Data-to-MC disagreements with respect to the ID se-
lection criteria are covered by the systematic uncertainties of the method, driven by the
non-closure uncertainties in region C.

8.4.6 Systematic Uncertainties

To account for differences in the jet-flavor composition originating fake and non-prompt
leptons between the dijet and signal regions, fake factors with two b-tag requirements
are evaluated in dijet regions where the leading jet is either b-tagged or b-vetoed. As the
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Figure 8.16: Comparison of data and MC-simulated distributions across the non-ID electron (top) and non-
ID muon (bottom) transverse momentum in different-flavor decays selected in the ID+AntiID ¢ validation
regions (defined as in Table 8.6). The expected contributions of SM processes are simulated using MC events.
Corrections factors for prompt AntilD leptons computed in the Z-peak, same-flavor tf, and Z — 7~ 7"
regions are applied to the MC simulation. On the left, electrons and muons in the AntiID region B are
presented. AntiID leptons in region C are shown on the right-hand side. The sum in quadrature of statistical
and prompt AntiID calibration uncertainties is displayed in each bin.

signal region has a higher fraction of b-flavor fakes than the dijet region despite the b-veto,
the nominal fake factors are taken as the average of these two extremes cases, taking the
envelope as a systematic uncertainty.

The dominant source of prompt leptons in the dijet region arises from W + jets and
it is suppressed by the my + ERS < 50 GeV requirement, which still dominates the
prompt subtraction for the computation of the fake factors. The modeling of the W + jets
contribution is tested in a dedicated control region, designed to isolate this background.
The ratio between data and total SM events yields 1.044 + 0.007 and 1.050 £ 0.004 in the
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. . . (Data - non-prompt bkg.)/SM .

AntilD lepton | AntilD region DD [ ID+AntiID Double ratio
B 0.9705=+0.0017 | 1.0006 £ 0.0018
C 1.0203L0.0021 | 1.0519 £ 0.0022

Electron D 0.9699 £ 0.0006 | —5-5=="5006 | 1.004 £ 0.006
ID+AntiID 0.9884L0.006 | 1.0190 £ 0.0015

B 0.9824+0.0031 | 1.003 % 0.003
C 1.0294 + 0.0020 | 1.0508 = 0.0021

Muon D 0.9796 £ 0.0005 | —5-356 T 0.091 | 0.948 £ 0.021
D+AntilD 1.0130£0.021 | 1.0341 £ 0.0018

Table 8.9: Double ratios calculated as given in Eq. (8.14) in the ¢t different-flavor validation regions B, C,
and D, together with the full ID+AntiID region (B+C+D) once after prompt AntiID lepton calibration for
electrons, muons and taus has been applied. The full Run 2 dataset in ey decays is used. The breakdown
when the AntiID lepton is either electron or a muon is shown. Only statistical uncertainties are considered
in the error propagation.

electron and muon channels, respectively. Data and the MC model agree well within
10 % across the mp + E}mss distribution, as observed also in studies for the WW + >
1 jets measurement [81]. To assess the systematic bias on the measured fake factors from
modeling uncertainties introduced in the prompt lepton subtraction, the total subtracted
prompt background is increased and decreased by 10 %, taking the difference between
the nominal and varied fake factors as a systematic uncertainty.

The underlying jets around the fake leptons might affect the Es* determination as
well as the pr measurement of the fake leptons, biasing the fake-factor measurement.
Fake factors are therefore reevaluated without the mr + EITniSS condition, and the differ-
ence between these and the nominal distributions is taken as the systematic uncertainty.

In the ID+AntiID control region defined in the fake-factor method, prompt dilepton
contributions are subtracted based on MC simulation. The same systematic uncertain-
ties as for the signal region affect these backgrounds. The systematic variations of the
expected SM yields in ID+AntiID regions are therefore considered as fully correlated to
the systematic variations performed in the signal region. This reduces the total back-
ground uncertainty slightly, while having a small impact on the estimated yield of the
fake-lepton background!®. Additional systematic uncertainties from the calibration of
AntilD leptons, presented in Section 8.4.5, are considered.

The prompt contamination in the ID+AntiID control region arising from signal W+ W~
production is subtracted using MC simulation, constituting 37 % of the total prompt com-
position, shown in Figure 8.17. Due to the considerable fraction of W W~ events to be
subtracted, the used W+ W~ simulation is corrected using the differential measurement
in data in the signal region. The ratio of background-subtracted data and W*W ™~ simu-
lation in the signal region is applied bin by bin to the simulation in the ID+AntiID control
region. The uncertainty on the correction factor is taken to be 5 %, which covers uncer-
tainties in the signal subtraction in all bins in which the uncertainty on the fake estimate
constitutes a relevant contribution to the total uncertainty.

18 A systematic variation leading to an increase of some background in the signal region also leads to an
increased amount of prompt dilepton events subtracted in the ID+AntiID control region and therefore to a
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Figure 8.17: Data and MC prompt distributions in the ID+AntilD jet-inclusive signal region of the subleading
lepton pr in events where the muon (top) and electron (bottom) have the highest lepton pr in the event.
Events where the muon fulfills the AntiID selection are presented on the left-hand side, while events with
AntiID electrons are shown on the right column. Both data and MC distributions are presented already
after applying the fake factors and the prompt AntilD mismodeling calibration. Therefore, the difference
between data and prompt MC corresponds to the estimate of the non-prompt background in the signal
(ID+ID) regions. Only statistical uncertainties are displayed.

The uncertainty breakdown of the fake-lepton background estimation in the signal
region is shown in Table 8.10. The total relative uncertainty in the fake-lepton back-
ground is about 26 %, dominated by the discrepancies over data-taking campaigns in the
prompt lepton mismodeling, the subtraction of prompt EW contributions to the data in
the dijet region for the computation of the fake factors, and the jet-flavor composition un-
certainties of the electron fake-factors. The former also leads the relative uncertainty of
the background estimation due to the prompt AntilD lepton calibration, of 12.5 % of the
lepton misidentification background yield in the signal region. Compared to the prompt
AntilD lepton mismodeling uncertainty from the WW+> 1 jets measurement [51], this
constitutes a reduction of a factor of 2. The presented fake-lepton background is the

lower fake estimate, thus having a slightly lower impact on the total background estimate.
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‘ Systematic variation ‘ Fakes event yield ‘
\ Nominal [ 5383 + 129 (stat.) |

EW subtraction + 539 (£10.0%)

Electron | No EF™*® + mp cut + 155  (£2.8%)

Jet Flavor Comp. + 443 (£8.2%)

Fake Factors EW subtraction + 266 (+£4.9%)

Muon | No EF™® + mg cut + 184 (£3.4%)

Jet Flavor Comp. + 149  (£2.8%)

Electron Non-closure up + 33 (+0.6%)

Non-closure down - 34 (—0.6%)

- _ |4 _ [6y

Muon Non-closure up 15 (—=0.3%)

Prompt AntilD Calib Non-closure down - 64 (-1.2%)

p " | Jet-vetoed calibration + 67  (+1.2%)

One-jet inclusive calibration — 130  (-24%)

Campaign discrepancies up + 522 (+9.7%)

Campaign discrepancies down — 814 (-15.1%)

Total statistical uncertainty + 153 (£2.8%)

+

‘ Total uncertainty \ 1418 (26.3%) |

Table 8.10: Breakdown of systematic uncertainties on the non-prompt background estimate in the signal
region.

most precise estimation among W W~ measurements carried out in hadron colliders,
reviewed in Chapter 7. The achieved precision is also competitive with the most pre-
cise fake-lepton background estimates in other measurements of diboson production in
ATLAS, of accuracies close to 20 % [488, 489].

8.4.7 Validation of the Non-Prompt Lepton Background

The validity of the estimation of background contributions arising from fake and non-
prompt lepton misidentification is assessed by inverting the opposite-charge selection
requirement in the signal region, requiring events with an electron-muon pair having the
same electric charge. After suppressing prompt-lepton processes strongly, this selection
increases the contribution of W + jets events to about 25 %. Despite the relatively low
purity, the modeling of the fake-lepton background can be assessed since the dominant
diboson background in this region, mostly from W=Z production, is known with a pre-
cision of about 10 % and validated in a dedicated region (Section 8.3). The distribution of
the subleading lepton pr in the same-sign validation region is shown in Figure 8.18. An
excellent agreement of the prediction with the data is observed.

8.4.8 Outlook

Despite the competitive precision of the presented lepton misidentification background
estimation, the presented method can be improved in multiple ways. Firstly, the cross-
section normalization of the prompt lepton contamination in the fake-factor calculation
could be controlled in dedicated regions to ensure a good description of the data, reduc-
ing the associated uncertainties considerably in a data-driven approach. Secondly, the
discrepancies of this mismodeling among data-taking campaigns arising from different
definitions of the lepton selection, the pile-up contamination, and other sources must be
further understood. Lastly, differences in jet-flavor composition between the dijet region,
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Figure 8.18: Detector-level distribution of the subleading lepton pr in the same-sign validation region. Over-
flow events are included. Data are shown as black markers, together with histograms for the predictions of
signal and background processes. The top-quark background is estimated using the data-driven methods
described in Section 8.1. The lower panels show the ratio of the data to the total prediction. The displayed
uncertainty bands include statistical and systematic uncertainties. Theory uncertainties on the signal are
negligible and, therefore, not shown. Published in Ref. [87].

ID+AntiID control region, and the signal region could be addressed by the computation
of the jet-flavor fractions from b-, c-, and light-jet production of lepton misidentification
background following the method implemented in this thesis (Section 8.4.3). The simu-
lation of flavor-filtered MC samples of multijet production can be beneficial for the op-
timization of the jet-flavor fractions in the dijet region. Further studies to increase the
liability of these processes in MC simulation are needed for an optimization of this ap-
proach. Then, the selection criteria of dijet, control, and signal regions could be optimized
based on the light-, c-, and b-flavored fake-lepton composition to reduce the bias in the
background estimation caused by differences in jet-flavor composition.
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Chapter 9

Measurements of Fiducial and
Differential W W~ Production
Cross Sections

The event candidates reconstructed with the ATLAS detector need to be translated into
measurements that are independent of the detector configuration. The methodology used
to calculate experimental results of differential fiducial and integrated cross sections is
presented in Section 9.1. Furthermore, the sources of uncertainties affecting the measure-
ments are discussed in Section 9.2. These measurements are compared to state-of-the-art
theory predictions, studied in Section 9.3. The results are unveiled in Chapter 10, inter-
preted in the context of Standard Model Effective Field Theories to constrain anomalous
couplings in Chapter 11.

9.1 Methodology

Various measurements are presented in this thesis. Cross sections are determined in a
fiducial phase space defined at particle level close to the selection targeting the produc-
tion of WTW ™ events in the detector (Table 7.2). Differential measurements are per-
formed as a function of observables related to lepton, jet, and Ej’“iliss kinematics as dis-
cussed in Section 9.1.1. These allow the testing of different aspects of the theoretical
calculations in perturbative QCD and electroweak theories, as well as an enhanced sen-
sitivity to effects beyond the predictions of the SM. Additionally, Section 9.1.2 describes
the calculation of the integrated cross section, which is performed in two steps. Cross
sections are first obtained in the fiducial volume, which are then extrapolated to the full
phase space.

9.1.1 Differential Cross Section Measurements

The differential cross sections of W~ production are evaluated using an iterative
Bayesian unfolding method [420, 421], introduced in Section 6.3, in a fiducial phase space
defined at particle level close to the geometric and kinematic acceptance of the experi-
mental analysis (Table 7.2). Exactly one prompt electron and one prompt muon of op-
posite electric charge are required, i.e., which do not originate from 7-lepton or hadron
decays. The momenta of photons emitted within a cone of size AR = 0.1 around the
lepton direction that do not originate from hadron decays are added to the lepton mo-
mentum to form infrared-safe dressed leptons. Kinematic cuts on leptons in the fiducial
phase space reproduce the constraints imposed at reconstruction level. Events with ad-
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Fiducial phase space

Object | Requirement | Criteria
T > 27 GeV
Prompt Lepton il <95
pr > 10 GeV
Loose Lepton il <95

b-jets [490] pr > 20GeV,|n| < 2.5

Jets Other jets pr > 30GeV, |n] < 4.5
1 prompt electron and 1 prompt muon
Leptons of opposite electric charge.
Event No additional loose leptons
Number of b-jets | 0
Mey, > 85 GeV

Table 9.1: Definition of the truth-level objects and the jet-inclusive fiducial phase space.

ditional prompt electrons or muons fulfilling a looser pr requirement are vetoed. The
invariant mass of the dilepton system, m,,,, is required to be greater than 85 GeV at par-
ticle level. Stable final-state particles!, excluding prompt neutrinos as well as prompt
charged leptons and the associated photons, are clustered into particle-level jets using
the anti-k; algorithm with radius parameter R = 0.4. The nominal definition of the fidu-
cial phase space includes a veto on particle-level b-jets with pr > 20GeV [490]. The
missing transverse momentum is defined at particle level as the negative vectorial sum
of the transverse momenta of visible particles. The selection criteria of the fiducial region
are summarized in Table 9.1.

Cross sections are measured differentially as a function of the transverse momen-

tum of the leading lepton (plﬁad' Py the transverse momentum of the subleading lepton

;Elblead' °P-) the transverse momentum of the dilepton system (pf), the rapidity of the

dilepton system (y,), the invariant mass of the lepton pair (m.,), the azimuthal sepa-
ration of the two leptons (A¢e,,), cosf* = |tanh(An,/2)|, the magnitude E¥*S of the
missing transverse momentum vector E;niss, defined as the negative vectorial sum of the
transverse momenta of all visible particles, the scalar sum of EX and the lepton trans-
verse momenta (H;? PHMET) ‘the transverse mass of the dilepton system and the missing
transverse momentum, defined as

MTep = \/(ET,eu + Eé“niss)z — (Pren + E%liss)Q ,  where B¢, = \V DT e + mgu )

the scalar sum of all jet and lepton transverse momenta (St), and the jet multiplicity
(Njets). Distributions as a function of plﬁad‘ lep. PE, Mep, Hé?p'JFMET, and mry,, are cor-
related with the center-of-mass energy of the hard interaction and are sensitive to BSM

contributions at high values of the partonic center-of-mass energy /5. Variables such as
pl;ad' lep., p: are also highly correlated to the transverse momentum of the diboson sys-
tem pr ww, and therefore very sensitive to higher-order QCD corrections. The azimuthal

separation A¢,, gives access to the spin correlation between the two W bosons in the fi-

!Particles are considered stable if their decay length cr is greater than 1 cm.
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nal state and plays a special role in studies of the interference term in EFT interpretations
(introduced in Section 1.7). The spin structure of the WW-boson pair can also be studied
via the cos §* distribution [491]. The rapidity |y.,| is sensitive to the Lorentz boost of the
WTW ™ system along the collision axis but also to the production mode of the W-boson
pair (¢g, gq, or gg). Variables sensitive to neutrino production such as EX'*s have typically
low resolution. The jet-multiplicity distribution is particularly interesting to evaluate the
accuracy in parton radiation of fixed-order QCD corrections and parton showers.

The binning of the distributions has been chosen for all observables to ensure the sta-
bility of the unfolding procedure (defined in Sec. 9.1.1): at least 70 % of the events are
contained in the same bin on both particle and reconstruction level. Additionally, the
optimized binning must keep statistical uncertainties below 10 % in each bin, except in
the high-energy tails of the distributions where statistical uncertainties cannot surpass
20 % (keeping a stability at 70 %). This allows the increase of the bin granularity at the
high-energy tails, enhancing the sensitivity to effects beyond the SM prediction that can
be exploited in interpretations such as the one presented in Chapter 11. The bin opti-
mization, the evaluation of the unfolding inputs, as well as the validation and additional
studies of the unfolding procedure are performed using the MC events of ¢g¢g — WW
production simulated with POWHEG MINNLO+PYTHIAS8, combined with gg — WW
contributions as predicted with SHERPA 2.2.2. Background events, estimated following
the methods discussed in Chapter 8, are subtracted from the data.

Migrations between bins in the distributions during the reconstruction of the events
are handled by the migration matrix. This matrix illustrates the percentage of events at
particle level reconstructed with the ATLAS detector within a bin of a given observable.
Figure 9.1 shows the matrices for the percentage of event migrations between particle
and reconstruction level across bins of the pl;ad‘ lep. Mey, ERSS, and jet-multiplicity dis-
tributions. Most of the observables used for differential cross-section measurements are
highly diagonal. The migrations happen mostly to adjacent bins. The migration matrices
contain 80 % or more of the events in most of the diagonal bins. These are higher than
95 % in angular distributions such as ye,, A¢e,, or cos 0*. Effects on the unfolded distribu-
tions arising from the dependencies of the migration matrices on the chosen signal model
are therefore expected to be minor for these distributions. Larger migrations are also ob-
served in regions of the distributions with high statistics, exposed to a finer resolution of
the binning. The E%ﬁss and Njes distributions present some exceptions. The former, with
over 25 % of events off the diagonal, is anticipated due to the challenging reconstruction
of this observable (described in Section 4.3.6) compared to a well-defined construction of
Emiss at the particle level. The latter shows greater migrations with increasing jet multi-
plicity, especially towards a greater number of jets at particle level. This feature can be
explained due to contributions from pile-up jets misassigned to the primary vertex.

Events reconstructed in the signal region whose production happened outside the
fiducial phase space are considered via fiducial corrections. These are calculated as the
fraction of events reconstructed in the signal region that also originate from inside the

fiducial region at truth level (see Sec. 6.3). Figure 9.2 shows the fiducial corrections across

bins of pi*® P and jet-multiplicity distributions. The number of W* W~ event candi-

dates not matched to the fiducial volume is of about 13 %, mostly flat across distributions
and increasing up to 33 % in events with low-pr leptons. These arise predominantly from
WHW ™ decays into 7-leptons, which are not considered in the fiducial phase space.



154  CHAPTER 9. MEASUREMENTS OF W W~ PRODUCTION CROSS SECTIONS

= = 100

5 10° 3

= = 90

2 %

[©) o 80

g &

2 £ 70

§

_Q»—
60
50
40
30
20
10

10? o 10° 10? 10°
p:a P [GeV] (reco) me, [GeV] (reco)
(a) plﬁad' leP- Jistribution. (b) me,, distribution.

=1000 =

E E

£ 900 &

3 g

&, 800 =

miss

=~ 700
600
500
400
300

200

100

=
% 100 200 300 400 500 600 700 80O 900 1000
pIss [GeV] (reco) Neis (reco)
(c) Exiss distribution. (d) Jet-multiplicity distribution.

Figure 9.1: Percentage of event migrations between the fiducial phase space at Il)article level, summa-
rized in Table 9.1, and the reconstruction level (Table 7.2) in bins of the (a) pi®® P (b) m.,,, (c) E¥™,
(d) jet-multiplicity distributions. The presented migration matrices were derived using MC simulation of
qq — WW events with POWHEG MINNLO+PYTHIAS including gg — WW contributions predicted with
SHERPA 2.2.2. Areas with no selected events are shown in white. Statistical uncertainties of the selected
events are lower than 1%.

After subtraction of the background contributions, the data are finally multiplied by
the fiducial correction before the unfolding. The unfolded result is then divided by the ef-
ficiency correction, where non-reconstructed events inside the fiducial signal region due
to detector inefficiencies (about 44 % of events) are taken into account. The efficiency cor-
rections are calculated as the fraction of events from the truth level fiducial region that are

reconstructed in the signal region (see Sec. 6.3). Figure 9.3 presents the efficiency correc-

tion across bins of plﬁad' - and jet-multiplicity distributions. The efficiencies are usually

low (about 38 %) for leptons of pr < 40 GeV, increasing up to 65 % with greater pr. The
efficiency also deteriorates at higher jet-multiplicities. The efficiency reduction is pre-
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Figure 9.2: Comparison of selected W W ™ signal events at reconstruction level (blue) versus reconstructed
events also selected within the (truth) fiducial phase space at particle level summarized in Table 9.1 (red) for
the (a) pic®® P and (b) jet-multiplicity distributions. Their ratio is shown in the bottom plots, corresponding
to the fiducial corrections used for the unfolding procedure. The distributions are derived using MC simula-
tion of qg =+ WW events with POWHEG MINNLO+PYTHIAS including gg - WW contributions predicted
with SHERPA 2.2.2. Vertical lines show statistical uncertainties in each bin.

dominantly caused by a combination of the lepton trigger efficiency (shown in Figs. 4.9
and 4.10), which are lower at high pile-up, as well as reconstruction, identification, and
isolation efficiencies (Figs. 4.14 and 4.15).

Due to the good modeling of the data by simulation and relatively small migration
effects, the unfolding converges quickly and only two iterations are required for most
observables. Only the jet-multiplicity distribution, which is subject to larger modeling
uncertainties, is unfolded using three iterations. Unfolded distributions for 1 up to 4 iter-
ations of the unfolding procedure are shown in Figure 9.4. The bias arising due to the use
of simulated distributions as a prior in the unfolding is estimated by reweighting the sim-
ulation with a smooth function such that it closely resembles the background-subtracted
data. This reweighted detector-level prediction is unfolded using the nominal unfolding
setup. The unfolding procedure is able to recover the generator-level distribution within
1%, indicating a negligible bias in the unfolding procedure.

In contrast to the integrated cross-section measurement, whose methodology is pre-
sented in Section 9.1.2, these results only weakly depend on the signal model since it is
only used to estimate detector resolution and efficiency and remains approximately valid
also in the presence of physics beyond the SM. This is confirmed by performing signal-
injection tests using MC events including anomalous effects introduced by SMEFT oper-
ators modeled with MADGRAPH, described in Section 7.4, for various Wilson coefficients
defined in Section 11.1. As the SM prediction of the MADGRAPH sample (only at LO) dif-
fers quite significantly from the default POWHEG MINNLO+PYTHIA8 SM prediction, all
SMEFT predictions of the various distributions are rescaled bin-by-bin by the ratio of the
POWHEG MINNLO+PYTHIA8 and the MADGRAPH SM prediction to improve the mod-
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Figure 9.3: Predicted distributions of number of events at particle level for signal production in the (truth)

fiducial phase space summarized in Table 9.1 versus generated events also selected at reconstruction level

(Table 7.2) as a function of (a) plTead' '°P- and (b) jet-multiplicity. The ratio between selected events at (truth)

particle level over events selected at both reconstruction and (truth) particle level is shown below, represent-
ing the detector efficiency. The distributions were derived using MC simulation of g7 — WW events with
POWHEG MINNLO+PYTHIAS including gg — WW contributions predicted with SHERPA 2.2.2. Vertical
lines show statistical uncertainties in each bin.

eling. This reconstruction-level SMEFT prediction is unfolded using the aforementioned
unfolding procedure. Figure 9.5 shows the SMEFT prediction at particle level divided by
the SM prediction (solid lines), compared to the ratio of the unfolded SMEFT prediction
over the SM prediction at reconstruction level (dashed lines) across bins of the H%,?p'JrMET
distribution. The true distribution is recovered almost perfectly for most Wilson coeffi-
cients, indicating that the unfolding procedure also recovers non-resonant BSM signals

correctly.

9.1.2 Fiducial Integrated and Total Cross Sections

The integrated fiducial cross section is determined, as described in Section 6.1, using
a profile-likelihood fit. In contrast to a cut-and-count result, where each event would
contribute in the same way, the profile-likelihood approach allows regions where the SM
contributions are predicted more precisely to have a greater impact on the determination
of the signal normalization. Additionally, the fit allows to constrain nuisance parameters
and to exploit the correlation between systematic uncertainties across bins of the chosen
distribution.

The number of events in each bin is modeled as the predicted number of signal events
scaled by a signal-strength modifier pw, plus the number of background events. The

likelihood for an observation of N> = (NObs | NS ) events is modeled following
Eq. (6.2) using ROOFIT [492] as a product of Poisson distributions, multiplied by Gaus-
sian profiles of nuisance parameters 8 = (61, .. ., 0, ) constraining the uncertainties on



9.1. METHODOLOGY 157

S F ™3 Q' £ T T T 3
3 r —1llteraon 4 = 700 —— 1lteration o
38 10° E Vs=13TeV —+2 Iterations 3 Zi E Vs=13TeV —+2 Iteratfons ]
= F PR —3lterations 3 T £ Yz —— 3 lterations ]
g F pp - evpv 4lterations | 8 600-pp - e*vuv 4 Iterations 3
. 102 E F ]
2 E ﬁ 3 500F- 4
k<] F— "‘—\_‘ ] £ ]
(<) E ]
© 1 E —i_‘—‘ E 400 -
10 Lli _ 300F =
u ] 200F- 3
102 5 £ ]
F E 100F- =
o 0E | R | | — -
5 1.3 = 5 1.3 =
s l2e H 4 = 12 Z
17} - = 12 =
L S 2 1) — |

S oofF ” H 4 § oof [E— — E
£ 08 g 08E =
E 0.7E ) L= ; 0.7 | | ! | | -

2 30 40 50 10° 210° et 100 0 1 2 s 4 5
p; [GeV] Niets

(a) pip*d 1P distribution. (b) Jet-multiplicity distribution.

Figure 9.4: Unfolded results after various iterations of the iterative Bayesian unfolding method (described
in Section 6.3) between bins in the fiducial phase space at particle level summarized in Table 9.1 and the
reconstruction level for (a) the plq‘fad‘ 1P- “and (b) the jet-multiplicity distributions. The ratio between the
unfolded result after the n-th iteration over the result at the first iteration is shown below. The presented
distributions were derived using MC simulation of g7 — W W events with POWHEG MINNLO+PYTHIAS8
including gg — WW contributions predicted with SHERPA 2.2.2. Statistical uncertainties are shown as

vertical bars on each bin.

the number of events in bin b from signal (Nbs) and background (Nl]?) predictions as

Mbins Nsyst

L (Nobs ) 9) _ 1;[ Poisson (N(?bs pww NS (8) + NP (9)) o | EACORCAY

Signal contributions are predicted includ-

ing the ¢q¢ — WIW production mode us- Observable Unct. on expected /iy w
ing POWHEG MINNLO+PYTHIA8 MC sim-  pead-Tep- +0.038
ulation, as well as gg — WW and elec-  pirblead lep. +0.044
troweak WWjj production modes simulated — p# 40.040
with SHERPA 2.2.2. As the fit relies on the cor- H P MET +0.039
rect prediction of the signal shape from MC  my +0.046
simulation, it is subject to signal modeling un- Agey +0.042
certainties and the result is only valid in a hy- St +0.034

Niets +0.046

pothesis where the data are described only by

SM contributions. Table 9.2: Uncertainties on the signal strength

First, the fitting procedure is repeated us- Hww evaluated using Asimov data (i.e., pww =
. . . 1.0) for the profile-likelihood fit of the function
ing Asimov data across various observables given in Eq. 9.1.
defined in Section 9.1.1 used for measurements
of differential cross sections. All statistical, theoretical, and experimental uncertainties
listed in Section 9.2 are considered. The results are compared to evaluate the distribution
that best constrains the nuisance parameters. The resulting total uncertainties for the sig-
nal strength pyy after the fit are given in Table 9.2. Such effects may be important in
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and (d) cg()] Wilson coefficients introduced in Chapter 11. The ratio of an EFT prediction with

anon-zero EFT coefficient with respect to the SM prediction is plotted. Different lines show different Wilson
coefficient values. Solid lines correspond to particle level SMEFT predictions. Dashed lines are SMEFT
predictions at reconstruction level, unfolded using the nominal unfolding model presented in Section 9.1.1.
No uncertainties are displayed.
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the tails, where limited statistics may lead to artificial constraints on nuisance parame-
ters. The observable St is chosen as the variable to be fitted since it has distribution that
provides the smallest expected uncertainty.

The measured fiducial cross section is then obtained by multiplying the unconditional
maximume-likelihood estimate of pyy with the predicted fiducial cross section of the

signal model at particle level o2 as

Data __ pred
Ofid = MWW " Ofq Ww - (9.2)

9.2 Uncertainties

Systematic uncertainties in the W~ cross-section measurements arise from theoretical
and experimental sources, including the background determination, and the procedures
used to correct for detector effects. In the likelihood function given in Eq. (9.1) used
to determine the integrated fiducial cross section, the same sources of uncertainty are
instead modeled by nuisance parameters that are profiled in the fit.

Theoretical Uncertainties

Uncertainties due to missing higher-order QCD corrections in the simulation of signal
and background processes are evaluated by varying the renormalization and factoriza-
tion scales up and down by factors of two, avoiding opposite variations. The envelope
of the 7-point variations is considered as the scale uncertainty. The scale variations are
performed in both matrix element and parton shower.

The dependence on the arbitrary choice of the PDF sets has to be assessed. This is
particularly important in precision measurements having enough experimental sensi-
tivity to this choice. The assessment of the associated uncertainties follows the recom-
mendations from the PDF4LHC Working Group [177], adopted also by other PDF col-
laborations. The 68 % uncertainty interval due to a given PDF set on the cross-section
prediction can be evaluated in two different ways, depending on how the variations of
the given PDF set are released. On the one hand, PDF sets from collaborations such
as NNPDF [445, 493, 168] report a certain set of replicas, with the uncertainty evalu-
ated as the standard deviation of the predicted values of the observable under consid-
eration for each replica. On the other hand, collaborations such as PDF4LHC21 [177],
MSHT20 [171], or MSTW2008 [172] release a certain number of PDF variations along the
direction of eigenvectors as a result of a Principal Component Analysis. In such cases, the
uncertainty is evaluated as the sum in quadrature of the fluctuations of the observable of
interest along each of the available eigenvectors.

The effect of ag must also be evaluated. The value of ag is considered at the mass of
the Z boson, as(m%) = 0.1180 = 0.0009, consistent with the PDG global average [95]. The
impact of this choice is assessed by evaluating the predicted cross section within the 1o
variations of ag =+ 0.001, including the effect on PDFs. The arising effect on the predicted
cross section is then symmetrized. The theoretical uncertainty on a given prediction is
finally calculated as the sum in quadrature of the scale (which dominates), ag, and PDF
uncertainties.
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In the simulation of WTW ™~ events, additional uncertainties on the parton shower
are evaluated by varying the parameters of the A14 tune within their uncertainties, with
the largest uncertainty resulting from the VAR3C variation [446] affecting the modeling
of initial-state radiation. For this process, an additional uncertainty accounting for the
modeling of heavy-flavor jets is introduced by varying the fraction of events containing
at least one jet originating from a b-quark or a c-quark by 30 %, which covers the dif-
ference between predictions from PYTHIA 8.230 and SHERPA 2.2.2. For the gg — WW
process and electroweak W1 jj production, which make up only 5% and 1 % of the sig-
nal in the targeted region of the measurement, respectively, no theoretical uncertainties
are considered.

Experimental Uncertainties

The dominant experimental systematic uncertainties arise in the determination of the
b-tagging efficiency and mistagged rates [372], the correction of the jet-energy scale and
resolution [361], and the luminosity measurement [342]. Experimental sources also en-
compass uncertainties in the calibration of lepton trigger [486, 326], reconstruction, iden-
tification and isolation efficiencies [472, 358], the calibration of the lepton momentum or
energy scale and resolution [472, 494], and the modeling of pile-up. The experimental
methods and their evaluation are summarized in Section 4.3. All experimental uncer-
tainties are evaluated by varying the respective calibrations, and propagating their ef-
fects through the analysis, affecting both the background estimates and the unfolding of
detector effects. Both the effect of the total rate and the effect on the shape of distributions
are taken into account for all sources of systematic uncertainties.

Uncertainties from Background Estimates

The estimate of the top-quark background, described in Section 8.1, is affected by the sta-
tistical uncertainty of the number of events in the control region, and by uncertainties in
the modeling of ¢f and single-top Wt events, such as the uncertainty in the matrix element
calculation, the parton shower modeling, the QCD scale choices, the initial- and final-
state radiation and the interference between ¢t and single-top Wt events [495]. These are
evaluated by using the alternative simulations as described in Section 8.1.3, and prop-
agating the results through the top-quark background estimate. The effect of the PDF
uncertainty on the top-quark background was evaluated, but found to be negligible.

Systematic uncertainties in the estimate of the contributions arising from fake-lepton
production are derived by changing the selection used to estimate the extrapolation
weights, in order to change the composition of the sources of fake leptons. Addition-
ally, the subtraction of the prompt-lepton sources in the control region is varied, and the
statistical uncertainties of the weights are propagated. More details on the uncertainties
affecting the fake-lepton estimate can be found in Section 8.4.6.

The uncertainty in additional backgrounds, estimated using MC simulation, is eval-
uated by varying each of their cross sections within their respective uncertainties. An
uncertainty of 5% is considered for the predicted cross-sections of Drell-Yan Z + jets
production [496], while cross sections of diboson production are known with a precision
of 10% [482, 481]. Effects due to missing higher-order QCD corrections and the par-
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ton shower model are accounted for using 7-point scale variations. The impact of these
uncertainties on the cross-section measurements is small compared to the uncertainties
associated with the fake lepton and top-quark background.

Uncertainties from the Unfolding Procedure

Systematic uncertainties on the differential cross sections are evaluated by repeating the
unfolding procedure described in Section 9.1.1 with simulations based on varied assump-
tions on signal, background, and detector models. The resulting uncertainties are sym-
metrized and added in quadrature. Statistical uncertainties in the unfolded distribu-
tions are evaluated by creating pseudodata samples that are obtained by varying the
data within their Poisson uncertainties in each bin, then propagating these varied sam-
ples through the unfolding algorithm. The statistical uncertainties of the background
estimates, which include statistical fluctuations in both MC predictions and the control
regions used in estimating the top and fake-lepton backgrounds, are evaluated using the
same method.

9.3 Theoretical Predictions

Fiducial differential and integrated cross-section measurements are compared to three
different theoretical predictions.

The first is a fixed-order prediction calculated using MATRIX 2.0.1 [231, 247, 233, 232,
253,497, 498, 452, 451, 499, 500, 501, 502], which corresponds to the NNLO accuracy in
QCD for the ¢g¢ — WW production, and to NLO QCD accuracy for the correction to
g9 — WW production. The latter constitutes part of the N>LO correction to W+W ™~ pro-
duction and the combined prediction is labeled as NNNLO. The prediction also includes
NLO electroweak corrections and contributions from photon-induced production. The
PDF set NNPDF3.1@NNLO [493] is used, which accounts for the photon in the parton
content with the LUXQED method [186]. The coupling constants, masses, and widths
used as inputs were set as reported in Ref. [231]. The EW couplings are derived from
the gauge-boson masses in the G,-scheme. The CKM matrix is assumed to be diagonal.
Dynamic QCD scales are set to half the sum of W-boson transverse masses are used to
assess uncertainties of missing higher-order QCD corrections as 7-point variations of the
factorization and renormalization scales?.

Comparisons between the nNNLO QCD prediction versus the combined EW-QCD
prescriptions using both multiplicative and additive schemes [231] across bins of the
pl;iad' lep.. %, H;f’p‘JFMET, Mep, Niets, and EIS distributions are shown in Figure 9.6. The
large differences between the two schemes in the inclusive phase space indicate a large
uncertainty due to mixed QCD-EW corrections. In the high-energy regime, not only elec-
troweak but also QCD corrections are large as topologies with a high-p7 W boson recoil-
ing against a high-pr jet and a soft W boson are important. This causes large differences
between additive and multiplicative schemes of combined QCD-EW corrections at the

high-energy tails of the distributions. The EW corrections are combined with the QCD

*The setup was validated by reproducing the predictions of fiducial cross-section measurements reported
in Ref. [231].
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Figure 9.6: Predictions of differential fiducial cross sections of WtW~ — ute” v, 7. production in bins of
(a) 1P (b) p¥, (c) HEPTMET (d) me,, (e) jet-multiplicity, and (f) E** generated with MATRIX 2.0.1
based on the NNPDF3.1@NNLO+LUXQED set of PDFs using various higher-order corrections. The pre-
diction of W W~ production including nNNLO QCD corrections to the fully-leptonic W W~ production
(red squares) is compared with those including NLO EW corrections via additive (blue up triangles) and
multiplicative (green down triangles) schemes in the jet-inclusive fiducial phase space. Error bars show the
sum in quadrature of scale, as, and PDF uncertainties. The same binning as the measurement, optimized as
described in Section 9.1.1, is chosen.
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correction to ¢q¢ — WW using the multiplicative scheme by default. The multiplicative
scheme provides an increase in differential production cross section with respect to the
nNNLO QCD distribution for the tails of the p, £, and jet-multiplicity distributions,
while electroweak corrections are expected to reduce the production cross section as de-
scribed in Section 3.1. The tails of these distributions are dominated by W W™ + jets
events, for which a multiplicative application of the EW corrections is not appropri-
ate [231]. Therefore, the additive scheme is used for the p%, E25, and jet-multiplicity dis-
tributions instead. Photon-induced contributions are independently added to the cross-
section prediction in both approaches.

As discussed in Section 3.1, photon-induced WHw-— production must be included
in theoretical predictions for an accurate description of differential observables corre-
lated with the diboson invariant mass my. Figure 9.7 displays the predicted differ-
ential cross section as a function of pljﬁad' 1°P- in both nNNLO QCD and NLO EW cor-
rection components using different sets of PDFs. Predictions are computed using the
NNPDF3.0 [445], NNPDF3.1 [493], NNPDF4.0 [168], CT18 [170], PDFALHC21 [177],
MSHT20 [171], and MSTW2008 [172]. All PDFs are considered at NNLO accuracy us-
ing the four-flavor scheme. Only the NNPDF3.1 predictions include photon PDFs using
the LUXQED method [186]. In QCD corrections, affecting predominantly the gg — WW
and gg — WW production modes, the discrepancies among predictions are mostly flat.
However, the use of photon PDFs with NNPDF3.1 enhances the high-energy tails of the
perd- 1P distribution by up to 30 %. Differences in normalization arise from the NNLO
QCD corrections to the g¢ — W W production mode, which dominates in the jet-inclusive
fiducial phase space, as seen in Figure 9.8. For an accurate description of both fiducial
integrated and differential cross sections, the NNPDF3.1@NNLO [493] set of PDFs was
therefore chosen as default.

The second prediction is derived from the POWHEG MINNLO+PYTHIAS q¢g — WW
sample [216, 212], a prediction of NNLO accuracy in QCD for inclusive observables in-
troduced in Section 7.4. The POWHEG MINNLO+PYTHIAS prediction is combined with
the SHERPA 2.2.2 [148] gg — W W sample (Section 7.4). These samples were also used to
estimate fiducial and efficiency corrections, as well as for the model of the W+ W™~ signal
in the maximum likelihood fit. The NNPDF3.0@NNLO [445] set of PDFs was used in
the generation of these samples. Compared to the results from MATRIX, this prediction
lacks photon-induced contributions as well as NLO EW corrections (beyond the contri-
butions of photon radiation included in the PYTHIA parton shower), as well as the NLO
corrections to the gluon-initiated production mode. Nevertheless, the inclusion of the
parton shower effects improves the modeling of jets and distributions correlated to the
transverse momentum of the W+ W~ system.

The third prediction was generated using SHERPA 2.2.12 [148]. The prediction is of
NLO accuracy in QCD for up to one additional parton, and leading-order accuracy for
two to three additional parton emissions for ¢q initial states. The matrix element cal-
culations were matched and merged with the SHERPA parton shower based on Catani-
Seymour dipole factorization [448, 202] using the MEPS@NLO prescription [449, 210,
205, 450]. The virtual QCD corrections were provided by the OPENLOOPS library [499,
451, 452]. The NNPDEF3.0@NNLO set of PDFs was used [445], along with the dedicated
set of tuned parton-shower parameters developed by the SHERPA authors. This predic-
tion lacks the full NNLO QCD corrections but does include an extra parton emission at
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Figure 9.7: Predictions of differential fiducial cross sections of WtW~ — pte 1,7 production gener-
ated with MATRIX 2.0.1 using the NNPDF3.0 [445] (red up triangle), NNPDF3.1 [493] (green diamonds),
NNPDF4.0 [168] (orange down triangles), CT18 [170] (cyan squares), PDF4LHC21 [177] (green ticks),
MSTW2008 [172] (grey crosses), and MSHT20 [171] (blue dots). The contributions from (a) nNNLO QCD
and (b) NLO EW correction to the g7 — WW production mode are shown in the jet-inclusive fiducial phase
space in bins of pit®® P~ Similarly, the contributions from (c) nNNLO QCD and (d) NLO EW correction
to the q¢ — WW in bins of me, are displayed. Logarithmic scale is used on both horizontal and vertical
axes. Error bars show the sum in quadrature of scale, as, and PDF uncertainties. The same binning as the
measurement, optimized as described in Section 9.1.1, is chosen.
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Figure 9.8: Ratios between MATRIX predictions of fiducial integrated cross sections of W W~ production in
fully-leptonic final states in the jet-inclusive fiducial phase space using the NNPDF3.0 [445] (red up trian-
gle), NNPDF4.0 [168] (orange down triangles), CT18 [170] (cyan squares), PDF4LHC21 [177] (green ticks),
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prediction using NNPDF3.1 [493] (green band). The reference prediction using NNPDEF3.1 includes pho-
ton PDFs using the LUXQED method [186]. Error bars show the sum in quadrature of scale, as, and PDF
uncertainties.

LO, which does improve the modeling of high-multiplicity events.

The last two predictions are augmented by a simulation of electroweak production
of a diboson pair in association with two jets (V'Vjj), which was generated with the
SHERPA 2.2.12 [148] generator. Inclusively, the contribution of this production mode is
negligible, but WW jj production with a vector-boson scattering topology constitutes a
correction of several percent in analysis bins dominated by events with at least two jets.

A comparison of fiducial cross-section predictions for WHW = — e*uFr.v, final
states is given in Table 9.3. The qg — WW cross sections predicted using NNPDF3.1
are 4% larger than those using NNPDF3.0, as can be seen from the first two MATRIX
predictions and Figures 9.7 and 9.8, which only differ in the PDF set used. The POWHEG
MINNLO prediction for ¢qg — WW is 3% smaller than the fixed-order NNLO predic-
tion using the same PDF, mainly due to parton shower effects, in particular final-state
photon radiation which reduces the lepton momenta and thus the signal acceptance. The
resummation scheme and the description of extra parton radiation at all orders imple-
mented in the parton shower model also reduces the associated scale uncertainties with
respect to fixed-order predictions. SHERPA 2.2.12 predicts a fiducial cross section that
is similar to the one from POWHEG MINNLO, although with a larger scale uncertainty.
The SHERPA 2.2.2 g9 — WW prediction is significantly smaller than the MATRIX NLO
prediction, which is partially compensated by the application of an inclusive K-factor of
1.7 to the former prediction. The NLO electroweak correction to qg — W W, given by
the ratio of the NLO EW to the LO prediction, decreases the gg — W W cross section by
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‘ Process Code PDF Perturbative order ogq =+ (scale) [fb] ‘
MATRIX NNPDF3.1 NNLO QCD 674 +1.8%
0q— WW MATRIX NNPDF3.0 NNLO QCD 646 +1.8%
MINNLO+PYTHIA8 NNPDF3.0 NNLO QCD + PS 624 £1.1%
SHERPA 2.2.12 NNPDF3.0 NLO QCD + PS t 630 £7.2%
MATRIX NNPDF3.1 NLO QCD 32 £13%
99 = WW SHERPA 2.2.2 NNPDF3.0 LOQCD +PS T 15 +30%
MATRIX NNPDEF3.1 LO 5 4+23%
= WW MATRIX NNPDF3.1 NLOEW 11 £23%
a4 — WWjj (EW) SHERPAZ2.2.12 NNPDF3.0 LO + PS 4 £7.0%
For calculation of NLO EW correction:
qq — WW MATRIX NNPDF3.1 LO 436 +5.1%
MATRIX NNPDF3.1 NLOEW 418 +5.1%

1: Includes matrix elements with additional parton emissions, matched and merged with the parton
shower, which increase the accuracy of the simulation of high jet multiplicity events but also increase the

nominal scale uncertainty.

Table 9.3: Comparison of theoretical predictions for fiducial cross sections of various modes contributing to
WTw- production. The names of the POWHEG MINNLO+PYTHIAS8 prediction, the NNPDF3.0@NNLO,
and NNPDF3.1@NNLO LUXQED PDF sets are shortened for simplicity. Cross-section predictions are given
together with ;g and pr scale uncertainties.

4 % while doubling the photon-induced contribution up to 1.5 % of the predicted fiducial
WHW ™ production cross section. In the calculation of dgw, scale variations are correlated
between the numerator and denominator. While the former is absent in EW corrections,
uncertainties on the latter cancel out in the ratio. As a consequence, higher-order EW cor-
rections as well as multiplicative combinations of QCD and EW corrections have similar
QCD scale uncertainties as for the underlying QCD cross sections at the same accuracy
in perturbation theory.



Chapter 10

Results of W IV~ Production Cross-
Sections Measurements

Results of fiducial differential and total production cross sections of W-boson pairs are
presented in the following. With the methodology established in Chapter 9, the cross
sections are measured. The observed data events are compared to the SM expectation in
Section 10.1, based on the estimation of background events discussed in Chapter 8. Sec-
tion 10.2 contains the measurements of differential cross sections, unfolded to the fiducial
phase space at particle level as a function of twelve different observables. The results are
compared to the theoretical predictions described in Section 9.3. A measurement of the
fiducial integrated cross section is given in Section 10.3. The impact of the PDF sets in
the theoretical predictions is also evaluated. The measurement is extrapolated to the full
phase space to report the total W W~ production cross section. Section 10.4 closes the
chapter with a summary and an outlook. The interpretation of these measurements in the
context of the Standard Model Effective Field Theory is discussed in Chapter 11, where
constraints on anomalous couplings between gauge vector bosons, leptons, quarks, and
the Higgs field are presented.

wrw-=

10.1 Selected W™WW~ Events

The total number of WW ™~ candidate
events selected in the jet-inclusive sig-
nal region is presented in Table 10.1.
Expected contributions from signal and

Diboson
Drell-Yan

Fakes

background predictions and their respec- Top
tive uncertainties, as estimated using the
techniques considered in Chapter 8, are \ Source | Eventyields |
also listed. Section 9.2 provides details Top 66500 -+ 1900
on the calculation of the reported uncer- Drell-Yan 6500+ 400
tainties. Approximately 60 % of events Fakes 20001300
) ! . . Diboson 4500+ 600
meeting requirements of the signal region W 56900 + 1100
selection are background events, with Total background | 82600 == 2100
the top-quark background (either from t¢ Total SM 139700 + 2400
or single-top Wt production) being the Data 144221

largeSt' constituting about 80 % of the total Table 10.1: Selected W W~ event candidates in data,
background in the signal region. The total along with the prediction of signal and background
number of events observed in data S]ighﬂy contributions described in Chapter 8. The uncertain-
exceeds the sum of estimated background ties include statistical and systematic contributions.

. . . The percentages on the charts are given with respect
and signal yields based on the SM predic- to the total SM prediction. The individual uncertain-

tions. Figure 10.1 presents a comparison ties are correlated, and do not add up in quadrature to
of the observed number of events in data the total uncertainty.
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Figure 10.1: Detector-level distributions of (a) pr. and (b) the jet multiplicity in the jet-inclusive sig-
nal region. Data are shown as black markers together with histograms for the predictions of signal and
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data to the total prediction. Top and fake backgrounds are determined using data-driven methods. The
displayed uncertainty bands include statistical and systematic uncertainties, excluding theory uncertainties
on the signal, which largely cancel in the measurement of W+ W ~ cross sections. Published in Ref. [87].

against the expected signal prediction, and the background estimate in bins of leading
lepton pr (Fig. 10.1a) and jet-multiplicity (Fig. 10.1b). A slight underprediction of data oc-
curs at intermediate values of pr (between 50 and 90 GeV) and low jet activity, attributed
to the choice of the PDF set for the W W~ prediction as discussed in Section 9.3. Overall,
good agreement between the SM prediction and data is observed. Distributions for other
observables listed in Section 9.1.1 for measuring differential cross sections are shown in
Appendix C.

The relative uncertainties as a function of the unfolded plﬁad' lep- and Sy distributions

are displayed in Figures 10.2a and 10.2b, respectively. Uncertainties on the number of
reconstructed W+ W ~ event candidates in low-plq?ad' °P- bins are dominated by modeling
uncertainties of the simulation of top-quark production, necessary to compute the cor-
relation coefficients Cj, in the data-driven b-counting method as described in Section 8.1.
Other systematic uncertainties follow, mainly from the luminosity measurement. Bins
of piead- 1P~ 300 GeV are dominated by statistical uncertainties. Fake-lepton and jet-

calibration uncertainties are about 2 % or lower in most of the plj'fad' °P- bins. However,
jet calibration uncertainties dominate the bins of St < 250 GeV. At greater values of S,
uncertainties from statistical fluctuations and the modeling of the top-quark background
drive the total uncertainty band per bin. The precision on the measured number of events
in this St regime is in general worse, since topologies with two or more jets dominate the
event selection, which are effectively computed at leading order by the simulation of the
parton shower.
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Figure 10.2: Decomposition of uncertainties on the unfolded (a) plq?ad' 1°P- and (b) St distributions. Jet cali-
bration uncertainties encompass jet-energy scale and resolution uncertainties, Top modeling are uncertainties
in the theoretical modeling of the top-quark background, and Fake Lepton Estimate corresponds to the uncer-
tainty in the estimate of the fake-lepton background. All systematic uncertainties related to minor prompt-
lepton backgrounds, flavor tagging efficiencies and mistag rates, the luminosity, lepton calibration, pile-up
reweighting, and signal modeling, are included in Other systematics. Statistical Uncertainty combines statis-
tical uncertainties that arise in both the signal region and control regions used for the data-driven Top and
fake-lepton estimates and also from backgrounds that are estimated using MC simulations. Published in
Ref. [87].

10.2 Differential Cross-Section Measurements

Measurements of fiducial cross sections, derived following the methods discussed in Sec-
tion 9.1.1, are presented in Figures 10.3 to 10.5. Excellent agreement with the fixed-order
MATRIX prediction is observed. The multiplicative scheme for mixed QCD-EW correc-
tions improves the modeling of high-mass events for some distributions (e.g., my; or
Emiss) but overcorrects for other distributions such as pl_,‘fad' P The overcorrection is ex-
pected as the multiplicative combination scheme does not always yield an appropriate
estimate of mixed QCD-EW effects, in particular in regions of phase space that are dom-
inated by events with hard QCD radiation, as is the case for high plﬁad' lep. [231]. The
POWHEG MINNLO+PYTHIA8 and SHERPA 2.2.12 predictions matched to parton show-
ers model the data well except for an underprediction of the cross section in most regions
of phase space, which can largely be explained by the different choice of the PDF set. The
parton shower improves the modeling at low diboson transverse momentum (see, e.g.,
Fig. 10.3c) and allows for the simulation of events with more than two jets.
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Figure 10.3: Measurements of fiducial differential cross sections as a function of (a) pp~ ", (b) p7~ % P,

(c) p¥, and (d) me,. The measured cross-section values are shown as points with error bars giving the sta-
tistical uncertainty and solid bands indicating the size of the total uncertainty. The right-most bin shows
the integrated fiducial cross section in the overflow bin, indicated by the right-hand-side axis. The results
are compared to fixed-order nNNLO QCD + NLO EW predictions of MATRIX 2.0.1, as well as the NNLO
predictions from POWHEG MINNLO+PYTHIAS parton shower, and SHERPA 2.2.12 at NLO in QCD, also in-
cluding parton shower effects. The last two predictions are combined with SHERPA 2.2.2 for the gg-induced
WtW ™~ production and SHERPA2.2.12 for the electroweak WW jj production. The gg — WW contribu-
tions, predicted at LO, are corrected to NLO QCD by applying a K-factor of 1.7. Theoretical predictions are
indicated as markers with vertical lines denoting PDEF, scale and parton shower uncertainties. Markers are

staggered for a better visibility. Published in Ref. [87].
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Figure 10.4: Fiducial differential cross sections as a function of (a) H;?p'JrMET, (b) mr,ep, (€) ERS, and (d)
St. The measured cross-section values are shown as points with error bars giving the statistical uncertainty
and solid bands indicating the size of the total uncertainty. The right-most bin shows the integrated fidu-
cial cross section in the overflow bin, indicated by the right-hand-side axis. The results are compared to
fixed-order NNNLO QCD + NLO EW predictions of MATRIX 2.0.1, as well as the NNLO predictions from
POWHEG MINNLO+PYTHIAS8 parton shower, and SHERPA 2.2.12 at NLO in QCD, also including parton
shower effects. The last two predictions are combined with SHERPA 2.2.2 for the gg-induced W+W ~ pro-
duction and SHERPA2.2.12 for the electroweak W W jj production. The gg — WW contributions, predicted
at LO, are corrected to NLO QCD by applying a K-factor of 1.7. Theoretical predictions are indicated as
markers with vertical lines denoting PDF, scale and parton shower uncertainties. Markers are staggered for
a better visibility. Published in Ref. [87].
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] Uncertainty source Effect [%] ‘
Top modeling 1.6
Fake lepton background 1.5
Flavor tagging 0.7
Other background 0.9
Signal modeling 1.0
Jet calibration 0.6
Luminosity 0.8
Other systematic uncertainties 0.9
Stat. uncertainty 1.1
Total uncertainty 3.1

Table 10.2: Impacts of uncertainties on the integrated fiducial cross-section measurement after performing
the profile-likelihood fit described in Section 9.1.2. The categories Top modeling and Signal modeling encom-
pass uncertainties in the theoretical modeling of the respective processes, Fake lepton background contains the
total uncertainty in the estimation of the non-prompt lepton background (Section 8.4), while the category
Other background encompasses the uncertainty due to minor prompt-lepton backgrounds. Flavor tagging
refers to all uncertainties related to flavor-tagging efficiency and mistagged rates, and Jet calibration uncer-
tainties include jet-energy scale and resolution uncertainties. The category Luminosity adds the uncertainty
arising from the luminosity measurement [342]. All the systematic uncertainties belonging to none of the
above categories are included in Other systematic uncertainties. Statistical uncertainties arise in both the signal
and control regions used for the data-driven top and fake-lepton estimates, and also from backgrounds that
are estimated using MC simulations. Published in Ref. [87].

10.3 Fiducial and Total Cross-Section Measurements

Following Section 9.1.2, a model based on the sum of signal and background estimates
determined using the methods presented in Chapter 8 is fit to the data. The signal
strength parameter is found to be

pww = 1.077 £ 0.033,

corresponding to a reduction from 4.1 % using the pre-fit cut-and-count approach to an
uncertainty of 3.1 %. Table 10.2 gives a breakdown of the uncertainties in the fiducial
cross section measured in the profile-likelihood fit. The cross-section measurement is
dominated by the uncertainties of the top and fake-lepton background estimates, which
have been improved with respect to previous measurements of W W ™ cross sections.

Figures 10.6a and 10.6b present the pre-fit and post-fit distributions of Sz, respec-
tively. The fit of the St distribution successfully reduces uncertainties associated with
the top-quark background, which dominates in bins of high S and, to a lesser extent,
of Drell-Yan and fake-lepton uncertainties, which contribute more at low S7. Uncertain-
ties of the post-fit yields (the uncertainty bands in Figure 10.6b) are therefore strongly
reduced due to the correlations taken into account in the fit. Variations that are incom-
patible with the observed yields are more strongly constrained. The impact of the sys-
tematic uncertainties in the fit to the data and the pulls of the corresponding nuisance
parameters are shown in Figure 10.7. Nuisance parameters remain very close to their
initial values. No individual nuisance parameter is constrained to more than 80 % of its
pre-fit uncertainty. The background normalizations are changed by less than 2 % with
respect to their nominal pre-fit estimates. No pulls beyond 0.5 are observed, showing a
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Figure 10.6: (a) Pre-fit and (b) post-fit model for the profile-likelihood fit in the St distribution. Data are
shown as black markers together with the predictions for the signal and background production processes.
The rightmost bin contains overflow events. The lower panels show the ratio of the data to the total pre-
diction. Top and fake backgrounds are determined using the data-driven methods described in Chapter 8.
The uncertainty bands shown include statistical and systematic uncertainties from both experimental and
theoretical sources listed in Section 9.2.

reliable estimation of the systematic uncertainties of the various SM contributions. The
impact of modeling uncertainties for W W~ and top-quark production is successfully
reduced by the fit.

The measured fiducial cross section for W' W~ production in pp collisions at /s =
13 TeV decaying into W W~ — e uFr,v, final states within the fiducial volume defined
in Table 9.1 is determined from the profile-likelihood fit to be

TATLAS, 140 -1 (PP = € T ver,) = T0T £ 7 (stat.) & 20 (syst.) b, (10-)

with a total uncertainty of 3.1 %.

The fiducial cross-section measurement is compared in Figure 10.8 to fixed-order pre-
dictions computed with MATRIX 2.0.1 using PDF sets released by different collabora-
tions. Three different versions of NNPDF (3.0 [445], 3.1 [493] and 4.0 [168]), CT18 [170],
PDF4LHC21 [177], MSHT20 [171], and the MSTW2008 [172] PDFs are evaluated. All
PDFs are considered at NNLO accuracy using the four-flavor scheme. Photon PDFs us-
ing the LUXQED method [186] are accounted for only in NNPDF3.1 predictions. Predic-
tions of WHW— — et ptver, at NLO accuracy in QCD! are, as discussed in Section 3.1,
insufficient to describe the data without the application of K-factors to NNLO. As seen
in Figure 9.8, a consistent increase of 2 % (3 %) is obtained using NNPDF3.1+LUXQED
(NNPDF4.0), in excellent agreement with the data, with respect to the other predictions
from CT18, PDF4LHC21, and MSTW2008 at all orders. The predictions from CT18,
PDF4LHC21, and MSTW2008 agree within uncertainties at all orders. Predictions re-

The presented predictions at NLO in QCD also rely on the PDF sets at NNLO accuracy.
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sponding to 30 systematic uncertainties of highest impact in the fit to data using the St distribution. The
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axis displays the impact on pww of each nuisance parameter for both pre-fit (white horizontal bands) and
post-fit (filled blue bands).
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Figure 10.8: Fiducial integrated cross sections predicted with MATRIX 2.0.1 using various configurations of
higher-order QCD and EW corrections up to nNNLO and NLO accuracy in QCD and EW theories, respec-
tively. Predictions relying on NNPDF3.0 (red up triangles), NNPDF3.1 (green diamonds), NNPDF4.0 (or-
ange down triangles), CT18 (cyan squares), PDF4LHC21 (light green markers), MSHT20 (dark blue dots),
and the MSTW2008 (purple crosses) PDF sets are compared. Vertical bars on the predictions show the sum
in quadrature of scale and PDF uncertainties. The predictions are computed for W W~ — u*eFv,v. pro-
duction in the jet-inclusive fiducial phase space. The cross-section measurement performed in this thesis
is displayed as a horizontal line, where statistical and systematic components are depicted as horizontal
orange bands.

lying on NNPDEF3.0 underestimate the ones from NNPDF3.1 and NNPDF4.0 by 4 %
and 5 %, respectively. Including contributions of gluon-induced production at NLO in
QCD into the NNLO QCD prediction results in the best agreement with the data for
the largest number of predictions. The results using NNPDF3.1+LUXQED provide 4 %
greater fiducial cross sections than the NNPDF3.0 predictions, which are not able to de-
scribe the measurement within the 1o error bands. Combinations of the nNNLO QCD
predictions with electroweak corrections at NLO via either additive or multiplicative
schemes are also shown. The introduction of electroweak corrections using the addi-
tive (multiplicative) combination scheme decreases the predicted cross sections by 3 %
(6 %) in the jet-inclusive phase space. Once electroweak corrections are taken into ac-
count, only the cross-section calculations using NNPDF3.1+LUXQED and NNPDF4.0
succeed in describing the measurement. Although the predicted fiducial cross sections
using MSHT20 are in agreement with other predictions at NLO, predictions relying on
this PDF set are not able to describe the measured cross section of W W~ production at
NNLO. Further investigations to understand the origin of this disagreement are needed.
The experimental result at the achieved precision proves to be sensitive to the choice of
the PDFs considered in the theoretical predictions, providing useful information to vali-
date and constrain fits of parton distribution functions for LHC results in future iterations
of these efforts.

The predicted fiducial cross section of W*+W ™ production is sensitive to the mass
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Figure 10.9: Assessment of the sensitivity to the mass of the W boson via x? minimization of the
fiducial cross-section measurement (Eq. 10.1) versus predictions generated with MATRIX 2.0.1 using the
NNPDEF3.1@NNLO+LUXQED PDF set and different my masses as input to the prediction. The predictions
are computed at nNNLO order in QCD (blue), and including NLO EW corrections as well as contributions
from gluon- and photon-induced production at NLO (green) to the fully leptonic W W~ production in the
jet-inclusive fiducial phase space.

of the W bosons. By evaluating the MATRIX predictions described in Section 9.3 with
the NNPDF3.1+LUXQED PDF sets at NNLO accuracy using different values of my, a
x?-minimization is performed to find the best-fit value of my, and the associated uncer-
tainty at 68 % confidence level. The latter acts as an assessment of the expected sensitivity
to the mass of the W+ bosons from fiducial W+W ™~ production cross-section measure-
ments. The results are shown in Figure 10.9. The fit is performed to predictions at two
different perturbative orders considering the fully leptonic W W~ production in the jet-
inclusive fiducial phase space: at NNNLO order in QCD (blue), and also including NLO
EW corrections via the multiplicative scheme, both including contributions from gluon-
and photon-induced production at NLO (green). A sensitivity of 370 MeV is found by
fitting the integrated fiducial cross-section measurement. The best-fit value of my is
increased by 220 MeV when considering electroweak corrections in the theoretical pre-
diction. Although better sensitivity is expected by performing a minimization of differ-
ential distributions, the found sensitivity is more than an order of magnitude coarser that
the necessary resolution to discern between the CDF measurement [120] and the global
fit [95] values of the W-boson mass.

The experimental result reported in Eq. (10.1) is also compared to the other theo-
retical models including parton shower simulation in Figure 10.10. The comparison
includes (i) the nominal POWHEG MINNLO+PYTHIA8 model used in the analysis for
qq — WW production, (ii) ¢g¢ — WW production using SHERPA 2.2.12, (iii) the nNNLO-
QCD predictions of MATRIX 2.0.1 as well as (iv) the same nNNLO predictions combined
with NLO electroweak corrections. The POWHEG MINNLO+PYTHIAS8 and the SHERPA
predictions are augmented with simulations of gluon-induced and electroweak produc-
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Figure 10.10: Measured fiducial cross sections, compared to theoretical predictions from POWHEG
MINNLO+PYTHIA8, SHERPA2.2.12, and MATRIX2.0.1. The nNNLO prediction includes photon-
induced contributions and NLO-QCD corrections to the gluon-induced initial state. The POWHEG
MINNLO+PYTHIA8 and SHERPA 2.2.12 predictions are combined with SHERPA 2.2.2 and SHERPA 2.2.12
to model gluon-induced W W™~ production and the electroweak production of WW jj, respectively. An
inclusive NLO K-factor of 1.7 is applied to the SHERPA 2.2.2 prediction. Inner (outer) error bars on theory
prediction correspond to PDF (the combination of scale and PDF) uncertainties. Published in Ref. [87].

tion modes using SHERPA 2.2.12 introduced in Section 9.3. While the measured value
is about two standard deviations larger than the cross section predicted by POWHEG
MINNLO+PYTHIAS, it agrees well with the MATRIX predictions. As discussed in Sec-
tion 9.3 (see Table 9.3), the main reasons for the larger cross section predicted by MATRIX
are the updated NNPDF PDF version, which results in an increase of 28 fb, as well as an
additional 11 fb increase due to photon-induced contributions. The fiducial cross section
predicted by SHERPA 2.2.12 is in good agreement with the POWHEG MINNLO+PYTHIAS
prediction (NNLO) owing to the inclusion of real QCD corrections up to one jet at NLO
in QCD and up to three jets at LO.

The measurement is extrapolated to the full phase space of W+W ™~ production based
on the acceptance of 23.7 £ 0.3% for WHW~ — et T ey, events, calculated at nNNNLO
with MATRIX including NLO electroweak corrections and by accounting for a leptonic
W# branching ratio of 10.86 % [95]. The uncertainty on the acceptance is 1.1 %, estimated
by varying the renormalization and factorization scales by factors of two, avoiding vari-
ations in opposite directions, by evaluating the PDF uncertainty, and by comparing the
multiplicative with the additive scheme for electroweak corrections, with the last being
the dominant uncertainty. After this extrapolation, the measured total production cross
section of W-boson pairs is found to be

o3IV o et (PP — WTW ™) =127 £ 1 (stat.) £ 4 (syst.) pb.

In Figure 10.11, the total cross section is compared to measurements of ATLAS [79] and
CMS [80] in pp collisions at y/s = 13 TeV based on datasets of 36 fb~!. The improved
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Figure 10.11: Measured total W W~ cross sections, compared to a theoretical prediction from MATRIX
+OPENLOOPsS [231] and previous measurements of ATLAS [79] and CMS [80]. The theoretical prediction
uses the NNPDF3.1@NNLO LUXQED set of parton distribution functions, is of NNLO accuracy in QCD for
qq — WW production and includes NLO-QCD corrections to gg — WW production, which constitute part
of the N®*LO correction. It includes photon-induced contributions and is combined multiplicatively with
NLO-EW corrections to g¢ — WW. Inner (outer) error bars on experimental measurements correspond
to statistical (total) uncertainty. The inner (outer) error band includes PDF uncertainties (PDF and scale
uncertainties added in quadrature). Published in Ref. [87].

precision of this measurement with respect to its predecessor [81] is due to more precise
data-driven top quark and fake lepton estimates, the improved luminosity determina-
tion [342], and the measurement in a jet-inclusive phase space, which reduces jet-related
uncertainties as well as theoretical uncertainties on the extrapolation to the full phase
space. The reported value constitutes the most precise W+ W~ production cross-section
measurement performed at a hadron collider to date. The level of experimental precision
reported in this measurement matches also the accuracy of the state-of-the-art predic-
tions, reaching the limit in which the theory of the SM can be tested in W*W~ produc-
tion.

10.4 Discussion and Outlook

The measurement of W-boson pairs at hadron colliders is an important test of the SM,
sensitive to the self-couplings of vector bosons, which also provides a probe for perturba-
tive QCD and electroweak theories. In this chapter, fiducial cross-section measurements
of W-boson pair production have been presented using a dataset corresponding to an in-
tegrated luminosity of 140 fb~! recorded between 2015 and 2018 with the ATLAS detec-
tor at the LHC in pp collisions at /s = 13 TeV. A jet-inclusive event selection, along with
improved data-driven estimates of the top-quark and fake-lepton background, allowed
reducing the uncertainty in the fiducial cross-section to 3.1 %. This uncertainty is domi-
nated by experimental systematic uncertainties arising from the modeling of top-quark
and non-prompt lepton backgrounds. The impact of the experimental and theoretical
uncertainties propagated into the measurement, introduced in a profile likelihood fit as
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Gaussian-profiled nuisance parameters, is shown in Figure 10.7. The measurement is ex-
trapolated to the full phase space, resulting in a total W W™ cross section of 127 =+ 4 pb.
The reported value is the most precise W W~ production cross-section measurement
performed in a hadron collider to date. The cross sections are also measured differen-
tially as a function of twelve observables related to the lepton, jet, and Ejnliss kinematics
of the event. The reported level of precision, limited by theoretical and experimental sys-
tematic uncertainties, allows to include double-differential cross-section measurements
in the near future. Combinations of the rapidity |y.,| of the dilepton system with observ-
ables such as p or m., would act as proxies for the longitudinal and transverse boost
of the W W~ system, which could be used to constrain parton distribution functions.
These could be complemented with observables sensitive to charge and CP asymmetries
in the production of W-boson pairs [503, 504]. Additionally, double-differential mea-
surements of the azimuthal difference |A¢,, | with observables correlated to the invariant
mass of the diboson system such as m.,, p¥, H;?p'J“MET, or plj‘fad' 1ep- can be beneficial to
constrain anomalous interactions in the context of the SMEFT.

A state-of-the-art fixed-order prediction at NNNLO QCD [247] using the NNPDF3.1
PDF [493], including the photon in the parton content using the LUXQED method [186],
gives a good description of differential cross sections. The multiplicative combination
with EW corrections improves the description of some observables while it does not rep-
resent an adequate description in other cases, as the combination cannot take into account
non-factorizing EW-QCD effects [231]. Predictions matched to parton showers, generated
with POWHEG MINNLO+PYTHIAS [216, 147] and SHERPA 2.2.12 [148], provide a better
description of the data in bins dominated by events with small W W~ py or high jet ac-
tivity. Considering experimental and theoretical uncertainties, the predictions are found
to be in excellent agreement with the measurement.

Dominant uncertainties from the top-quark background arise from the theoretical
modeling of ¢t production in MC, concretely in the simulation of the parton shower
with an alternative model. Additionally, the prescription of the interference subtrac-
tion between ¢t and single-top Wt matrix element diagrams and their computation with
an alternative model (MADGRAPH5_AMC@NLO+PYTHIA 8) are among the leading un-
certainties of the cross-section measurement. Significant efforts focus on improving the
modeling in the simulation of this process based on experimental results [495], while
also ensuring consistency in their descriptions across experimental collaborations [505].
These studies will benefit from the enhanced precision achieved in the latest differential
cross-section measurements of ¢t production using an increased dataset recorded in the
LHC Run 2 by both ATLAS and CMS Collaborations [506, 507, 508]. The endeavor to
compute tf production at higher orders in perturbation theory? has been prioritized by
the community [217, 509]. Fully-differential NNLO calculations of ¢¢ production were re-
cently released within the MATRIX framework [510, 511], also matched to parton showers
via the POWHEG MINNLO+PYTHIAS8 prescription [512, 513] for on-shell production of
the top-quark pair. Improving the accuracy of matrix element calculations to NNLO in
QCD will lessen uncertainties in the modeling of ¢¢ production. This involves reducing
uncertainties from missing higher-order corrections, which can be further improved with

2The reduction of PDF uncertainties in precision calculations of t¢ production deserves attention. How-
ever, these were found to be negligible for the reported W1 W~ production cross-section measurements and
will not be discussed in this thesis.
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resummation schemes, as well as minimizing reliance on the parton shower modeling.
The simulation of ¢t production using these techniques will strongly benefit future mea-
surements of W*W ™ production. Effects from electroweak corrections at NLO [514, 515]
and NNLL threshold resummation [516] have also been studied, which allows the pre-
diction of differential distributions with an even higher accuracy.

The modeling of the background contributions arising from the misreconstruction
of non-prompt leptons has important effects in the final precision of the W+ W™~ cross-
section measurements. Due to the choice of the AntiID lepton selection criteria (defined
in Section 8.4.2), ensuring a good modeling of prompt leptons passing these requirements
becomes a crucial task. The data-driven estimation method used in this thesis, presented
in Section 8.4.1, relies on a dijet region to compute the scaling factors needed to extrapo-
late the estimation from a control ID+AntiID dilepton region to the signal region. The de-
scription of prompt contributions relies heavily on MC simulation of the various produc-
tion sources. For a suitable subtraction of these contamination sources, their predicted
production cross sections should be accurate enough. The uncertainties on the produc-
tion cross sections of the processes involved constitutes the dominant source of error
arising from the estimation of this background into the W W~ cross-section measure-
ment. Using dijet events, the different prompt contamination sources could be isolated
in dedicated control regions to rescale their production cross sections to the data, reduc-
ing the associated uncertainties in a data-driven approach®. Additionally, this measure-
ment reports, for the first time, a dedicated calibration of such leptons in Section 8.4.5 in
ID+AntilID dilepton control regions defined for the extrapolation of the data-driven back-
ground into the signal region, reducing these modeling uncertainties by more than a fac-
tor of 2. Nevertheless, discrepancies of this mismodeling among data-taking campaigns
arising from different definitions of the lepton selection, the pile-up contamination, and
other sources must be further understood. An improved understanding of these sources
will have a sizable impact in the precision of future measurements of W W~ produc-
tion. Furthermore, improvements of a factor of two are achieved with respect to the
previous measurement of WW+> 1 jets [81] by assessing the jet-flavor fractions from b-,
c-, and light-jet production of lepton misidentification background in the signal region.
The quantification of the jet-flavor fractions relies on flavor filters of the additional QCD
radiation in MC events. A quantitative comparison of the jet-flavor fractions between
signal and dijet regions will help to better control this source of uncertainty. In order
to proceed, MC simulation of multijet production making use of b-, c-, and light-flavor
filters is necessary to address the jet-flavor composition in lepton misidentification in the
dijet region, which requires the reconstruction of one lepton in the final state. Addition-
ally, a good modeling needs to be ensured in the MC simulation of events producing
c- and b-jets in the final state for processes leading to lepton misidentification (mainly
W + jets and semileptonic ¢£). Once these processes are reliable at the required level
of precision, dijet, control, and signal regions could be optimized based on the light-, c-
and b-flavored fake-lepton composition to reduce the bias in the background estimation
caused by differences in jet-flavor composition.

3The latest measurement of electroweak production of same-sign W= W< j;j, where the lepton misiden-
tification background is the second largest contributor to the total number of selected event candidates,
an analogous background estimation method is implemented [489]. For this measurement, the production
cross section of W + jets events only is corrected to data in the dijet region, reducing the associated prompt
subtraction uncertainty into the measurement from 10 % to 5 %.
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Figure 10.12: Improvements in c (left) and light-jet (right) rejection in b-tagging by different jet-flavor taggers
developed by the ATLAS Collaboration for analyses of Run 2 (DL1r) and Run 3 (GN1) data. Source: [517].

State-of-the-art predictions of W W~ production at NNLO matched to parton show-
ers are used in an experimental measurement for the first time in this thesis. These re-
duce the associated theoretical uncertainties, which benefit the measurement via the pro-
file likelihood fit of the signal strength uyw (presented in Section 9.1.2). Nevertheless,
the different fractions of the additional radiation arising from b- and c-quarks provided
by different MC generators must be understood. The effects of electroweak corrections
are also contrasted with the experimental measurements, testing the validity of different
combination schemes between QCD and electroweak corrections. The difference between
additive and multiplicative schemes has to be addressed as an additional source of theo-
retical errors. Selection requirements can be introduced to suppress regions of the phase
space where one high-pr vector boson recoils against a high-p7 jet, reducing associated
uncertainties due to mixed QCD-EW corrections. The use of so-called dynamic jet vetoes is
a promising approach to both reducing uncertainties due to mixed QCD-EW corrections
and increasing the W W~ signal significance over background contributions, enhancing
also the sensitivity of searches for anomalous gauge couplings at large energies when
compared to traditional jet vetoes [231]. When using the b-counting method for the esti-
mation of top-quark background contributions, the drastic decrease in statistics in 1 and
2-b-jet regions must be taken into account. Dynamic jet vetoes are also susceptible to in-
creased experimental uncertainties related to the energy reconstruction of jets, as well as
theoretical uncertainties from the jet-veto requirement.

The measurement is also affected by experimental uncertainties from jet-flavor tag-
ging [369], arising from the assessment of the b-tagging and mistagging efficiencies nec-
essary for the b-jet classification. These efficiency uncertainties are significantly larger for
low-pr tagged-jets*. The lowest pr thresholds for b-tagged jets (pr > 20 GeV) were used
to maximize the statistics in the 1 and 2 b-jet regions defined within the b-tag counting
method used for the data-driven estimation of the top-quark background (discussed in
Section 8.1). The statistical limitations of this method are critical in regions with no addi-
tional jets in the final state, which are reconstructed for pr > 30 GeV. Additionally, the jet

*See Table 5 in Ref. [372] and the corresponding section for further details.
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energy scale (Fig. 4.16) and resolution (Fig. 4.17) deteriorate at low jet pr. Addressing the
associated b-tagging uncertainties in this specific region, providing the highest sensitivity
to W W™ event candidates, is crucial. Future analyses could benefit from incorporating
the jet and b-tagged jet pr thresholds into optimizations of the event selection (Table 7.2)
to further reduce these uncertainties. Moreover, improved b-tagging algorithms are be-
ing deployed by the ATLAS Collaboration for the analysis of Run 3 data [517, 518]. As
illustrated in Figure 10.12, the background rejection of ¢ and light jets using the ATLAS
jet-flavor taggers for Run 3 (GN1) improve by a factor of 2 or higher with respect to the
Run 2 tagger (DL1r) for b-tagging efficiencies about 85 % or higher. Innovative methods
were also necessary for the derivation of the mistagged efficiencies after this increase of
background rejection [375]. The benefits for W*W ™~ production cross-section measure-
ments from these improvements are expected in several ways. Firstly, a richer and more
reliable event sample from ¢t production in the 1 and 2 b-jet regions defined within the
b-tag counting method is expected, enhancing the precision of the derived differential dis-
tributions of t¢ production in the signal region. And lastly, this enables the definition of
b-tag working points with efficiencies greater than 85 %, which would lead to a stronger
suppression of the top-quark background by the b-veto requirement of the signal region.

The installation of an improved full silicon Inner Tracker after the LHC LS3 with
acceptance of || < 4 in the ATLAS detector opens new possibilities of exploring physics
with flavor tagging in the forward region with 2.5 < || < 4, inaccessible with the current
ATLAS detector [387, 388]. Despite the reduced resolution in the measurement of impact
parameters in high pileup environments, the available flavor-tagging algorithms have
been tested using simulations of the new technologies, finding improvements with minor
modification of the current tagger architectures [519, 520]. The smaller pixel pitch for the
new inner tracker’ and the reduced radius of the first pixel layers with respect to the
beam pipe improve the classification capabilities of the taggers.

Prospects for the HL-LHC

The results obtained using Run 2 data can be extrapolated to assess the level of preci-
sion with the full dataset to be collected during the HL-LHC. Expected to yield a dataset
corresponding to 3000 fb~! and following the planned improvements [379], an scenario
where relevant systematic uncertainties are scaled down can be outlined®. In this projec-
tion, data-driven uncertainties are expected to decrease proportionally to the square root
of integrated luminosity. Uncertainties related to normalization cross-sections and theo-
retical modeling are also expected to halve. Since the data-driven background estimates
also rely on the modeling of SM processes in MC simulation, the corresponding uncer-
tainties are halved with respect to the corresponding precision achieved in the Run 2
result. Uncertainties due to detector limitations are anticipated to be consistent with
Run 2, including the luminosity measurement and uncertainties associated with analysis
methods. Flavor-tagging uncertainties are projected to halve. Table 10.3 summarizes the
projection in precision for the production cross-section measurements of W-boson pairs,

>Comparisons of the background rejection using 50 x 50 pm? and 25 x 100 pm? pixel pitches with the
currently available flavor tagging algorithms were presented in Ref [520].

5This baseline scenario has been exploited in e.g. HL-LHC prospects in measurements of Higgs-boson pair
production by the ATLAS Collaboration [521], and in the extraction of the longitudinal scattering component
in WEw*j; production [379].
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] Uncertainty source \ Run 2 uncertainty [%] Projection HL-LHC [%] \
Top modeling 1.6 0.8
Fake lepton background 1.5 0.8
Flavor tagging 0.7 0.4
Other background 0.9 0.5
Signal modeling 1.0 0.5
Jet calibration 0.6
Luminosity 0.8
Other systematic uncertainties 0.9
Stat. uncertainty 1.1 0.5
Total uncertainty 3.1 2.0

Table 10.3: Projected precision of W W™ fiducial production cross-section measurements with the HL-
LHC dataset based on the results obtained with the full Run 2 dataset (Table 10.2). The reductions on each
uncertainty category are based on the guidelines described in Ref. [379]. While the total uncertainty of the
measurement using Run 2 data relies on the profile-likelihood fit, the total uncertainty in the extrapolation
to the HL-LHC is computed as the sum in quadrature of all categories.

based on Run 2 data discussed in Section 10.3. This approximation suggests the feasi-
bility of achieving a W W ™ cross-section precision of approximately 2 %, corresponding
to a reduction of 35%. In HL-LHC projections, achieving a W W~ production cross-
section precision of 2% and halving theoretical uncertainties would improve sensitivity
to the TV mass to within an uncertainty of 210 MeV. Measurements of W+ W~ production
cross-sections are therefore insufficient to help resolving the discrepancies between the
CDF measurement and the global average of myy. To assess this sensitivity more quan-
titatively, prospective studies should consider signal and background expectations in pp
collisions at center-of-mass energies beyond /s = 13 TeV, along with full simulation
of anticipated detector technologies. Multiple projections should be considered, in both
more optimistic and pessimistic scenarios.



Chapter 11

Interpretation of the W11/~
Cross-Section Measurements in the
Context of the Standard Model
Effective Field Theory

“...the direct method may be used...but indirect methods will be needed in order to secure victory.... The
direct and the indirect lead on to each other in turn. It is like moving in a circle.... Who can exhaust the
possibilities of their combination?”

— Sun Tzu, The Art of War.

In this chapter, distributions sensitive to the production of W-boson pairs, presented
in Chapter 10, are interpreted to constrain a subset of anomalous couplings! in the con-
text of the Standard Model Effective Field Theory (SMEFT). Effective Field Theories, and
concretely the SMEFT, were discussed in Section 1.7. The SMEFT operators considered
in this interpretation, sensitive to the W W~ production at the LHC, are introduced in
Section 11.1. The anomalous effects arising from the consideration of such operators in
the SMEFT model are evaluated using MC simulation to extract confidence intervals on
Wilson coefficients. The validation of the simulated SMEFT contributions is outlined
in Section 11.2. Section 11.3 discusses the statistical model, designed to interpret the
reconstructed data by including the effects of both SM and SMEFT contributions. The
limits constructed using Asimov data based on the estimated contributions are shown
in Section 11.4. Once the data are unblinded for the SMEFT interpretation, the observed
constraints on anomalous couplings are presented in Section 11.5.

11.1 The SMEFT Model

As studied in Section 1.7, the formalism of the SMEFT allows for the description of phe-
nomena resulting from a variety of theories beyond the SM that introduce anomalous
effects at a mass scale A, which is large in comparison to the electroweak scale. By con-
structing a Lagrangian with a series of operators O; 4 as given in Eq. (1.16), consisting of
gauge invariant combinations of SM fields with an energy dimension d > 4, the theory
provides predictions for experimental observables in terms of an expansion in £/A where
E is the typical energy exchanged in the process. Measurements of observables sensitive
to the effect of SMEFT operators allow constraining the Wilson coefficients ¢; /A4,
where ¢; 4 is the dimensionless coupling strength associated to the dimension-d operator
O;.4. Odd-dimensional operators introduce lepton and baryon number violation and are
not relevant for this measurement. Leading effects of new physics are therefore expected

'Physics phenomena that are not described in the SM formalism are referred to as anomalous.
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] Interaction type Wilson coefficient Operator ‘
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Table 11.1: Field operators and corresponding Wilson coefficients incorporated into the SMEFT model given
in Eq. (11.1).

to manifest themselves as dimension-6 operators, as higher-dimensional operators are
suppressed by greater powers of A~!. Therefore, an SMEFT expansion of the form

Ci _
Lovprr = Lo + Y Tfoi,ﬁ +O(A™Y), (11.1)

is considered in this dissertation. The Warsaw basis [137] provides a complete set of
dimension-6 operators allowed by SM gauge symmetries.

For this analysis, a U(2)q x U(2)y x U(2)q x U(3)¢ x U(3)e [471] flavor symmetry
is assumed, in which case eleven dimension-6 Wilson coefficients impact the WHTWwW-— fi-
nal states significantly. The considered operators are listed in Table 11.1. The Wilson

coefficient cyy modifies the triple-gauge coupling, where measurements of diboson pro-

1) (3)
s Chtar

¢Hu, cud- For these, the constraints in W W~ measurements are expected to be strong,
as these effects increase with the center-of-mass energy /s. These coefficients perturb
the cancellations between triple-gauge and quark couplings in the SM (related to the
gauge symmetry), producing effects that diverge at high energies for certain observables.
The Wilson coefficients céé), cgz), ceu, and cgq denote operators of four-fermion couplings
between two quarks and two fermions. Despite the sensitivity achieved in diboson mea-
surements, these terms can be better constrained in high-mass dilepton observables or

lepton+EXsS. Finally, the coefficients ¢, and cgz modify the weak coupling.

duction provide the best sensitivity. Boson-to-quark couplings are denoted by ¢

BSM contributions from the Lagrangian given in Eq. (11.1) have sizable effects on EW
observables [139]. In the case of the decay width of W-bosons (I'yy) at leading order,
these can be parameterized as

Ty = Dwsu (1 — 0.081cly), +0.081cy) +0. 061@4) +O(2), (11.2)

which translates into shifts of the predicted kinematic distributions in the SMEFT model?.

*The differences of this expression with respect to Ref. [139] are caused by different EW input schemes
and ag values used in the simulation.
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This effect is considered as a relative linear correction on each bin of the kinematic dis-
tributions equal to the negative factor for c(H?’%, cg;, and ¢, multiplied by two, to consider

the presence of two W bosons in the final state.

The expected contributions from each SMEFT operator are evaluated using MC sim-
ulation. Details on the production and validation of the simulated sample incorporating
the presented model are outlined in the following.

11.2 Simulation of SMEFT Effects

Fits to the measured data distributions are performed to extract confidence intervals of
the Wilson coefficients listed in Section 11.1. For these, the expected contributions of each
Wilson coefficient are modeled using MC simulations of ¢g¢ — W W production. Since the
dominant backgrounds in both event yields and systematic uncertainties are estimated
using data-driven techniques, BSM contributions arising from the background processes
are neglected. The contributions from gg — WW production, highly suppressed in the
jet-inclusive region considered (Table 7.2), are also not implemented. Events are gen-
erated using the MADGRAPH5_AMC@NLO 2.9.5 generator at leading-order accuracy
relying on the SMEFTSIM TOPU3L model® [470], matched to the PYTHIA 8.244 parton-
shower model. The contributions of each Wilson coefficient are obtained at reconstruc-
tion level including detector effects with the ATLAS full-simulation infrastructure, dis-
cussed in Section 4.2.8. The MADGRAPH5_AMC@NLO reweight module is used to
model the effect of the eleven Wilson coefficients affecting W W~ production, listed
in Table 11.1, including linear and quadratic contributions. For all relevant operators O;,
the contributions to the W W~ production cross section can be predicted via weights in
a single MC sample as

[ Asna + 3, i e

‘%original |2

where .#iginal is the matrix element used for event generation where some of the Wil-
son coefficients are non-zero for a better coverage of the phase space. The matrix element
of the SM-only process is denoted as .#s\1, and .Z; . refers to the matrix element cor-

(11.3)

responding to the dimension-6 operator (9§6>, In this way, reweighting to an arbitrary
parameter point for linear terms, quadratic contributions of the included dimension-6
operators, and interference among dimension-6 operators (referred to as cross terms) is
possible using this minimal set of weights via

|j/new‘2 _ ‘%SM +Zi Ci'%éimd2

|'%original’2 B |'%original‘2
— M + Z o 2Re“///c§izr*n)6//loriginal‘ " Z CZM
"/loriginal|2 P ’ |'//0riginal‘2 - v |'//origina1’2 (11.4)
(ix) (3%)
+ Z e 2Re| A givne dimo
i
! "jloriginaﬂ2 ’

i#]

3The same model as in previous combined SMEFT interpretations of electroweak processes is used [522].
NLO corrections and effects due to extra jets are not included. These could be potentially relevant for some
operators but relatively small in WTW ™ production, as suggested in Refs. [523, 139]. The LO sample is
preferred to find results compatible with other global fits presented in, e.g., Ref. [524].



188 CHAPTER 11. INTERPRETATION IN THE CONTEXT OF SMEFT

pp — efutrv pp = eFutuy
£ 10 ?u T T T L e B \E = 10 T T T I .7;
V] E Data —— 3 ] E Data —4— 7
E E Sherpa —+— g F Sherpa ——
= 1e MadGraph LO.yoda —— 5 :_ 1E MadGraph LO.yoda —+— —=2
I 15 © 3
TOr 1% f :
< 107" & 3 S 10t E 3
E E E . 3
1077 E 1072 -
1073 E + = 1073 + 7:
g —3 g % 3
£ ! Il Il T - ‘ Il Il Il J Il | E Il Il Il Il [ ‘ ] } Il ! Il I |
P L t - L BT f bttt
13 E E 1:13‘ - _
g 12 E £ 125 | | =
= — < = =
g8 S eyl
S osE = O os EEETTIIIITY .
S 08 & E = o8 H =
07 E E o7 =
06 E- _ 0.6 WM _
05 L1 1 L 0.5 I L | 1 Lo
102 102
leading p% [GeV] pff‘ [GeV]
(a) Leading-lepton trasnverse momentum. (b) Dilepton transverse momentum.

Figure 11.1: Distributions of (a) the leading lepton pr and (b) transverse momentum of the dilepton system
generated for gg — WW production using MC simulation with MADGRAPH 5 +PYTHIA 8 at leading order
(blue) and SHERPA 2.2.2 sample at NLO (red). Production via gluon-gluon fusion is not included in these
predictions. Only statistical uncertainties from the simulation are show on the theoretical predictions. The
SM predictions are compared to measured differential distributions in W W ~ 40 jets final states determined
with the ATLAS experiment [79], including uncertainties from experimental and theoretical sources.

which can be done either event-by-event or at distribution level. The reweighting setup
is validated against dedicated samples generated for the SM, as well as the linear term

(2Re| A, (gizgﬁ'/%originalpz quadratic (|, éfﬂlﬁ |2) and cross-terms (2Re|.Z. d(il;)(i// éf;)(j ) contribu-
tions. The result is a single MC sample including about 120 additional weights for the
estimation of SMEFT effects on the SM prediction. These weights include the interfer-
ence terms between SM and SMEFT operators (linear term), pure contributions of the
SMEFT coefficients (quadratic term), and cross terms among all combinations of SMEFT
operators listed in Section 11.1.

The samples are analyzed with RIVET [525]. Figure 11.1 shows the plj‘fad' °P- and i

distributions in comparison to the SHERPA 2.2.2 MC simulation employed in previous
ATLAS analyses of W+ W~ production [79, 81], compared to the data distributions from
W+ W~ measurements from ATLAS using a dataset of 36 fb™! in a jet-vetoed region [79].
As expected, good agreement with the shape of the SHERPA distribution is found. Due to
the different accuracy of the SHERPA sample in the matrix-element, calculated at NLO in
QCD, the difference in normalization of about 25 % is anticipated from the corresponding
Kqcp factor. Contributions from gg — WW production are not included in both distri-
butions, which are needed to describe the data. To avoid inconsistencies due to the use of
MADGRAPH instead of the nominal signal prediction POWHEG MINNLO+PYTHIAS, all
the kinematic distributions considered in the SMEFT intepretation relying on the MAD-
GRAPH prediction are scaled differentially via the ratio to POWHEG MINNLO+PYTHIAS,
both for the SM and BSM effects. The corresponding modeling uncertainties of the SM
distribution, estimated as described in Section 9.2, are implemented using the nominal
POWHEG MINNLO samples for gqg — WW production described in Section 7.4.

The contributions of different anomalous interactions in SMEFT, as predicted by MAD-
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Figure 11.2: Comparison of SM versus SMEFT contributions for the linear (orange) and quadratic (blue)
, and the (f) ¢, Wilson coefficients included in the SMEFT

terms of the (a) cw, (b) c(}??,,

(©

model described in Section 11.1 as a function of p..

1)
q

L) el (e) )

(
c p

lead. lep.

in the jet-inclusive signal region. At the bottom,
the ratio with respect to the SM prediction is shown. The displayed coupling strengths take values of £1,
while others are set to zero in the Lagrangian expansion. Uncertainties from the W+ W~ modeling are not
included in the total error band. The energy scale of new physics is set to A = 1 TeV.
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GRAPH, are compared to the data and the expected SM distribution in Figure 11.2 as a
function of plj'fad‘ P Effects from anomalous interactions increase with high diboson in-
variant mass, especially the quadratic terms of the Wilson coefficients. This results in en-
hanced contributions at high pljéad' s especially for effects from anomalous triple-gauge
couplings modeled by the coupling strength of the Wilson coefficient cy, as well as the

quark-boson coupling c(H?’z]. The terms introduced by cyy, cg), ng]’ cg’z, cgq, and ¢y, in-

terfere destructively with the SM Lagrangian. Since c(H?’Z and ¢, only modify the strength

of the weak interaction, the expected effects in the shape of observables correlated to the
energy of the parton interaction are small, where only the normalization differs between
linear and quadratic effects. The operators related to cg), cg]), ceu, and cy provide, in
decreasing order, the largest deviations with respect to the shape of the SM distribution.

As discussed in Section 1.7, the differences between confidence intervals obtained via
the linear-only and a linear+quadratic models serve as a qualitative assessment of the un-
certainty due to the missing O(A~?) contributions [140]. Dimension-6 operators have
been constrained by independent measurements at LEP and the LHC, as well as global
fits of Higgs, top-quark, and electroweak production processes [88, 89]. The current ex-
perimental constraints of dimension-6 operators are much more stringent than the avail-
able unitarity bounds [131], illustrated in Figure 3.3. In this thesis, the limits reported are
no subject to upper energy cutoffs, since no intersection of the experimental constraints
with the unitarity bounds is expected.

11.3 Statistical Model

The statistical methods outlined in Sections 6.1 and 6.2 are employed to set limits on the
Wilson coefficients corresponding to anomalous couplings introduced in Section 11.1, de-
fined in the context of SMEFT. The likelihood for the observation of N = (Ny,..., Ny, )
events in the nyys bins of the reconstructed distributions of interest in the jet-inclusive
signal region (e.g., in Figure 10.1) is analyzed. Following Eq. (6.2), the binned likelihood
function is defined as

Mbins Nsyst

L (Nlc,0) = H Poisson (Nb‘le’red (c, 9)) X H JACHE (11.5)
b i

where ¢ encloses the different Wilson coefficients, 8 are the nuisance parameters mod-
eling the systematic uncertainties from both experimental and theoretical sources con-
strained with Gaussian profiles f;, IV, is the number of observed events in bin b, and
NP4 s the number of expected events in that bin. The number of expected events N
in each bin b is modeled as a function of both a set of Wilson coefficients and nuisance
parameters,

2
d ig,SM Ci G € oke,5M
N 00) = N0 0) 1t X el + a2 )+ P )
i i i<j

(11.6)

where N;®5M () is the number of expected signal events in the SM while N;*¢" (6) is
the number of expected background events, being both of these subject to theoretical and
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experimental uncertainties which are modeled with nuisance parameters. The SMEFT
parametrization is given by the terms Ay;, By;, and Cy;, which are derived at leading order
using the SMEFTsIM 3.0 [470, 471] sample introduced in Section 11.1. The Ay, term arises
due to the interference of dimension-6 new-physics effects with the SM and includes the
effect of Wilson coefficients on the W-boson width. Additionally, contributions arising
from dimension-6 squared amplitudes (B};) and from the interference of two amplitudes
containing two different dimension-6 operators (Cy;), are modeled. Other O(A™*) ef-
fects, which include the interference of the SM amplitude with dimension-8 operators
or with double insertions of dimension-6 operators are neglected. The full simulation
of the ATLAS detector response is performed to determine the effects from limited res-
olution and selection efficiency on the SMEFT contributions. The implementation of the
statistical model relies on the ROOFIT toolkit [492] for the fitting and minimization of the
log-likelihood function (11.5).

For the estimation of confidence intervals for a Wilson coefficient ¢;, a profile-likelihood
ratio test statistic is constructed using Eq. (6.5), where the parameters of interest corre-

spond to the different terms ¢;/A? in the SMEFT expansion. Here, 6 is the maximum
likelihood estimate of the nuisance parameters for a fixed value of ¢; while ¢; and 0 are
unconditional maximum likelihood estimates of ¢; and the nuisance parameters, respec-
tively. Maximum likelihood fits are performed for individual Wilson coefficients by set-
ting other coefficients to zero and maximizing the likelihood with respect to the nuisance
parameters. Confidence intervals are derived using Wilks’ theorem [418], assuming that
q(c;) follows the x? distribution.

11.4 Expected Limits

Employing the SMEFT and statistical models introduced respectively in Sections 11.1
and 11.3, limits at 68 % and 95 % CL are extracted using the SM predictions estimated
using the background estimation techniques discussed in Chapter 8 and the nominal
prediction of W+W ™~ contributions (Sec. 7.4) as Asimov data, including contributions
from the dimension-6 operators listed in Table 11.1 rescaled to the nominal gqg — WW
POWHEG MINNLO +PYTHIA prediction. Results are provided for both a linear model,
which adds the interference terms between SM and O(A~2) SMEFT contributions to the
SM Lagrangian, and a linear+quadratic model also accounting for O(A~*) quadratic con-
tributions of the dimension-6 operators. The difference between results obtained using
the linear and linear+quadratic models can be used for a qualitative assessment of the
effects due to the missing O(A~*) contributions [140, 141] of dimension-8 operators. The
constraining power of each SMEFT operator is assessed by fitting each parameter indi-
vidually, fixing the contributions from other operators to zero. To find the observable
most sensitive to effects beyond the SM, the constraints are derived in the jet-inclusive
signal region using distributions of A¢e,, plffad' lep. MT epy Meps DS H;f’p AMET and Sy
The binning of the considered distributions respects the optimization discussed in Sec-
tion 9.1.1 derived for the fiducial differential cross-section measurements. Experimental
and theoretical uncertainties are propagated into the fit results via nuisance parameters
as described in Section 11.3. Figure 11.3 compares the expected limits for each individ-
ual parameter by fitting different observables considered in the W W~ measurement
performed in this thesis. As discussed in Section 10.1, a good data-to-SM agreement is
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Figure 11.3: Confidence intervals (Ac) obtained from individual binned likelihood fits of Asimov data at

reconstructed level in bins of Ade,

o0

lead. lep.
PT, Pr

1 . .
, HY®, mr.eu, St, and me, of the eleven Wilson coeffi-

cients sensitive to W+ W™~ production (Table 11.1). In the top plot, both linear-only (O(A™?, inner bar) and
linear+quadratic (O(A™*, outer bar) expected limits at 95 % Confidence Level (CL) are symmetrized for a
direct comparison using a logarithmic scale. At the bottom, the expected limits at 68 % (wider inner bar)
and 95 % (thinner outer bar) CL of the linear+quadratic configuration of the SMEFT expansion are shown
without symmetrization. The expected limits are compared to the marginal constraints from global fits

performed by J. Ellis et. al. [89] and the SMEFT collaboration [88]. Only O(A

~2) terms are considered by

J.Ellis et. al. in the SMEFT Lagrangian. The energy scale of new physics is set to A = 1 TeV.
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found across these distributions. For instance, the reduced chi-square value is found

to be x?/d.o.f. = 19.1/15 for the p}f:ad' lep- Jistribution, pulled towards values greater

than one by a slight underestimation of the data in bins of intermediate p's*" ' with
no jets in the final state. A similar level of sensitivity is achieved in the linear-only
configuration of the fit with respect to the WW+ > 1jets ATLAS measurement using
the full Run 2 dataset [81], which exploited the differential cross-section measurement
as a function of m., unfolded to the par-

ticle level, when relying on the same dis- 2 T 1 o _ T eba 3=
. . = F (s=13TeV, 140 fb Cy="1 Linear WW f
tribution at detector level. To reduce the ¢ [ PP~ e'v Jetinclusive «---c,=1 Quad. %Top z
c
suppression of the interference between £ 100 WDrelvan
the SM and SMEFT contributions, the E E\T;ezszvy B
WW+2>1]jets analysis restricted the fidu- 1oL Stat Osygte] 2
cial phase space to p'ed ¥ > 200 GeV, im- g -
proving the sensitivity to the linear term -
by a factor of 2 and reducing the dis- 100, et T T
crepancies with respect to the limits in- . \ ‘ ‘
cluding quadratic terms in the SMEFT = L2 Condr=aasys 1T
Lagran.gian. When ir'lcluding qgadratic E 1.1§+ bt e m'..—
terms in the Lagrangian expansion, us- £ I = I ———— v
. . . . . . . . @ E ]
1ng.the me,, distribution in the]et-l.rlclus1ve 008 Ll bl
region, the expected constraints improve g, | [rad]
previous ATLAS gIObal fits [524] and mea- Figure 11.4: Comparison of SM versus SMEFT con-
surements [79, 81] by a factor of 2. tributions for the linear (orange) and quadratic (blue)

E tri ¢ traint terms of the cw Wilson coefficient as a function of
ven more? 1‘*1ngen C?ns ralr} s ere ex- Age, in the jet-inclusive signal region. At the bottom,
pected when fitting the binned likelihood  the ratio with respect to the SM prediction is shown.

in Eq. (11.5) as a function of other observ- The displayed coupling strengths take values of +1,
ables such as Sr, MT ey Héfp-JrMET’ A ﬁbeur While others .are. set to zero in :crhe I:agrangi.an expan-

7N d th deli f the SM sion. Uncertainties from the W™ W~ modeling are not
or pp, based on the modeling o e included in the total error band. The energy scale of

and SMEFT contributions*. The A¢,,, dis- new physics is set to A = 1 TeV.

tribution, presented in Figure 11.4, pro-

vides the best constraints of the ¢y coupling via the linear-only fit, owing to the enhanced
sensitivity of the destructive interference with the SM in bins where background contri-
butions are lowest. This distribution is also successful in diminishing the suppression
of the interference between O(A~2) contributions from the Oy operator with the SM.
However, the sensitivity of the A¢,,, distribution to constrain the quadratic term but also
other Wilson coefficients is limited in W*W ™~ production. Among all the considered dif-
ferential observables, the p'*d 1P and HIP+MET distributions yield the best constraints
across most of the considered Wilson coefficients, in both fits of the interference term only
but also when including O(A~*) contributions.

The expected limits are compared to the marginal constraints resulting in global fits
of Higgs, electroweak, and top-quark processes performed by J. Ellis et. al. [89] (reported
only for interference terms between SM and SMEFT operators) and the SMEFiT collab-
oration [88]. In the fit including only linear terms, the best constraints are achieved by
J. Ellis and collaborators [89]. For the ¢y Wilson coefficient, these are more strongly con-

sublead. lep. miss

4Expected constraints relying on observables such as p-. , Yeu, c0s 0", ET™°, or Njets are not com-
petitive with the ones shown in Figure 11.3 and therefore not further considered.
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strained by differential cross-section measurements in vector-boson fusion production of
Zjj°. J.Ellis et. al. improve the sensitivity to cgzl and ngz via both inclusive and differen-
tial cross-section measurements of single-top production. The anomalous couplings cp,,
and cpq can be strongly constrained taking into account measurements of Electroweak
Precision Observables (EWPO) from the LEP combination [59] but also sensitive to mea-
surements of Higgs production, included in the global fits. EW precision measurements
at LEP are also very sensitive to anomalous effects from c(gz and cy®. Although limits for
¢, and cgq are not explicitely reported by J. Ellis et. al. and SMEFiT, final states in Drell-
Yan production provide a better sensitivity to the effects introduced by these four-fermion
anomalous couplings. However, diboson production leads the sensitivity to anomalous
triple-gauge couplings. When considering linear and quadratic terms, the expected sen-
sitivity on cy exceeds the ones reported in global fits by a factor of 2. Since the global
fits incorporate W 40 jet measurements using a portion of the Run 2 dataset (36 fb™!),
the improvement arises mainly due to the increased set of qg — WW candidates in the
event selection, which reduces statistical fluctuations at the high-energy tails of differen-
tial distributions where the best sensitivity to SMEFT effects in ¢¢ — WW production
is achieved. Additionally, the jet-inclusive selection reduces uncertainties related to the
modeling of the ¢q¢ — WW predictions but also from jet-related experimental sources.
A similar level of sensitivity of the SMEFT fit at O(A~*) with respect to the global fits
is found for the cg; and CS?} Wilson coefficients. Additionally, the expected sensitivity

achieved for the Wilson coefficient cgé becomes competitive with global fits, owing to

the fully jet-inclusive selection criteria.

The pulls and impacts of the nuisance parameters obtained in likelihood fits of the

cw and ¢ Wilson coefficients to Asimov data in bins of the p'* P distribution are
presented in Figure 11.5. Uncertainties on the modeling of the signal ¢gg — WW and top-
quark background have the largest impact in the fit to constrain Wilson coefficients in the
jet-inclusive region, mainly arising from the theoretical modeling of the ¢t contributions
(necessary for the calculation of the correlation factor C in the data-driven b-counting
method described in Section 8.1.1) and limited statistics in the b-jet regions defined for
the data-driven estimation of the ¢¢ background (Sec. 8.1). Systematic uncertainties from
the lepton misidentification background play an important role, relying also on limited
statistics in the ID+AntiID control region. For SMEFT operators affecting mainly the total
W*W ™ production cross section, such as cg% and ¢y, the luminosity uncertainty becomes
also a limiting factor.

The differential observable providing best sensitivity to the SMEFT operators can be
inferred from the presented expected limits. Both H}Z‘fp'JrMET and plﬁad‘ P observables
are strongly correlated to the invariant mass of the W W~ system and therefore provide
sensitivity to SMEFT effects that increase with the collision energy. Nevertheless, the
hadronic radiation in W+ W ™ final states of the SMEFT MC prediction is simulated with
the parton-shower model, as the matrix-element is calculated at leading-order accuracy.

This leads to a potential mismodeling of the EX'* calculation (Sec. 4.3.6), to which the

*The A¢;; distribution in Zjj production is more sensitive to the interference term of the anomalous
triple-gauge coupling.

SLimits on the c coefficient, strongly constrained by the LEP EWPO observables [526], are not reported
by the SMEFiT collaboration.
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Figure 11.5: Pulls (shown as black dots) and impacts (horizontal bands) for the 20 nuisance parameters of
highest post-fit impact in the individual likelihood fit of the (a) cw and (b) cf;; Wilson coefficients to Asimov
data profiled in bins of plfiad‘ 1°P- 45 shown in Figure 11.2. The vertical dashed lines indicate the 1o thresholds
of the pulls at the bottom horizontal axis. The upper axis displays the absolute impact on cy of each nuisance

parameter for both pre-fit (white horizontal bands) and post-fit (filled blue bands).

observable is susceptible. To be less sensitive to these limitations, the pic*d-

distribution is chosen to constrain SMEFT operators in this thesis. The observed limits
resulting from the binned likelihood fits to data are discussed in the next section.

lep.+MET
HT
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11.5 Observed Limits

The plfad' lep- Jistribution is used to fit the SMEFT model introduced in Section 11.1 to
the data via the binned likelihood function given in Eq. (11.5), as it provides the best
sensitivity to most of the considered anomalous couplings. Curves for the log-likelihood
scans of —2AInL = —2(InL — InL,;,) are shown in Figures 11.6 and 11.7 for all the
anomalous couplings listed in Table 11.1 considering both dimension-6 terms only in the
SMEFT Lagrangian (11.1), but also including quadratic terms, respectively. The mini-
mization of the log-likelihood function is presented for (i) an Asimov dataset using only
statistical uncertainties, (ii) an Asimov dataset including both statistical and systematic
uncertainties from theoretical and experimental sources, and (iii) the fit to the experimen-
tal data, also including all sources of uncertainties as listed in Section 9.2. The difference
between the two Asimov fits illustrates the impact of these two error categories in the
expected sensitivity. Using the full Run 2 dataset of pp collisions at center-of-mass ener-
gies of /s = 13 TeV, systematic and statistical uncertainties have a similar impact on the
reported limits for the linear terms of the Wilson coefficients. Exceptions can be found

for operators that have mild effects on the shape of the SM distribution, such as cgé and
cg- Since these anomalous couplings contribute similarly in regions of low and high
statistics, the sensitivity to their effects is driven by systematic uncertainties in regions
with abundant statistics. For the linear-only fit, good agreement between expected and
observed limits is found within 1o. The observed constraints agree with the SM predic-
tion at 95 % confidence level. The addition of the quadratic terms into the individual fits
introduces interesting features in the observed likelihood scans, where the SM predic-
tion is excluded at 68 % confidence level. This exclusion is largely symmetric, since the
quadratic term is not sensitive to the sign of the Wilson coefficient under consideration.
This tendency can be explained as an artifact of the data-to-MC agreement observed in
Figure 11.2, taking place at the intermediate-pr regime but most importantly for the fit
of BSM effects in the region 300 < plfiad' P~ 500 GeV. Since the contributions from

quadratic SMEFT terms are large at the high-energy tails of the p's! 1P distribution, the
scope of the binned log-likelihood scans is driven by the dominating statistical uncer-
tainties. This feature is not present for quadratic terms of Wilson coefficients introducing
flat contributions to the SM prediction. These Wilson coefficients deviate the largest with
respect to the SM, owing to the slight underestimation of the data at the intermediate-pr
regime of the pie*! P distribution that is filled with SMEFT contributions by the fitting
procedure. Within the 95 % confidence level, the observed limits for the fits of individ-
ual Wilson coefficients are in agreement with the SM prediction also when including
quadratic terms in the SMEFT model. As in the Asimov fits, the pulls and impacts of the

individual likelihood fits of the c¢yr and cg; Wilson coefficients to the experimental data

in bins of the plj'fad' P distribution are presented in Figure 11.8. No nuisance parameters

are pulled beyond the 1o bands. No significant constraints of the nuisance parameters
are observed. The fits to experimental data are also dominated by modeling uncertainties
of the signal ¢qg — WW and the top-quark background, as well as the limited statistics in
the control regions defined for the data-driven estimation of the ¢¢ and lepton misidenti-
fication backgrounds. The luminosity uncertainty dominates for SMEFT operators with
small effects on the shape of the distributions.
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The results are summarized in Figure 11.9, comparing the individual fits to Asimov
and experimental data. Confidence intervals are provided for both (i) the linear model,
that includes contributions up to O(A~2), and (ii) the linear+quadratic model, containing
the square of amplitudes involving pure dimension-6 operators. As not all O(A™%) ef-
fects are known and quadratic dimension-6 terms only constitute a subset, the difference
between the results obtained using the linear and linear+quadratic models can be used
as a qualitative measure of the uncertainty due the missing O(A~?) contributions. For
c(Hgé, céz), cep, and c(ng constraints are similar for both models while O(A~*) contributions
are important for the remaining Wilson coefficients. The observed limits largely agree
with the expected results from Asimov fits owing to the accurate SM prediction imple-
mented in the jet-inclusive analysis, both in fits of O(A~2) terms but also when including
quadratic terms. The most stringent constraints on contributions from anomalous triple-
gauge couplings obtained in hadron collisions (summarized in Figure 7.5), modeled by
the ¢y Wilson coefficients in the context of SMEFT, are reported in this thesis. These
improve the constraints from global fits by a factor of 2, owing to the larger dataset and
enhanced sensitivity to ¢q¢ — WW event candidates. Additionally, similar constraining
power has been achieved for boson-quark operators such as c(hl,()], cgé, and cgy. These

results highlight the relevance for future global fits of the measurements of W W~ pro-
duction in a jet-inclusive phase space reported in this thesis.

The exclusions observed in individual fits including quadratic effects are discarded
when fitting two Wilson coefficients at a time. Figures 11.10 and 11.11 show contours with

68 % and 95 % confidence intervals between different combinations of the cyy, 1) B)

lq 7 “lq
1 3 . .. C g .
c%é, and CE‘JZJ Wilson coefficients. Among these, no significant correlations are found, as

expected from the definition of the Warsaw basis and the small contributions of the cross
terms. The observed 2o confidence intervals found in the two-dimensional fits are largely
in agreement with the results from the individual fits. When fitting more than one Wilson
coefficient simultaneously, no deviations from the SM prediction are observed within the
68 % intervals.

c

11.6 Outlook

In this chapter, an interpretation of the W W~ measurements has been reported in the
context of the SMEFT. The reported 95 % confidence intervals for anomalous triple-gauge,
boson-fermion, and four-fermion couplings are in agreement with the SM. The most
stringent constraints on anomalous triple-gauge couplings relying on hadron-collision
data are reported in this thesis, improving by a factor of 2 previous results from ATLAS
and CMS, but also from global fits of Higgs, top-quark, and electroweak measurements.

The reconstructed distribution of the leading lepton transverse momentum plTead' lep.

in a fully jet-inclusive selection (summarized in Table 7.2) sensitive to W W~ produc-
tion is used to fit the SMEFT model introduced in Section 11.1 to the data via the binned
likelihood function given in Eq. (11.5), as it provides the best sensitivity to most of the
considered anomalous couplings. The sensitivity of differential observables reported in
the WTW ™ cross-section measurements has been assessed from fits to Asimov data dis-
cussed in Section 11.4. The binning used for the differential observables, optimized in
the context of fiducial differential cross-section measurements, is kept as reported in
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the fiducial jet-inclusive phase space. Since the resolution of the used binning for the
p?ad' P Qistribution is particularly better than for other observables in the comparison,
this could explain the apparently better sensitivity achieved via this observable. Sensitiv-
ity to anomalous effects at the high-energy tails of differential observables can be further
enhanced by performing a dedicated optimization of the binning targeting a high signifi-
cance of SMEFT contributions. Once the binning optimization had been performed for all
the observables under the same criteria, the reported constraints on Wilson coefficients

could be further improved.

To reduce the suppression of the interference of SMEFT contributions at O(A~?2) with
the SM, the ATLAS measurement of WW+> 1 jets final states restricted the leading jet
pr to p];t > 200 GeV [81]. Although this approach has not been pursued in this work, the
same strategy could be followed in a fully jet-inclusive phase space for events where at
least one jet was reconstructed. This would allow to increase the sensitivity to W W~
event candidates in the O-jet bin while reducing the suppression of the interference in
events with jets in the final state. However, the interpretation of the data relies on the
simulation of SMEFT effects computed at leading-order accuracy. Since the modeling
of the additional hadronic activity in ¢q¢ — WW final states relies solely on the parton
shower, these limitations propagate to the recoil of the leptons in the final state. The
mismodeling of the recoil becomes particularly important at the high-energy tails of dis-
tributions such as plj‘fad' P or p4, most sensitive to SMEFT contributions. As discussed in
Chapter 3, the scale uncertainties at LO are not sufficient to account for missing higher-
order corrections in predictions of ¢q¢ — WW production. Therefore, the experimental
results presented in this thesis should be reinterpreted with a simulation of SMEFT ef-
fects with higher accuracy, which are now available at NLO accuracy in QCD in, e.g.,
the MADGRAPH5_AMC@NLO generator with SMEFTSIM [470] including the package
SMEFT@NLO [527].

Furthermore, the absolute value of azimuthal difference between the two leptons in
the final state |A¢., | provides the strongest suppression of the interference term between
SM and the Oy, SMEFT operator, sensitive to anomalous triple-gauge couplings, in the
jet-inclusive signal region. However, the sensitivity of this observable to both other con-
sidered SMEFT operators and their quadratic terms is not competitive with those ob-
servables correlated to the invariant mass of the diboson system. In the future, double-
differential distributions of |A¢,,| and observables such as plﬁad' lep.. H;?p'+MET, Or My,
could be considered to enhance the sensitivity to various dimension-6 SMEFT operators
while suppressing the interference of their linear terms in the SMEFT expansion.

As the constraints on anomalous interactions are affected by the limited dataset at
the highest energies of the differential distributions, the prospects of the LHC in the in-
coming years, especially during the operation of the HL-LHC, are exciting for SMEFT
interpretations. With a greater center-of-mass energy and a ten-times bigger dataset, the
present limits are expected to improve considerably in the near future, once the data are
available to be analyzed. Additionally, several strategies are being discussed to further
optimize SMEFT interpretations. For instance, combinations of EW measurements fol-
lowing a Simplified Template cross section approach used in measurements of the Higgs
boson [528, 529], including ATLAS and CMS data along with state-of-the-art predictions
of SMEFT contributions, are being discussed in forums such as the LHC-EW working
group [530].
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Figure 11.6: Log-likelihood scans of —2AInL = —2(In L — In Lyi,) in bins of p£*% """ for the Wilson coeffi-

cients listed in Table 11.1, considering only dimesion-six terms in the SMEFT Lagrangian given in Eq. (11.1).
Horizontal lines show the limits of the log-likelihood fit at 68 % and 95 % confidence levels. The vertical
dashed line shows the SM prediction. The energy scale of new physics is set to A = 1 TeV.
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Figure 11.7: Log-likelihood scans of —2AInL = —2(InL — In Lyuia) in bins of pie*d P for the Wilson co-
efficients listed in Table 11.1, considering linear and quadratic terms in the SMEFT Lagrangian given in
Eq. (11.1). Horizontal lines show the limits of the log-likelihood fit at 68 % and 95 % confidence levels. The
vertical dashed line shows the SM prediction. The energy scale of new physics is set to A = 1 TeV.
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Figure 11.8: Pulls (shown as black dots) and impacts (horizontal bands) for the 20 nuisance parameters of
highest post-fit impact in the individual likelihood fit of the (a) cw and (b) cgz Wilson coefficients to Asimov
data profiled in bins of pis*®* P as shown in Figure 11.2. The vertical dashed lines indicate the 1o thresholds
of the pulls at the bottom horizontal axis. The upper axis displays the absolute impact on ¢ of each nuisance

parameter for both pre-fit (white horizontal bands) and post-fit (filled blue bands).
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Figure 11.9: Expected and observed confidence intervals obtained from the fit of the p's*® P distribution
at reconstruction level with the linear-only (green) and the linear+quadratic (blue) configurations of the
SMEFT model. For each coefficient, the confidence intervals at 68 % (inner error bar) and 95 % (outer error
bar) confidence level, respectively, are shown.
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Figure 11.10: Contours with two-dimensional log-likelihood scans of —2A In L = —2(In L—In L) resulting
from fits to Asimov (orange) and experimental (blue) data binned as a function of pit*® P for pairs of
Wilson coefficients between cy and (a) cg), (b) cg), (c) cg;, and (d) CS;, considering linear and quadratic
terms in the SMEFT Lagrangian given in Eq. (11.1). Confidence intervals at 68 % (solid) and 95 % (dashed)
confidence level are displayed. The solid gray lines shows the SM prediction. The energy scale of new

physics is set to A = 1 TeV.
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Figure 11.11: Contours with two-dimensional log-likelihood scans of —2A In L = —2(In L—In Lyin ) resulting
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physics is set to A = 1 TeV.



Summary

The measurement of W-boson pair production cross sections at hadron colliders is an
important test of the Standard Model (SM). It is sensitive to the self-couplings of vector
bosons and provides a test of the electroweak (EW) theory as well as perturbative Quan-
tum Chromodynamics (QCD). In this thesis, a dataset of proton-proton (pp) collisions
at a center-of-mass energy of /s = 13 TeV recorded between 2015 and 2018 with the
ATLAS detector at the Large Hadron Collider (LHC), corresponding to an integrated lu-
minosity of 140 fb™!, has been analyzed. The best signal-to-background ratio in W W~
production is achieved using fully-leptonic decays. With such a signature, large irre-
ducible backgrounds arise mainly due to the production of top-quarks, dominated by ¢z,
and Drell-Yan Z + jets. The former were traditionally suppressed by rejecting events with
jets in the final state, which lead in increased theoretical and experimental uncertainties.
For the first time, measurements of fiducial integrated and differential cross sections of
W-boson pair production have been performed in a fully jet-inclusive phase space in this
thesis, allowed by an accurate data-driven estimation of the ¢t and lepton misidentifica-
tion backgrounds. The results have been publicly released in Ref. [87]. Selecting decays
into one electron and one muon of opposite electric charge, Drell-Yan contributions are
suppressed by requiring a dilepton invariant mass greater than 85 GeV. Top-quark con-
tributions, comprising 48 % of the overall SM prediction and 80 % of the total background
within the fiducial region, are mitigated by rejecting events featuring jets involving b-
hadron decays (b-jets).

Contributions from ¢¢ events are estimated by an in-situ determination of both the ¢
effective production cross section and the b-jet reconstruction efficiency bin by bin, using
two regions with exactly one and two b-jets. Input from Monte Carlo (MC) simulations
is required to infer the correlations between reconstructing the first and the second b-jet
in the event. Single-top contributions, dominated by Wt production, are estimated using
MC simulation. The estimation of background contributions due to lepton misidentifica-
tion relies on the extrapolation from a control region where one of the leptons in the final
state fulfills selection criteria designed to select mostly misidentified leptons. The ex-
trapolation factors are determined in a region dominated by multijet production, where
a lepton candidate recoiling against a jet is selected. The jet-flavor composition of the
validation region of this background and the signal region is assessed by computing jet-
flavor fractions in processes leading to lepton misidentification, dominated by W + jets
and semileptonic ¢t. Contributions from events containing prompt AntilD leptons yield
75 % of the total events in the control region used for the extrapolation. This contamina-
tion has to be subtracted from the data, ensuring a good modeling of these contributions
by performing a dedicated calibration of the misidentified lepton selection criteria. This
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calibration drastically reduces the associated uncertainties, becoming no longer a limit-
ing factor in the precision of W W~ cross-section measurements. Events arising from
Drell-Yan Z-boson and diboson (V' Z and V', with V = W*, Z) production are estimated
using MC simulation. The modeling of each background source is validated in dedicated
regions, where the data are well described within uncertainties.

Unfolded distributions across twelve differential observables related to the kinemat-
ics of leptons, jets, and E¥** in the event are reported in a fiducial region defined at
particle level close to the signal region. The measurements are compared to state-of-
the-art theoretical predictions. A fixed-order calculation at nNNLO QCD [247] using
NNPDF3.1@NNLO LUXQED [493, 186] gives a good description of differential cross sec-
tions. The multiplicative combination with EW corrections improves the description of
some observables while it does not represent an adequate description in other cases, as
the combination cannot take into account non-factorizing EW-QCD effects [231]. Predic-
tions matched to parton showers, generated with POWHEG MINNLO +PYTHIA 8 [216,
147] and SHERPA 2.2.12 [148], better describe bins dominated by events with small p7 of
the W W~ system or high jet activity. Within uncertainties, the predictions are observed
to be in excellent agreement with the measurement. The integrated fiducial cross sec-
tion is obtained by multiplying the unconditional maximum-likelihood estimate of the
signal strength modifier times the fiducial cross section prediction of the signal model at
particle level, accounting for all theoretical and experimental systematic uncertainties as
Gaussian nuisance parameters in the profile likelihood fit. A fiducial cross section of

otia(pp — eFrepTy,) = 707 £ 7 (stat.) £ 20 (syst.) fb

is measured, with a total uncertainty of 3.1 % dominated by systematic uncertainties of
top-quark and lepton misidentification background estimates. The fit strongly reduces
the dominating uncertainties from the background estimates, especially from the top-
quark background. Based on the acceptance calculated at NNNLO(QCD)®NLO(EW)
with the MATRIX prediction, a total cross section of W W~ production of

o(pp— WHTW™) =127 £ 1 (stat.) £ 4 (syst.) pb,

is obtained after the extrapolation of the fiducial cross-section measurement to the full
phase space. The MATRIX prediction oyarrix (pp — WTW™) = 123 + 1 (PDF) +
2 (scale) pb at NNNLO(QCD)®NLO(EW) is in excellent agreement with the reported
cross-section measurement and previous LHC results at center-of-mass energies of /s =
13 TeV.

The distribution of reconstructed number of events as a function of the transverse
momentum of the leading lepton provides the best sensitivity to constrain anomalous
couplings in the context of an Effective Field Theory using the SM degrees of freedom
and local gauge symmetries. No deviations from the SM expectation are observed, and
limits to the magnitude of eleven couplings between gauge vector bosons, the Higgs
scalar field, and fermions are derived at 95 % confidence level. The observed constraints
improve previous results by a factor of 2, owing to the increased dataset, enhanced pre-
cision and sensitivity to ¢¢ — W W production in the jet-inclusive region. The results are
compared to global fits of top-quark, Higgs, electroweak measurements, finding a similar
or even better sensitivity for some Wilson coefficients. This highlights the relevance of
the presented WV~ cross-section measurements for future iterations of SMEFT global
fits.
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The instantaneous luminosity delivered by the LHC is rising since 2022, increasing
the average number of collisions per bunch crossing by up to a factor of 4 during the
operation of the High-Luminosity LHC. This presents numerous challenges to overcome
for a successful physics program. Upgrades were carried out between 2019 and 2022 to
address these, involving the replacement of the innermost muon chambers in the AT-
LAS detector’s endcaps with the New Small Wheels (NSWs). A new laboratory to test
small-strip Thin Gap Chambers, one of the main technologies of the NSW, has been com-
missioned in Freiburg. The design, installation, and validation of gas and high-voltage
systems necessary for operating a sSTGC prototype under nominal data-taking conditions
are reported in this thesis, including the implementation of monitoring and control sys-
tems to ensure secure and effective remote operation.
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Appendix A

Additional Results on the Top Back-
ground

A.1 Derivation of the b-tag Counting Method

The b-tag counting method is a data-driven technique used to estimate the ¢t background
contributions, performed in each individual bin for the differential measurements. Fol-
lowing the procedure used in a measurement of the ¢¢ production cross-section [477] and
in the measurement of WW+> 1 jets production [81], two regions requiring exactly one
and exactly two b-tagged jets are defined on a common selection baseline. The number
of tt events with exactly two b-jets is given by

NQHZ = Eo'tfgeu *Ebb (Al)

where L is the integrated luminosity, o,; the ¢t cross-section, e, is the selection efficiency,
and ¢y, is the efficiency to find and tag two b-jets in a ¢t event simultaneously. Loy,
then provides the number of ¢t events in the given region selected with efficiency e,
denoted to as N¥,, which in this analysis corresponds to the number of ¢ events without
requirements on the b-jet multiplicity. The number of events with exactly one b-jet can be
written as

Ni} = Ngoz; -2 (ep — €mp) - (A2)

Here, ¢;, accounts for the efficiency of the b-tagging algorithm as well as the acceptance
of b-jets. This includes events where additionally the second b-jet is tagged, which thus
have to be subtracted. The factor two comes from the two available b-jets in ¢¢ events.

After introducing the b-tagging correlation factor Cj, = ey,/c?, which accounts for the
fact that tagging one b-jet can in principle affects the efficiency of tagging the second b-jet,
the two equations can be written as

Nt = Ny, - 22 (1 - Coey) (A.3)
Nii = Nl - Chef - (A4)

The number of ¢t events with zero b-jets are then given by all ¢¢ events that do not
have one or two b-jets:

Nib = N, - (1= 2, (1 = Cyep) — Cef) (A.5)
= §0b . (1 — 2ep + Cbefz) . (A.6)
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The number of observed events in data can thus be written as

Nop = Ntzf(]b . (1 — 2ep + Cbgl%) + Ng;(g , (A7)
Nip = Ny, - 26 (1 — Chep) + NY'E (A8)
Ny = Nl - Coej + Ny'® (A9)

By measuring Ny, and Ny, in data, the effective b-tagging efficiency as well as the
effective ¢ cross-section (N%y,) can be calculated. This also applies in regions of phase
space requiring events with less than two jets, since b-tagged jets are selected with a
lower pr threshold (20 GeV) than regular jets (30 GeV). The number of ¢t events with no
reconstructed b-jets in the final state can hence be inferred as

2Ntf
ey — ek N (A.10)
Cy (Nfy +2N%)
_ N\ 2
tt tt
o, (N +2ng)
Ny = —=~———— (A11)
- 4 N,
_ N\ 2
tt tt
3 r C <N1b + 2N2b>
— N = Ny (126 + Chped) = 22—~/ (A.12)

4N

where N/t = Ny, — N for k = 1,2. The b-tagging correlation factor Cj, is estimated
from ¢t MC simulation. This constitutes the only input that is susceptible to ¢t modeling
uncertainties in the b-tag counting method. The correlation factor Cj, is derived as follows,

4. Ntf Ntf
Cb _ MC*'2b,MC - (A13)

(Mifvie 2 Mg o)

with Nffo = Ni o + Nif e + N& e and Nf | being the number of tf events esti-
mated from MC with k£ = 0, 1, 2 selected b-jets.

A.2 Breakdown of the Systematic Uncertainties

Table A.1 shows the breakdown of systematic uncertainties on the top-quark background
in the jet inclusive region, comparing the background estimate relying purely on the MC
simulation using POWHEG + PYTHIA 8, the estimation of ¢¢ contributions via the b-tag
counting method, as well as single-top quark production based on the MC simulation.

The transfer factor method is used in bins in which at least one of the ¢ control regions
has 100 events or less. As shown in Figure A.1, this approach is found to be optimal.
The predictions from both transfer factor and b-tag counting methods are in very good
agreement.
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Jet-inclusive Top (MC) Top (b-tag) tt  Single-top Wt
Events 68273 68273 53211 12828
Total unc. + 10349 (15.2%) + 2001 (2.9%) =+ 3361 (6.3%) =+ 4522 (35.3%)
Data stat. + 0 (0.0%) + 0 (0.0%) + 0 (0.0%) + 0 (0.0%)
Total syst. +10349 (152%) 2001 (2.9%) =+ 3361 (6.3%) = 4522 (35.3%)
MC stat. =+ 63 (0.1%) +89(0.1%) =+ 100 (0.2%) + 42 (0.3%)
STAT_CR1b £0(0.0%) +243(04%) = 240 (0.5%) +0(0.0%)
PRW_DATASF + 281 (0.4%) +£6(0.0%)  +41(0.1%) + 47 (0.4%)
FT_EFF_Eigen_B_0 44840 (7.1%)  +£890 (1.3%)  +£264(05%)  + 614 (4.8%)
FT_EFF_Eigen_B_1 + 1093 (1.6%) £+ 173 (0.3%) + 44 (0.1%) + 127 (1.0%)
FT_EFF_Eigen_B_2 + 734 (1.1%)  + 155 (0.2%) =+ 67 (0.1%) + 85 (0.7%)
FT_EFF_Eigen_Light 0 =+ 315 (0.5%) +1(0.0%) =+ 45 (0.1%) + 42 (0.3%)
JET_BJES_Response =+ 450 (0.7%) =+ 59 (0.1%) + 2 (0.0%) + 61 (0.5%)
JET _Etalntercalibration_Modelling + 421 (0.6%) + 48 (0.1%) + 15 (0.0%) + 63 (0.5%)
JET_EffectiveNP_Modelling1 +559 (0.8%)  +£64(0.1%) =+ 14 (0.0%) + 79 (0.6%)
JET _Flavor_.Composition +£49(0.1%)  +£27(00%)  +£10(0.0%) =+ 120 (0.9%)
JET Flavor_Response =+ 666 (1.0%) + 60 (0.1%) + 32 (0.1%) + 64 (0.5%)
JET Pileup_OffsetMu =+ 218 (0.3%) =+ 29 (0.0%) + 2 (0.0%) =+ 32 (0.3%)
JET Pileup_OffsetNPV =+ 517 (0.8%) + 71 (0.1%) + 4 (0.0%) + 75 (0.6%)
JET Pileup_RhoTopology + 1587 (2.3%)  + 201 (0.3%) =+ 20 (0.0%) =+ 220 (1.7%)
JET JER EffectiveNP_2 +264(04%)  +£52(0.1%)  +22(0.0%) + 30 (0.2%)
FF_.EWSUBTR +0(0.0%) +£0(0.0%) =+ 205 (0.4%) +0(0.0%)
top_gen +5159 (7.6%) 747 (1.1%) =+ 1430 (2.7%) =+ 2172 (16.9%)
top_frag + 4877 (7.1%) +1272 (1.9%) =+ 1953 (3.7%) =+ 3222 (25.1%)
top_isr + 435 (0.6%) £8(0.0%) +£103(02%) =+ 107 (0.8%)
top_fsr + 3131 (4.6%) +720(1.1%) +292(0.5%) + 417 (3.3%)
top_interf =+ 2038 (3.0%) + 31 (0.0%) =+2076 (3.9%) = 2038 (15.9%)
ttbar_xs =+ 3326 (4.9%) + 0 (0.0%) + 0 (0.0%) + 0 (0.0%)
wt_xs =+ 679 (1.0%) + 14 (0.0%) =+ 695 (1.3%) =+ 679 (5.3%)
beount 32 +£0(0.0%) +552(0.8%) =+ 527 (1.0%) + 0 (0.0%)
lumi +546 (0.8%)  +£19(0.1%)  +77(01%) =105 (0.8%)

Table A.1: Breakdown of systematic uncertainties on the top-quark background in the jet inclusive region.
The first column gives the pure MC estimate for all top events (¢ + Wt), compared to the b-tag counting
estimate in the second column. The third column shows the b-tag counting estimate for ¢, and the last
column the uncertainties in the Wt simulation alone. Uncertainties below 0.3 % are not shown. The data
driven estimates are using pseudo-data, based on the nominal simulation.
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Figure A.1: Comparison of the (top) event yields within total uncertainties and (bottom) the total relative
uncertainties of both b-tag counting and transfer factor methods for the top-quark background estimate in
the jet-inclusive signal region. The chose method for the nominal analysis is labelled as “Combined”.



Appendix B

Additional Results on the Lepton Misiden-
tification Background

B.1 Fake Lepton Composition Studies Using MCTruthClassifier
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Figure B.1: MCTruthClassifier in dijets POWHEG + PYTHIA 8 (solid lines) and SHERPA (dashed lines), with
triggers from 2016-2018. Sources with a composition lower than 2 % are not shown. Cuts on the right-hand
side of the vertical gray line are not sequential. Only statistical uncertainties are displayed.

The sources of lepton misidentification are studied in the dijet region discussed in Sec-
tion 8.4.3. The studies are carried out using MC simulation of multijet production, where
no leptons are produced at generator level. Using single-lepton triggers between 2016
and 2018 (see Table 4.4), the origin process of the misreconstructed lepton is shown in
Figure B.1 across the different stages of the dijet selection criteria presented in Table 8.5.
A fraction of 82.6 £+ 0.05% (72.7 £ 0.03 %) of ID (AntiID) electrons are tagged as non-
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defined. The fraction of non-defined AntilD electrons is larger in SHERPA (89.0 £ 0.02 %).
The largest disagreements between electron origin fractions from SHERPA and PYTHIAS8
arise when applying the AntilD lepton selection. While a considerable fraction of fake ID
(AntiID) electrons are produced after photon conversions and light-flavor decays when
the leading jet is b-vetoed, light- (I-) and charm-flavored (c-flavor) fake electron produc-
tion is rejected by the b-tag requirement on the leading jet. With this requirement, the
majority of fake ID muons arise from heavy flavor decays. With a b-vetoed leading jet,
30 % of the fake muons are non-defined, fraction that drops to zero when the leading jet is
b-tagged. The category Others is mainly composed by leptons produced after a decay of
a 7 lepton. Since a few dijet events events fulfill the lepton+jet selection, large statistical
uncertainties limit the conclusions that can be drawn from this study.

B.2 Prompt AntiID lepton calibration factors

Distributions of the calibration factors for prompt AntilD electrons are shown in Fig-
ures B.2 and B.3 for regions B and C, respectively, for bins of || within the inner de-
tector acceptance as a function of the prompt AntilD lepton pr. Similarly, scale factors
for prompt AntilD muons are presented in Figures B.4 and B.5 for regions B and C. Sys-
tematic variations from the jet requirement in the selection criteria as well as variations
observed across different data-taking campaigns for both prompt AntilD electrons and
muons are displayed. Calibration factors derived at the Z-peak, whose selection is sum-
marized in Table 8.6, are derived using either SHERPA or POWHEG + PYTHIA 8 MC sim-
ulation of Z + jets events. The corrections derived at the Z — 7777 region (Table 8.7)
rely on SHERPA 2.2.2 and are used to correct prompt AntiID electrons and muons from
Z — 77+ MC simulation using SHERPA. Significant differences exist between the cal-
ibration factors for prompt AntilD leptons obtained from Z-peak (defined in Table 8.6)
and Z — 7~ 71 (Table 8.7) regions, surpassing the bounds of both statistical and system-
atic uncertainties. The simulation of prompt AntilD muons with |dy/o4,| > 3 is corrected
using scale factors derived in a same-sign ¢¢ region defined in Table 8.6.
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Figure B.2: Prompt AntilD electron calibration factors in the AntiID region B at the Z-peak (Table 8.6, shown
in green), and Z — 7777 regions (Table 8.7, shown in blue) in bins of |n| (a) 0.0 < |n| < 1.0, (b) 1.0 <
In| < 1.37, (c) 1.52 < |n| < 2.0, (d) 2.0 < |n| < 2.25, and (e) 2.25 < |n| < 2.47 Statistical uncertainties
are displayed on the nominal scale factors. Systematic variations due to the jet-activity requirement (either
jet-veto or one-jet-inclusive selection, displayed as dashed lines) and the envelope of differences across data-
taking campaigns (dotted lines) are also compared to the nominal calibration factors (solid lines).
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Figure B.3: Prompt AntilD electron calibration factors in the AntilD region C at the Z-peak (Table 8.6, shown
in green), and Z — 7777 regions (Table 8.7, shown in blue) in bins of |n| (a) 0.0 < |n| < 1.0, (b) 1.0 <
In] < 1.37, (c) 1.52 < |n| < 2.0, (d) 2.0 < |n| < 2.25, and (e) 2.25 < |n| < 2.47 Statistical uncertainties
are displayed on the nominal scale factors. Systematic variations due to the jet-activity requirement (either
jet-veto or one-jet-inclusive selection, displayed as dashed lines) and the envelope of differences across data-
taking campaigns (dotted lines) are also compared to the nominal calibration factors (solid lines).
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Figure B.4: Prompt AntilD muon calibration factors in the AntiID region B at the Z-peak (Table 8.6, shown
in green), same-flavor t¢ (Table 8.6, shown in orange), and Z — —rt regions (Table 8.7, shown in blue)
in bins of |n| (a) 0.0 < |n| < 0.1, (b) 0.1 < |n| < 1.1, (c) 1.1 < |n| < 1.7, and (d) 1.7 < |n| < 2.5. Statis-
tical uncertainties are displayed on the nominal scale factors. Systematic variations due to the jet-activity
requirement (either jet-veto or one-jet-inclusive selection, displayed as dashed lines) and the envelope of
differences across data-taking campaigns (dotted lines) are also compared to the nominal calibration factors
(solid lines). Scale factors in the ¢t region are derived only for muons with |do/cq4,| > 3 (region B) and are
no subject to systematic variations due to the jet activity.
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Figure B.5: Prompt AntilD muon calibration factors in the AntilD region C at the Z-peak (Table 8.6, shown
in green), same-flavor t¢ (Table 8.6, shown in orange), and Z — —rt regions (Table 8.7, shown in blue)
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tical uncertainties are displayed on the nominal scale factors. Systematic variations due to the jet-activity
requirement (either jet-veto or one-jet-inclusive selection, displayed as dashed lines) and the envelope of
differences across data-taking campaigns (dotted lines) are also compared to the nominal calibration factors
(solid lines). Scale factors in the ¢t region are derived only for muons with |do/cq4,| > 3 (region B) and are
no subject to systematic variations due to the jet activity.



Appendix C
Additional Results

The total number of W~ candidate events selected in the jet-inclusive signal region is

presented in Figure C.1 as a function of the dilepton invariant mass m.,,, the subleading

lepton transverse momentum p?blead' 1°P- the trasverse momentum of the dilepton sys-

tem péf, the transverse mass of the dilepton system mr ., (defined in Section 9.1.1), the
sum of transverse momenta from leptons and jets in the final state S7, and the sum of lep-
ton transverse momenta and missing transverse energy H;? p-+MET Similarly, Figure C.2
shows the number of selected events in the jet-inclusive signal region as a function of
the absolute azimuthal difference between the two leptons |A¢.,|, the magnitude of the
transverse missing energy vector in the event E5, the value of the cos6*, and the ab-
solute value of rapidity of the dilepton system |y.,|. Expected contributions from signal
and background predictions and their respective uncertainties, as estimated using the
techniques considered in Chapter 8, are also shown as stacked histograms. Section 9.2
provides details on the calculation of the reported uncertainties. Approximately 60 % of
events meeting requirements of the signal region selection are background events, with
the top-quark background (either from ¢ or single-top Wt production) being the largest,
constituting about 80 % of the total background in the signal region. The total number
of events observed in data slightly exceeds the sum of estimated background and signal
yields based on the SM predictions. Figure 10.1 presents a comparison of the observed
number of events in data against the expected signal prediction, and the background es-
timate in bins of leading lepton pr (Fig. 10.1a) and jet-multiplicity (Fig. 10.1b). A slight
underprediction of data occurs at intermediate values of pr (between 50 and 90 GeV) and
low jet activity, attributed to the choice of the PDF set for the W W~ prediction as dis-
cussed in Section 9.3. Overall, good agreement between the SM prediction and data is
observed.
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Figure C.1: Detector-level distributions of (a) me,., (b) p*'** **, () p¥, (d) mr,cp, (€) ST, and (f) HyeP+MET
in the jet-inclusive signal region. Data are shown as black markers together with histograms for the predic-
tions of signal and background processes. The rightmost bin contains overflow events. The lower panels
show the ratio of the data to the total prediction. Top and fake backgrounds are determined using data-
driven methods. The displayed uncertainty bands include statistical and systematic uncertainties, exclud-
ing theory uncertainties on the signal, which largely cancel in the measurement of W+W ~ cross-sections.
Published in Ref. [87].
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