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Abstract

This dissertation describes my work on three diverse but related aspects of the ATLAS
experiment at CERN. The central idea of this thesis is structured around searches for
new phenomena in multilepton final states using data from proton-proton collisions at
a center-of-mass energy of /s = 13 TeV recorded by the ATLAS detector at the Large
Hadron Collider during Run 2. Three distinct models, covering final states with multiple
light leptons, tau leptons, jets and missing transverse energy are considered. The first
analysis presented is the first-ever search for flavour violating heavy Higgs bosons decaying
to multilepton plus multi b-jets final states, motivated primarily by the t£WW-like and tttt-like
tensions in data reported by the ATLAS and CMS experiments. The targeted signals lead
to final states with either a same-sign top-quark pair, three top-quarks, or four top-quarks.
A broad excess is observed over the considered parameter space of mass and couplings,
with the largest local significance being 2.8 standard deviations. The second analysis
is, yet again, the first-ever direct LHC search for a doublet or singlet vector-like lepton
(VLL) coupling to first and second generation Standard Model leptons, motivated by the
anomalous muon magnetic moment and flavor anomalies. No significant excess is observed
over the SM expectation value for any of the models under study, and to-date, the strictest
limits are placed on the production of VLLs from these models. Finally, the third analysis
covered as part of this dissertation presents preliminary studies for the search for VLLs
preferentially coupled to third generation SM fermions, in final states with multiple light
leptons, tau-leptons, b-jets and missing transverse energy. The preliminary sensitivity to
the model is estimated from the these channels and is competitive with that from tau-only
channels at low VLL masses, which exclude VLLs up to 1 TeV. While no significant excess
was seen in either of the searches, they serve as an attempt to add another piece to the jigsaw
of finding a suitable extension of the SM, and a playground to build and test cutting-edge
data analysis techniques for the next generation of analyses.

My work on searching for BSM physics is complemented by the other two topics covered
in this dissertation, on studying the TileCal light yield degradation with the data obtained
by the integrator read-out of the ATLAS TileCal during Run 2 and deriving TileCal-related
uncertainties for the ATLAS luminosity measurement in Run 3. The former study not
only provides valuable feedback to the TileCal Phase-II upgrade plans, but is also essential
for re-processing physics data and indirectly affects the determination of jet and missing

transverse energy related uncertainties. The study estimated the effect of damage and
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ageing of the scintillators and wavelength shifting fibres in TileCal cells to be between
10% to 30% depending on the location of the cell from the interaction point. The latter
measurement affects counting of the measured number of events of a certain theoretical
process, is used by every ATLAS measurement using the dataset and is a limiting factor
in precision analyses measuring physics cross-sections. The overall uncertainty in the
luminosity determination in 2022 was estimated to be 2.19% (1.91% from TileCal) and in
2023 was estimated to be 2.04% (1.2% from TileCal).



Resumen

Esta disertacion describe mi trabajo en tres aspectos diversos pero relacionados del exper-
imento ATLAS en el CERN. La tesis se centra en la busqueda de nuevos fenémenos en
estados finales con multiples leptones, utilizando datos de colisiones protén-protén a una
energia en el centro de masa de 13 TeV, registrados por el detector ATLAS en el Gran
Colisionador de Hadrones durante el Run 2. Se consideran tres modelos distintos, que
abarcan estados finales con leptones ligeros, leptones tau, jets y energia transversa faltante.
El primer analisis es la primera biisqueda de bosones de Higgs pesados con violacion de
sabor que decaen en estados finales con miltiples leptones y miltiples b-jets, motivada por
las tensiones tipo ttW y tttt reportadas por los experimentos ATLAS y CMS. Las senales
de interés producen estados finales con un par de quarks top con el mismo signo, tres
quarks top o cuatro quarks top. Se observa un exceso amplio en el espacio de parametros
de masa y acoplamientos, con una significancia local maxima de 2.8 desviaciones estandar.
El segundo anélisis es la primera busqueda directa en el LHC de un lepton vectorial (VLL)
doblete o singlete, que acople con leptones de primera y segunda generacion del Modelo
Estandar, motivada por el momento magnético anémalo del muén y anomalias en el sabor.
No se observa un exceso significativo sobre el valor esperado del Modelo Estandar para
los modelos estudiados, y hasta la fecha, se han establecido los limites mas estrictos en
la produccion de VLLs de estos modelos. Finalmente, el tercer analisis presenta estudios
preliminares para la busqueda de VLLs acoplados preferentemente a fermiones de tercera
generacion del Modelo Estandar, en estados finales con miltiples leptones ligeros, leptones
tau, jets de b y energia transversa faltante. La sensibilidad preliminar al modelo se estima
a partir de estos canales y es competitiva con la de los canales solo tau a bajas masas
de VLL, excluyendo VLLs hasta 1 TeV. Aunque no se observé un exceso significativo en
las buisquedas, éstas contribuyen a buscar una extension adecuada del Modelo Estandar
y sirven como campo de prueba para técnicas avanzadas de anélisis de datos a usar en
futuros estudios.

Mi trabajo en la busqueda de fisica mas alla del Modelo Estandar se complementa con
otros dos temas en esta disertacion: el estudio de la degradacion del rendimiento luminoso
del TileCal con datos del integrador del ATLAS TileCal durante el Run 2 y la derivacion de
incertidumbres relacionadas con TileCal para la medicion de luminosidad del ATLAS en el
Run 3. El primer estudio proporciona informacion valiosa para la actualizacion de la Fase-11

del TileCal y es esencial para el reprocesamiento de datos, afectando la determinacion de
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incertidumbres en jets y energia transversa faltante. Se estim6 que el efecto del dano y
envejecimiento de los scintiladores y fibras en las celdas de TileCal varia entre 10% y 30%,
segun la ubicacidon respecto al punto de interaccion. El segundo estudio afecta el conteo de
eventos tedricos, utilizado en todas las mediciones del ATLAS y es un factor limitante en
analisis de precision. La incertidumbre en la determinacion de luminosidad fue de 2.19% en
2022 (1.91% del TileCal) y de 2.04% en 2023 (1.2% del TileCal).
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Chapter 1

Introduction

The discovery of the first subatomic particle [1], the electron, preceded a theoretical
motivation for its existence: nature was assumed to be built of indivisible, indestructible
entities called atoms. This discovery started the quest to find the building blocks of nature
and build a comprehensible theory of matter and its interactions. Some of the most radical
ideas of the 1900s include wave-particle duality, the development of quantum mechanics to
describe matter at the smallest scales, and general relativity, to describe the behaviour of
large astronomical structures.

Quantum Field theory (QFT) is a theoretical framework that extends quantum mechanics
to systems with infinite degrees of freedom, while taking into account the effects of special
relativity. Simply put, it postulates the existence of infinite, continuous fields that pervade
the universe and the building blocks of matter as quantization of these fields. The first
successful QFT was Quantum Electrodynamics [2] that introduced a relativistic description
of the electron and photons as quantization of the electromagnetic field. The mid-1960s
saw a boom in the particle zoo: a plethora of strongly interacting particles were discovered.
Quarks [3,4] were postulated as theoretical constituents of these particles, following the rules
of a QFT of the strong force called Quantum Chromodynamics. The Brout-Englert-Higgs
mechanism |5-7] arose as a solution for mass generation for particles in these theories.
The discovery of the Higgs boson in 2012 [8,9] completed the theoretical framework of
the Standard Model (SM) of particle physics: the most complete, elegant and well-tested
description of nature to-date.

Despite its success, the SM is not a complete theory of nature because it does not include
a quantum description of gravity. Further, feedback from astrophysical and cosmological
observations indicate that it describes only 5% of the known universe, lacks an explanation

for the baryon asymmetry, for the hierarchical structure of masses and mixing angles for



fermions, to name a few shortcomings. Additionally, recent experimental results, such
as the anomalous magnetic moment of the muon [10] and flavor anomalies [11], suggest
possible physics beyond the SM. These results have motivated the development of multiple
theoretical extensions to the SM, generally called Beyond Standard Model (BSM) theories.
Hadron colliders provide an exciting avenue to search for BSM particles. The largest hadron
collider built to-date, the Large Hadron Collider (LHC), is capable of producing not only
SM particles but also potential BSM particles with mass in the TeV range. Effects of heavier
BSM particles can be studied indirectly through their interactions with SM particles. In
particular, events with two, three and four of more leptons provide clean channels to study
BSM theories due to well understood and relatively low SM backgrounds. The work in
this thesis has contributed to searching for a few BSM models in multi-lepton final states:
searches for heavy scalar Higgs bosons from a general Two Higgs Doublet model (with the
potential to explain the baryon asymmetry in the universe) and two searches for vector-like
leptons (motivated by the muon g — 2 anomaly and/or flavor anomalies). The following
publications (using the Run 2 dataset collected by the ATLAS experiment) are a result of

this work:

e ATLAS Collaboration, “Search for heavy Higgs bosons with flavour-violating couplings
in multilepton plus b-jets final states in pp collisions at 18 TeV with the ATLAS
detector”, JHEP 12 (2023) 081, available at arXiv:2307.14759.

e ATLAS Collaboration, “Search for electroweak production of vector-like leptons in
tau-lepton and b-jet final states in pp collisions at \/s = 18 TeV with the ATLAS
detector”, available at ATLAS-CONF-2024-008.

e ATLAS Collaboration, “Search for vector-like leptons coupling to first and second
generation Standard Model leptons in multilepton final states in pp collisions at 13

TeV with the ATLAS detector”, paper in preparation.

The author has also made significant contributions to SM background modelling studies

in the following publications:

e ATLAS Collaboration, “Measurement of the total and differential cross-sections of
ttW production in pp collisions at 13 TeV with the ATLAS detector”, JHEP 05 (2024)
131, available at arXiv:2401.05299.
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e ATLAS Collaboration, “Search for leptoquark pair production decaying into tte”e™
or ttp~ T in multi-lepton final states in pp collisions at 18 TeV with the ATLAS
detector”, Eur. Phys. J. C 84 (2024) 818, available at arXiv:2306.17642.

e ATLAS Collaboration, “Search for same-sign top-quark pair production in pp col-
lisions at 13 TeV with the ATLAS detector”, submitted to JHEP, available at
arXiv:2409.14982.

The author has been an active contributor to studies with the Minimum Bias system of
the ATLAS Tile Calorimeter, leading to the following public results (using the Run 2 and
part of the Run 3 datasets collected by the ATLAS experiment):

e ATLAS Collaboration, “Operation and Performance of the ATLAS Tile Calorimeter
in LHC' Run-2”, accepted by European Physical Journal C (EPJC), available at
arXiv:2401.16034.

e ATLAS Collaboration, “Preliminary analysis of the luminosity calibration of the
ATLAS 13.6 TeV data recorded in 20227, available at ATL-DAPR-PUB-2023-001.

e ATLAS Collaboration, “Preliminary analysis of the luminosity calibration of the
ATLAS 13.6 TeV data recorded in 20237, available at ATL-DAPR-PUB-2024-001.

e ATLAS Tile Collaboration, “Radiation Hardness of the Optical Instrumentation of
the ATLAS/LHC Tile Calorimeter in Run 27, paper in preparation, available at
ATL-COM-TILECAL-2024-001.

The author actively participated in detector operations in LHC Run 3, covering data-
taking shifts at CALO/FWD desk in the ATLAS control room, and expert on-call shifts for
the Tile Calorimeter Detector Control System. The author has also participated in the test
beam campaigns at the Super Proton Synchrotron in 2023 with the support of EuroLabs
Grant Agreement No. 10105751, for testing TileCal Upgrade electronics for the ATLAS
experiment, with tasks ranging from assembly of the upgraded TileCal module prototype,
providing feedback on optimal placement of detectors along the beamline, validation of the

readouts and data-taking shifts.



Chapter 2

The Standard Model of particle physics

The Standard Model (SM) [12-14] of particle physics took birth in the 1960s as a theoretical
framework built upon the principles of Quantum Field Theory (QFT). It introduces infinite,
continuous fields that pervade the universe, with elementary particles as discrete fluctuations
or quanta of these fields. In addition to obeying Poincaré symmetries (translations, rotations

and Lorentz boosts in space-time), the SM is constructed to be invariant under the symmetry

group:

SU(3)e @ SU(2), @ U(L)y. (2.1)

This symmetry group describes three of four fundamental forces: the strong force, the
weak force and electromagnetism. The SU(3)c symmetry group governs interactions of
the strong force, while the SU(2), ® U(1)y framework governs weak and electromagnetic
interactions. According to Noether’s theorem [15], each symmetry corresponds to a conserved
quantity. For instance, the SU(3)c symmetry leads to the conservation of three color charges
for the strong force, while the SU(2), ® U(1)y symmetry is associated with the conservation
of weak iso-spin and weak hypercharge for the weak and electromagnetic forces respectively.
These conserved quantities, known as quantum numbers, are unique to each elementary
particle.

Elementary particles in the SM, summarised in Figure 2.1, are categorised into two

groups based on an intrinsic quantum number called spin: bosons and fermions.
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Figure 2.1: Summary of particles in the SM. Fermions are shown with black lettering, while
bosons are shown with white lettering. The graviton is a hypothetical particle predicted to
extend the SM to a quantum theory of the gravitational force. Figure taken from Ref. [16].

Bosons are particles with integer spin and serve as carriers of fundamental forces in
the SM. Vector bosons, or particles with spin one, mediate the strong force (gluon: g), weak
force (W* and Z bosons) and electromagnetism (photon: 7). The Higgs boson (H), the
only spin zero particle in the SM, provides mass to the W* and Z bosons and charged
fermions through electroweak symmetry breaking, discussed in Section 2.2.

Fermions are particles with non-integer spin obeying the Pauli exclusion principle [17]:
no two fermions can simultaneously occupy the same quantum state within a quantum
system. This principle allows stable fermions such as electrons, protons and neutrons to

form macroscopic objects around us. In the SM, fermions are of two types:

e Leptons are classified into three generations, each forming left-handed iso-spin
doublets based on weak flavor: the electron (e) paired with the electron neutrino

(ve), the muon (p) with the muon neutrino (v,), and the tau (7) with the tau
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neutrino (v, ). Electrons, muons, and taus are electrically charged and interact via
the electromagnetic force, which affects only charged particles. The SM assumes that
weak interactions exhibit lepton flavor universality, implying that the interactions are
independent of the specific lepton flavor involved and occur universally among all
leptons. Electrons are the lightest stable leptons and a major constituent of matter
around us. Neutrinos possess very low masses compared to their charged counterparts,
and the mechanisms governing their mass generation are subject to debate within the
SM (see Section 2.3).

e Quarks are represented by six fermions: up-type (u), down-type (d), strange (s),
charm (c), bottom (b) and top (¢). They interact via all three fundamental forces:
the weak force, electromagnetic force and strong force. With the exception of the
top quark which has a very short lifetime (107?® seconds), quarks are only observed
inside bound states known as hadrons. Hadrons can be further categorized into
mesons, composed of a quark and an antiquark, and baryons, composed of three
quarks. Experimental evidence has also confirmed the existence of particles with more

than three valence quarks [18].

This chapter illustrates the mathematical framework of the SM, starting from the
principles of gauge invariance (Section 2.1) and its application to build the theory of
quantum chromodynamics (Section 2.1.1) and the electroweak force (Section 2.1.2). This is
followed by a discussion on the Brout-Englert-Higgs mechanism of mass generation in the
SM (Section 2.2). Each section delves briefly into relevant experimental results associated
with theory. The chapter concludes with an examination of theoretical limitations of the SM,
including input from particle physics and astrophysics experiments (Section 2.3), shedding

light on how to build a more complete theory.

2.1 Yang-Mills theories

QFTs built on invariance under the Poincaré and SU(N) gauge groups, where SU(N) is
the group of special unitary matrices of order N, are called Yang-Mills theories. Poincaré
symmetries act on space-time coordinates and leave them unchanged under translations,
rotations and Lorentz boosts. Gauge symmetries, on the other hand, act on fields. The SM
is a Yang-Mills theory obeying the gauge group in Equation 2.1. This section briefly outlines

the steps for introducing local gauge invariance in a Yang-Mills theory with massless bosons,



The Standard Model of particle physics 7

laying the groundwork to building a theory of the strong force (Section 2.1.1) and the
electroweak force (Section 2.1.2) in the subsequent chapters.
From the principles of group theory, the basis of the SU(N) group is formed by N? — 1

generators, denoted as t* (k= 1,..., N2 — 1), satisfying the commutation relation:
[t% 19] = i frate, (2.2)

Here, f*' have been introduced as the structure constants of the group. A general
element U € SU(N) satisfies by definition, UUT = 1 and det(U)=1, and can be expressed
in terms of generators t* of the SU(N) group as:

U =U(a(z")) = exp(iga” (z")tF). (2.3)

Here, ¢ is a coupling constant (in the strictest sense, at a given energy scale) and o are
defined in spacetime coordinates z*. The generators t* can be promoted to bosonic fields

A* as:

At () = Al (am)tF. (2.4)

The form of the field A* can be determined by imposing the requirement that its
interaction with a general N-component fermionic field ® at one point in space-time
remains independent of its interaction at any other space-time point. This is called the
principle of local gauge invariance. A general N-component fermionic field ® with mass
m obeying the Dirac equation in 3 + 1 dimensional spacetime (setting A = ¢ = 1) can be

written as:

¢1(1)

O(7) = @@ L (779, — m)® = 0. (2.5)

on(TN)
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Here, 4* are the gamma matrices and 0, is the partial derivative with respect to the
spacetime coordinate z#. The action of U € SU(N) on  is called a gauge transformation
of the field ®, and dependent on space-time coordinate if o are not constant. Local gauge
invariance can be imposed by promoting the partial derivative to a covariant derivative,
D*#, which describes the kinematics of the field A*:

DV = 9P — igA®, (2.6)

Thus, under the action of an element U/ on P:
d—d =UD = D'D — UD"D. (2.7)
This condition sets the form of A#:
AP = AL — a AL FABY 1 9t ag. (2.8)
Further, the commutator of the covariant derivative defines the field tensor F*:

[DF, D] = igF™ =  F™ = 0rA” — ¥ AF — ig[A¥, A]. (2.9)

Finally, the Lagrangian of locally gauge invariant Yang-Mills theory, consisting of fields

A" and @, can be written as:

1 _ —
Lyy = = To[F" F,) — m®® + idy" D, 9. (2.10)

It is crucial to emphasize that requiring local gauge invariance prohibits a mass term
for the bosonic field in the Yang-Mills Lagrangian. This highlights the necessity for an
additional mechanism to generate mass if the corresponding boson exhibits a non-zero mass
in experimental measurements. Additionally, the bosonic field exhibits self-interactions if

the structure constants of the group are non-zero.
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2.1.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a non-abelian gauge theory describing the strong
interaction, based on local gauge invariance under the SU(3) group. The 3% —1 = 8

generators of the group are chosen to be the Gell-Mann matrices (A\*):

010 0 —2 0 1 0 O
M=1100], X=1]|72 0 0], X3=1]10 -1 0
0 00 0O 0 0 0 O

001 0 —1 0 0O
M=10 0 0], Xs=1]0 , =10 0 1
1 00 ) 010
1 0 O 1 0 O
A 1 01 0 A L 0 10
T— T = 9 8§ — —~—= -
3 3
V3 0 0 =2 V3 0O 0 0

These correspond to 8 physical gluon fields: G¥#(x) (a = 1...8), building the covariant
derivative in Equation 2.11 and the field tensor in Equation 2.12.

Dt — 0" —ig, <%G§) . (2.11)

Gl = 'GY — DG + g, [ GLGY. (2.12)

Here, g, is introduced as the QCD coupling constant at a given energy scale. Representing
a quark triplet with the notation ¢} = (¢}, ¢7,q}) where ¢; is the quark field with flavor
f = (u,d,c,s,b,t) and color i = (r,g,b), we can build the Lagrangian for QCD (without

mass terms for the quarks) as:

1 a v = A
Locp = —GlGL + ) _drinD"ay. (2.13)
!
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The QCD Lagrangian in its extended form is shown in Equation 2.14 with interaction

terms illustrated in Figure 2.2.

1 E
Lacp = — 7(0°G, —0"Gy) + E arud"ay +95Ga ) 7”( ) %
aB
gluontl(i:;;lematic quark kln;I:lath term 0 g:;:rgggizl;m (2 1 4)

2
9] (DuGar) GLGY = 22 ™ f GGGl G

(.

-~ -~

three-gluon vertex four-gluon vertex
o v © o
v v
G G
B ar GV GV
qf b e c
)\CL
af b abc fade
X Gs =5V o< gs f o gZfef

Figure 2.2: Gauge interaction terms in the QCD Lagrangian (Equation 2.14). The first
diagram is the quark-gluon interaction term, followed by illustrations of the three- and
four-gluon vertices respectively.

Revisiting Equation 2.11, energy dependence for the coupling constant gy arises to make
QCD a renormalisable theory [19]. In experimental measurements, the coupling constant g
is described in terms of the fine structure constant «:

g:

Qs = ==

2 (2.15)

Energy scale (Q) dependence of ay is calculated in a perturbative fashion [20] and at

first order, expressed as:

127
(11n. — 2ny) log %—22

a,(Q%) = (2.16)

Here, n. is the number of quark colors, ny is the number of quark flavors with mass

below the energy scale Q. A? is defined as a cut-off energy after which the perturbative
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approximation is valid. Equation 2.16 highlights the inverse relationship between the energy
scale Q% and value of the coupling o, (in a universe with less than 16 quark flavors). At
high values of Q2 « is small, such as in the quark-gluon plasma produced in colliders,
making the strong force vanishing small. Physically, this implies that quarks and gluons
behave as nearly free particles at these scales. On the other hand, as Q% becomes smaller,
a grows, leading to confinement of quarks and gluons to form bound states. This property
of the strong force is called asymptotic freedom and won the Nobel Prize for David Gross,

Frank Wilczek and David Politzer in 2004 [21].

2.1.2 Electroweak unification

The interactions of the weak and electromagnetic forces, termed the electroweak (EW)
interactions, are described within a unified symmetry group SU(2), ® U(1)y. U(1)y has

a single degree of freedom and the 22 — 1 = 3 generators of SU(2), are chosen to be the

0 1 0 —i 1 0
o] = , 09 = , O3 = .
"1 o0 i o T lo -1

These correspond to four fields B and W (i = 1,2, 3):

Pauli matrices:

W = 8,W, — 0,W, + gf "W, W, 217)
B"™ = 8,B, — 0,B,. '

The SU(2); symmetry introduces a conserved quantity called weak isospin T3 and
U(1)y introduces weak hypercharge Y, related to the electromagnetic charge @ by the
Gell-Mann Nishijima formula [22]:

Q:R+§. (2.18)

Under SU(2), fermions occur as left-handed doublets, acted upon by SU(2), ® U(1)y
and right-handed singlets, acted upon only by U(1)y.

() () (),
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dn=(d), (s), ()
R R R

This description of the four fields in Equation 2.17, three governed by the weak force and
one by the electromagnetic force, does not yet correspond to force carries of the electroweak
field. This is because it has been observed from neutrino scattering experiments, that
neutral currents have a small but non-zero component that couples to right handed fermions
[20]. Correspondence with the physical fields - the photon (v), W* and Z boson fields -
requires a description of both forces under a unified framework, and is introduced through
carefully defined covariant derivatives of SU(2), ® U(1)y:

Y
DM = (aﬂ 9 Tiwr — iy : B“) 1

Y
Dtel, = <(‘9“ - ig’;B“) el (2.19)

Y
DHu), = (8" — ig’EB“> vl

Similar terms are defined for the quark fields. Coupling constants g and ¢’ associated to
the SU(2), and U(1)y respectively have been introduced. The electroweak Lagrangian can

be written as:

1 v _f.
Lew =~ 1 BuB" — W’ Wi+ Zl i DML+l ine D]
!
kinematic terms for‘lreft—handed fermions (220)

+ ﬂj;z'fyuD“l/}; + é{%z’fyuD“e{% + ﬂéi%D“uﬁ + Jﬁi%D“dé

4

TV
kinematic terms for right-handed fermions

Expanding the terms in Equation 2.20 can be used to study the origin of charged and
neutral currents and self interactions in the theory, while giving rise to physical force fields
of the photon, W* and Z boson.
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Charged currents

Charged currents are described by terms in Equation 2.20 corresponding to transitions in
left-handed fermion doublets:

Iy g _
LCharged = Ezl{z’yﬂ (UlWIM + U2W;) l{ + 52%{7# <O-1W1# + O-QW;) Q£ (221)
f f

Physical fields associated to W* bosons arise on transforming to the diagonal basis o*:

+

1
ot = 5(01 +i09); Wi = (W FaWh).

1
V2! (2.22)

Expanding the charged currents in the EW Lagrangian gives terms for lepton-neutrino

and quark-quark transitions facilitated by the W= bosons, illustrated in Figure 2.3.

(&
g e —u —
‘cCharged = T = (Veal/u7y7)75 (1_75) Wf: 1%
2
\/_ T
(2.23)
d
- 2’% (ﬂa c, E) Vs (1 - 75) WJI:VCKM s | +he
b
€ fl, T 1,5,b
wt Wi
v, vH, " u,c,t
o 57 (1= 3) o 5% (1= 35) Vo

Figure 2.3: Charged currents in the electroweak Lagrangian (Equation 2.20). The first
diagram illustrates lepton-neutrino transitions, while the second diagram illustrates quark-
quark transitions.
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Here, Veica is @ 3 X 3 unitary matrix called the Cabbibo-Kobayashi-Masakawa (CKM)
matriz [20]. This matrix is parameterised in terms of three Euler angles (015, 03, 6013) and a

charge-parity (CP) violating phase angle (d13) as:

|Vadl  Vaus| Vi 1 0 0 13 0 spze 1 ciz2 s12 0

\Veal  [Ves| [Vl | = |0 cos s23 0 1 0 —512 c12 0

Vial  [Vis| |Vl 0 —s23 o3 —s513€13 () c13 0 0 1
(2.24)

Here, c;; and s;;, denote the cosine and sine of the angles. The probability of a transition

from quark flavor j to k is proportional to |V;;|?. Parameters of this matrix are measured

to great precision at multiple experimental facilities like the LHCb experiment [23]:

sin 612 = 0.22500 =+ 0.00067,
sin 613 = 0.00369 £ 0.00011,

(2.25)
sin fy3 = 0.04182750008°,
013 = 1.144 4+ 0.027.
Neutral currents
Neutral currents arise from diagonal terms in Equation 2.20:
of vy oY ) of
Cxewral = )Y Ul | 9TWE +9'5B" | 0. (2.26)

f i=q,l
Mixing of neutral gauge bosons from the SU(2); and U(1)y groups through the Weinberg
angle (Oy) gives rise to the physical photon (A*) and Z boson (Z*) fields:

B* _ C?S@W — sin Oy AW | (2.97)
Wi sinfy,  cos Oy Z+

Additionally the following quantities are defined:

e = ¢ cos Oy = gsin Oy, (2.28)

Y
Q=T+ (2.29)
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1
 sin Gy costy

Q2 (T3 — Qsin® Oyy). (2.30)

These substitutions allow to illustrate neutral currents in the EW Lagrangian, mediated

by the photon () and Z boson, illustrated in Figure 2.4.

£Neutral = Zze&zfﬁy,quzfA‘u + ezﬁifv#@zwzfzu (231)
f i=q,l
q, Z Qa Za VL
AH s
q, l q, l> VL
x eQ) x eQz

Figure 2.4: Neutral currents in the electroweak Lagrangian (Equation 2.20). The first dia-
gram illustrates interactions of the photon, while the second diagram illustrates interactions
of the Z boson.

Self interactions

Self interactions arise in Equation 2.20 by making substitutions from Equation 2.22 and

Equation 2.27, illustrated in Figure 2.5.

1 v
Lot = _Z[FW’FW + Zw ZM + W W]

+igsin Oy (W WP A — Wo WEAY + F,, WEWY)
+ ig cos Ow (WEWEZY — W WHZY + 7, WEW?) (2.32)

2
g v g vo g 1% 1 — —
+ 520" — g9 — g"g ”)[§WJWJW,) W,

— W;W;(ApAU) sin? Oy + 2y Ly cos® Oy + 2A,7Z,sinby cos Oy].
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W- wt w+ w Z,7

W+ W= W= W= Z,y

Figure 2.5: Self interaction terms in the electroweak Lagrangian (Equation 2.20).

2.2 The Brout—Englert—Higgs mechanism

The W= and Z bosons, described in Section 2.1.2, were observed in 1983 by the UAl
collaboration at the CERN SPS as massive vector bosons [24]. However, mass terms for
gauge bosons in the EW Lagrangian are forbidden to preserve gauge invariance, underscoring
the need for an additional component in the model. The Brout-Englert—-Higgs mechanism
[5-7], proposed by P. Higgs et. al. in 1964, following the work made in the context of broken
symmetries in superconductivity, emerged as a solution to this problem. It involves the
spontaneous symmetry breaking of a complex scalar field called the Higgs field, resulting in
the generation of masses for the W* and Z bosons, while leaving the photon massless.
The Higgs field is introduced as a complex SU(2);, doublet scalar field:

_ (9"
o (%) o

where the indices indicate the electromagnetic charge of the field. The Lagrangian for this
field is constructed using the SU(2), ® U(1)y covariant derivative for left-handed fermions
(Equation 2.19), together with a potential V(®) of a unique form:

Litiggs = (D"®)'D,® — V(®)

2.34
= (D"®)'D,® — ;201D + \(DT D)2, (2:34)

The specific scenario where A > 0 ensures that the potential is bounded from below.
Two choices for the value of ;2 remain, illustrated in Figure 2.6: for u2 > 0, the only stable

minima is at |®| = 0. On the other hand, if y?> < 0, the potential exhibits an infinite
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v($)

Figure 2.6: Illustration of the Higgs potential for A > 0 and (a) u* > 0 (b) u? < 0.

number of global minima distributed along the circular path described by:

V2

2 1 1 ( )
Pl =plp = 2 =2 2.35
|27 T =3

Here, v is defined as the vacuum expectation value (VEV). The latter scenario illustrates
the core of the Brout—Englert—Higgs mechanism: while the potential about |®| = 0 is

DY

symmetry. According to the Goldstone theorem [25], four massless gauge bosons occur when
the SU(2), ® U(1)y symmetry is broken. Three of these Goldstone bosons are absorbed by

symmetric, choosing any point in the circular minima (|®| = /—%) spontaneously breaks

the W* and Z fields giving them mass, while the photon remains massless. The fourth
Goldstone boson is the Higgs boson.
Mathematically, the minimum of the potential is chosen so that the electrically neutral

field in the Higgs doublet, corresponding to the photon field, acquires a VEV:

1 (0
-5 () -

Expanding it in terms of the Goldstone fields 6;(i = 1,2,3) and H(x), we get:

.03 1 0
¢ = exp (ZEQZ(xD 7 (1/ N H(m)) . (2.37)
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The kinematic term in Equation 2.34 can then be expanded with this new parametriza-
tion, about the VEV:

1
(D*®)' D, = 0" HOH

2 (& i 9 i 9 (2.38)
HY (2 (WH)' w4 2 " Z, 2"
+ v+ H) (4( ) Wi+ W) )800529W g
The masses of the W*, Z and Higgs bosons can be derived from the model parameters

and are determined through precise experiments [20]:

My = % — 80.379 & 0.012 GeV,
s =20 —91.1876 + 0.0021 GeV, (2.39)
2cosOy,

Mpy = V2 v =125.10 £ 0.14 GeV.
The photon field remains massless. The Higgs potential, in terms of the Higgs field

shows the self interaction terms:
2

m>2 m m>2
V(®) = P+ P B (2.40)

Fermion masses are provided via Yukawa interaction terms with the Higgs field:

Lrukawa = _ZC? (u,d), ®dg — Zc? (4,d), Pug — Zc;i (Ve,€); @ * e, + h.c. (2.41)
f f !

which transforms after spontaneous symmetry breaking to:

1 - w e -
Lyvukawa = /3 (v+H) Z(C?dfdf + cpupus + cieégey). (2.42)
f

and are thus proportional to the VEV:

_ 4V _ u Y _ eV
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Figure 2.7: Measured production cross-sections and decay branching ratios of the discovered
Higgs boson, divided by their SM predictions. Figure taken from Ref. [23].

The Higgs boson was discovered in 2012 by the ATLAS and CMS collaborations at
CERN |[8,9]:

Mitiges = 125 £ 0.17 GeV, v ~ 246 GeV. (2.44)

Independent results from ATLAS and CMS collaborations have, since then, measured
the production and decay cross-sections of the Higgs boson to be compatible with the SM

prediction, illustrated in Figure 2.7.

2.3 Shortcomings of the Standard Model

The SM is the most consistent and well-tested framework for describing matter at the
smallest scales. However, it fails to provide a quantum description of the gravitational force,
thus failing to describe large astronomical structures in the universe where the effect of this
force starts to dominate. Further, studies on the Cosmic Microwave Background (CMB) [26]
have shown that only about 5% of matter in the universe can be described within the SM.

Cosmological observations, such as gravitational lensing and measurements on galactic
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rotation curves [27] indicate the presence of dark matter, interacting only through weak or
gravitational interaction. Dark matter is estimated to make up about 74% of the universe
and no SM particle has the properties to describe its interactions. Finally, a mysterious dark
energy, predicted to make up the remaining universe and explain its accelerated expansion,
lacks a description within the scope of the SM.

The SM faces further theoretical challenges, such as accounting for the wide range
of particle couplings and masses that span from eV to GeV scales, and explaining the
abundance of matter over anti-matter in the universe. Recent experimental results, like the
anomalous magnetic moment of the muon, the Cabibbo Angle anomaly and anomalies in
flavor physics, stand in tension with existing theoretical predictions. These results can be
resolved with improved precision of either theoretical or experimental methods, but also
potentially point at the existence of BSM particles. These challenges are highlighted in the

remaining text.

Higgs mass and fine-tuning of SM parameters

The SM is defined in terms of 19 parameters that are not predicted by theory, summarised
in Table 2.1.

Category Parameter

U(1) gauge coupling
Gauge coupling constants SU(2) gauge coupling
SU(3) gauge coupling

Me, My, My
My, Mgy Mgy Mg, My, M1y

Fermion masses

Mixing parameters 012, 023, 013, 013
QCD vacuum angle focp
Higgs parameters MHiggs; V

Table 2.1: Free parameters of the SM.

The values of these parameters are determined experimentally and used to test other
predictions of the SM. The mass of the Higgs, for example, came as a surprise because
higher order corrections to the Higgs mass include logarithmic contributions from fermion

loops, leading to a divergent integral.
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One way to regularise this is to introduce a cut-off mass scale (Agy) and the correction

reduces to:

A2 1
A, = 2% (14 106 +36°) — 12 + Olln(sa). (2.45)

In the absence of new physics between the EW and Planck scale, Ag); is taken to be
the Planck scale, leading to very large corrections to the tree-level Higgs mass. Thus, the
experimentally measured value of the Higgs was unexpected and counter-intuitive, and
hints at the possibility of additional new particles below the Planck scale that might cancel
out the divergences.

Cosmological observations point to the abundance of matter over anti-matter in the
universe. This is called the baryon asymmetry of the universe and can be introduced in the
SM through two ways: the complex phase in the CKM matrix which leads to charge-parity
violation in the quark sector, and a non-zero value of yet another allowed term in the QCD

Lagrangian, called the QCD vacuum angle:

Js ~
——0gcpG,GH. .
S QCDS (2.46)

The complex phase however is not large enough to explain the observed asymmetry. On
the other hand, a non-zero value of gcp would imply a non-zero electric dipole moment
of the neutron, in violation with experimental observations [23|. Thus, the abundance of

matter over antimatter in the universe cannot be explained by the SM.

The Cabibbo angle anomaly

As described in Section 2.1.1, transitions between quark flavors are described at tree level
by the CKM matrix. The Cabibbo angle is defined in terms of the u — d and u — s mixing

parameters as:

|Vud|
Vs

This angle can be measured in kaon, pion, tau and beta decays. In particular, the

tan 912 = (247)

sensitivity to BSM effects goes as squared of tan ¢ [28] and depends on the determination
of the Fermi Constant G [29]:

Gr = 1.1663787(6) x 10~°GeV 2. (2.48)
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Figure 2.8: Different determinations of the CKM matrix parameters |V,4| and |V,s|, leading
to the Cabibbo Angle Anomaly. Figure adapted from Ref. [30].

Currently, there is a ~ 30 deficit from unitary in measurement of the first row of the
CKM matrix, dominated by effects from |V,q4| [31], as shown in Figure 2.8. Therefore
the Cabibbo Angle anomaly can be explained by a BSM effect in beta decays (d — uev)

transitions, but also an effect in muon decay (@ — evv), changing the value of the Fermi
constant.

Anomalous muon magnetic moment

Particles with non-zero spin (.5) such as the muon carry a magnetic moment (M) defined as

(&

where m is the mass of the muon, e is the electromagnetic charge and g,, is a dimensionless
factor called the g-factor. Contributions to g, are shown in Figure 2.9. The value of g, is
dominated by the tree-level Dirac computation and is set to 2 [32]. Additional corrections
come from QED (virtual photon, lepton and weak boson loops) and QCD (Hadronic light-
light interactions and Hadronic Vacuum Polarisation). The uncertainty in g, is dominated
by effects from Hadronic Vacuum Polarisation (HVP).
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Figure 2.9: Contributions to the g-2 anomaly from (a) tree-level Dirac equation (b) QED
(c) Electroweak effects (d) Hadronic light-by-light (¢) Hadronic vacuum polarisation (HVP).
The measured value is dominated by QED, while uncertainty is dominated by HVP.

It is customary to define the anomalous magnetic moment of the muon is defined as its
deviation from the tree-level Dirac value and calculated up to NNLO precision for HVP
[32]:

9u —

2
a, = = 116591830(43) x 10~ 1. (2.50)

The Muon g — 2 Experiment at Fermi National Accelerator Laboratory (FNAL) is one
of the leading facilities that can measure a, to great precision. The experiment uses 3.1
GeV polarised muons injected into a circular storage ring. The difference between the muon
spin precession frequency and the cyclotron frequency is then used to determine the value
of a,. The latest and most precise result to date was determined in 2023, using the data
collected in 2018-20 [10]:

a, = 116592054(22) x 107 (2.51)

As seen in Figure 2.10, the experimentally measured value of a,, differs from the SM
prediction in the 2020 White Paper by ~ 50. Such a discrepancy can be explained by
existence of heavy particles with preferential coupling to the muon. However, it is important
to note that SM calculations are currently undergoing an update using Lattice QCD (also

shown in Figure 2.10) and might reduce or completely remove the said discrepancy.
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Figure 2.10: Theoretical and experimental determinations of the muon magnetic moment.
Figure adapted from Ref. [10].

Flavor anomalies

Results from flavor physics experiments have reported deviations from SM predictions in
semi-leptonic B-meson decays to a D-meson or D*-meson. To reduce hadronic uncertainties,
the ratio R(D) is defined as:

R(D) = %. (2.52)

where | = e, p. Similarly, R(D*) is defined for B-meson to D*-meson decays. The latest
combination measurements of these ratios from various experiments, BaBar, Belle and
LHCD, indicate a ~ 30 deviation from SM predictions (Figure 2.11). However, no single
result taken alone is statistically significant [11]. The development of precision experiments

like Belle-1I will provide a vital cross-check to current estimates.
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Figure 2.11: Latest combination of results of measurements of R(D) and R(D*). Figure
taken from Ref. [11].

2.4 Where is new physics?

The previous sections described the theoretical framework of the SM of particle physics and
motivations which suggest that it is an approximation of a more fundamental theory. One
paradigm assumes that such a theory lies above the electroweak mass scale and has sizeable
interactions with the SM, leading to modifications in production or decay cross-sections
of SM particles. Figure 2.12 shows the total production cross section measurements for
measured by ATLAS and CMS: for example, the measured cross-section of ttW and tttt
may be enhanced by decays from particles of the new theory.

The searches for new physics highlighted in this thesis focus on final states with two,
three or four or more leptons. Backgrounds in these channels are well-understood or easily
corrected. Section 9 highlights a search for additional Higgs bosons from a general two Higgs
Doublet model, which has the potential to explain excesses in ttW and tttt cross-section
measurements while also providing a mechanism for generation of baryon asymmetry in
the universe. Chapter 10 highlights searches for vector-like leptons coupling to second
generation SM leptons, which have the potential to explain the (g —2), and flavor anomalies.
Finally, Chapter 11 highlight the search for vector-like leptons preferentially coupled to

third generation SM fermions, which have the potential to explain the hierarchy problem
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Figure 2.12: Total production cross-section measurements for some SM processes. Figure
taken from Ref. [33].

and flavor anomalies. While no significant excess was seen in either of the searches, they
serve as an attempt to add another piece to the jigsaw of finding a suitable extension of the

SM, if not complete it.



Chapter 3

The ATLAS experiment at the Large Hadron
Collider

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [34] at CERN is the most powerful hadron collider ever
built, at the time of writing this thesis. It resides in a 27 km circular tunnel located 100 m
beneath ground at the Franco-Swiss border near Geneva, Switzerland. It is a state-of-the
art machine with two superconducting rings, designed to provide proton beams up to 7
TeV. The operational periods of the machine, known as Runs, are alternated with periods
of maintenance and upgrades referred to as Long Shutdown (LS). The LHC’s first Run
occurred from 2010 to 2012 (Run 1), operating at a center-of-mass energy of /s = 7 and
Vs = 8 TeV, followed by a three-year Long Shutdown (LS1). The second Run spanned from
2015 to 2018 (Run 2), marked by data collection at a significantly higher center-of-mass
energy of v/s = 13 TeV. The data utilized for physics analyses in this thesis originates from
Run 2. LS2 finished in 2021 and marked the start of Run 3 at a center-of-mass energy of
Vs = 13.6 TeV, ongoing at the time of writing this thesis.

The LHC is the final stage of a multi-stage accelerator system shown in Figure 3.1. The
collider chain is initiated by extracting protons from a bottle of hydrogen gas by stripping
it off electrons. These protons are accelerated to 50 MeV in a linear accelerator (LINAC 2),
followed by a Booster circular accelerator where they exit with an energy of 1.4 GeV. The
Proton Synchrotron (PS) and Super Proton Synchrotron (SPS) provide additional boosts
up to 25 GeV and 450 GeV each and finally enter the LHC. The SPS also provides the
beam to experiments located in the CERN North Area.

27
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Figure 3.1: Schematic of the accelerator complex at CERN. Figure taken from Ref. [35].

Proton beams are accelerated in opposite directions in the LHC and brought to collision

at four specific interactions points (IPs) where experiments are located:

e The ATLAS (A Toroidal LHC ApparatuS) [36] and CMS (Compact Muon Solenoid)
[37] are general-purpose experiments positioned at opposite sides of the LHC ring.
They are built to test the SM with unprecedented precision and probe new physics

models.

e The LHCb (LHC-beauty) [38] experiment is a single arm forward spectrometer aimed
at measuring CP violation in the quark sector and rare decays of hadrons containing

bottom and charm quarks.

e ALICE (A Large Ion Collider Experiment) [39] is dedicated to study properties of
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the quark-gluon plasma, believed to have existed in the early universe shortly after
the Big Bang. For these studies, the LHC dedicates special runs in which lead-lead
ion collisions take place to create the quark-gluon plasma. The ATLAS and CMS

experiments also participate in these runs.

The LHC is divided into eight straight sections, containing 16 Radio Frequency (RF)
cavities [40| for longitudinal acceleration and focusing. A total of 1232 dipole magnets are
used to bend the beam into a circular trajectory, while 858 quadrapole magnets are used to
focus the beam [41]. The magnets are maintained at very low temperatures (1.9 K) using a
complex cryogenics system [42] of liquid nitrogen and helium.

Protons beams in the LHC have a bunch structure, with up to 2808 proton bunches and
about 1.1 x10! protons per bunch, separated from each other by 25 ns. The instantaneous
luminosity (£) is a measure of the number of interactions in the collider per second, and is
defined in terms of the number of protons in each bunch (nq, ns), the revolution frequency

f and the overlap of the beam in the transverse plane (X,,%,):

ning

‘Cins = P p———
t fLHC 27szzy

(3.1)

Luminosity blocks (LBs) are defined as sections of time where the instantaneous lumi-
nosity is approximately constant. Typically, LBs last about 60 s. The integrated luminosity,
denoted by £ = [ Ling(t)dt, refers to the instantaneous luminosity accumulated over a
certain time interval dt. Thus, the total number of events associated to a certain quantum

process with cross-section o can be expressed as:

N:ox/gwﬁ (3.2)

In fact, multiple proton-proton (pp) interactions can occur in addition to the primary
interaction of interest during a bunch crossing. These interactions are termed pileup and
estimated using the mean of the Poisson distribution of the number of interactions per
crossing in each bunch pu:

Cinst Oinel

p= (3.3)

Jruc
where, 0;,, is the total inelastic cross-section, corresponding to 80 mb for 13 TeV pp
collisions. Pileup can involve interactions happening simultaneously during a single bunch

crossing (in-time pileup) or from previous or subsequent bunch crossings (out-of-time
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pileup). These effects can generally be mitigated using the tracker or calorimeter cells of
the detector and are important to improve the performance of the detector.
Equation 3.4 can be generalised to beams consisting of bunches of finite length 3,

crossing each other at a finite angle ¢ by multiplying a reduction factor S:

1

\/1 + (g— tan g)’ (3.4)

The LHC is designed to deliver collisions to ATLAS and CMS with an instantaneous
luminosity of 10** ecm™2s7!. The total integrated luminosity recorded by the ATLAS

experiment in Run 2 is shown in Figure 3.2, together with the average number of interactions

S =

per bunch crossing in Run 2.
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Figure 3.2: (a) Integrated luminosity versus time delivered to (green) and recorded by
(yellow) the ATLAS detector in stable beam collisions of the LHC Run 2. (b) Average
number of interactions per bunch crossing recorded in stable beam collisions of the LHC
Run 2. Figures taken from Ref. [43].
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Table 3.1 shows an overview of the operation parameters of the LHC during Run 2 and
Run 3.

’ Run 2 \ Run 3 ‘
2015 2016 2017 2018 | 2022 2023
Centre of mass energy (TeV) 13 13 13 13 13.6 13.6
Bunch spacing (ns) 25 25 25 25 25 25
Peak instantaneous luminosity (10** em™2 s7') | 0.5 1.38 2.09 2.1 |22 2.0
Integrated luminosity (fb™!) 42 385 502 634 | 314 27.58
Average interactions per bunch crossing 134 25,1 387 36.1 |{42.0 51.0

Table 3.1: Overview of the operation parameters of the LHC during Run 2 [44] and Run
3 [45].

3.2 The ATLAS experiment

ATLAS (A Toroidal LHC Apparatus) [36] is a 44 m long, 25 m high cylindrical general-
purpose particle detector built for probing physics with pp and lead ion collisions at the
LHC. The collision point is located approximately at the centre of the cylinder. ATLAS is
designed to be robust under the high radiation environment of the LHC, while collecting
data for precision tests of the standard model and searches for new physics up to the TeV
scale. It has a layered structure of subdetectors arranged around the interaction point in a

concentric manner, shown in Figure 3.3:

e The inner detector is positioned closest to the interaction point. It comprises of
layers of radiation-hard, high-resolution semiconductor pixel and strip detectors and
straw-tube tracking detectors arranged cylindrically around the beam-pipe, immersed
in a 2 T solenoid magnetic field. The inner detector is essential for reconstructing
the trajectory and momentum of charged particles, enabling the reconstruction of pp

interaction vertices.

e The Liquid Argon (LAr) sampling calorimeter, located after the ID, is designed for

electron and photon identification.

e Following the LAr layer is the Tile hadronic sampling calorimeter, made of alternating
layers of scintillating tiles and steel absorbers. This layer is essential for accurate

jet and missing transverse energy measurements. Hadronic calorimeters based on
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LAr technology are also present in the end-caps to cover almost the entire azimuthal

range.

e The muon spectrometer surrounds the calorimeters and consists of three layers of
trackers for muon identification and momentum resolution. The toroid system,
comprising a long barrel and two end-cap magnets, envelops the entire system,
minimizing the effects of multiple scattering and contributing to the improvement of

muon momentum resolution.

25m

\ Tile calorimeters
- : = LAr hadronic end-cap and
| ) forward calorimeters
Pixel defector \

LAr eleciromagnetic calorimeters

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

Figure 3.3: Illustration of the ATLAS detector, emphasizing its layered structure composed
of numerous subdetectors. Figure taken from Ref. [36].

ATLAS has established a right-handed coordinate system to characterize particles
originating from pp collisions, shown in Figure 3.4. The nominal interaction point is taken
as the origin of the coordinate system, with the z-axis aligned along the beam direction.
The zy plane lies perpendicular to the z-axis, with the x-axis pointing towards the centre of
origin and the y-axis directed upwards. The detector is divided into side A (towards positive
z) and C (towards negative z). Cylindrical coordinates are employed to further simplify

discussion. The polar angle ¢ describes deviation from the beam axis in the anti-clockwise
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el CMS

Figure 3.4: Schematic of the coordinate system used in the ATLAS experiment. Figure
taken from Ref. [46].

direction in the xy-plane and is used to define the transverse momentum (pr) and the

transverse energy (Er) of a detector object are defined in the zy plane as:

pr = psind = |/p2 + p2, (3.5)
Er = Esinf = /m? + p2.. (3.6)

These quantities are invariant under longitudinal Lorentz boosts. Further, another

Lorentz invariant quantity, rapidity (y) can be defined as:

11 E+p,
= —1In .

(3.7)

In the relativistic limit where the mass of the particle can be neglected (E ~ |p|),
Equation 3.7 can be related to the polar angle #, measured from the positive z-axis in the

yz plane, as:

_ 1, Ip[+p
=—1In
A distance metric (AR) is defined in the 7-¢ space as:

— —Intan(6/2). (3.8)

AR = \/(An)? + (A¢)? (3.9)
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It quantifies the angular separation between two objects reconstructed in the detector
and plays a crucial role in the reconstruction of jets.

The general performance goals of the ATLAS detector for resolution and coverage are
listed in Table 3.2.

Detector component Required resolution 1) coverage
Measurement Trigger

Tracking Opy /P = 0.05%pr & 1% + 25
EM calorimeter op/E =10%/VE ®0.7% + 3.2 + 25
Hadronic calorimeter

barrel and end-cap  op/E = 50%/VE & 3% + 3.2 + 3.2

forward op/E =100%/VE & 10% 31<n <49 31<|n <49
Muon spectrometer Opp/pr = 10% at pr =1TeV £ 2.7 +24

Table 3.2: General performance goals of the ATLAS detector. pr and E represent the
transverse momentum and energy of the physics object respectively in units of GeV. Table
adapted from Ref. [36].

3.2.1 Magnet system

Central Solenoid

g .
//<‘£Eﬁ Barrel Toroid
—
/

g o7
/

Figure 3.5: Schematic of the ATLAS magnet system showing the 2 T central solenoid field
for the Inner detector and about 4 T toroid magnetic field for the muon spectrometer in
the barrel and end-caps. Figure taken from Ref. [47].

Endcap Toroid

The ATLAS magnet system [47] consists of four large superconducting magnets, shown

in Figure 3.5:
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Figure 3.6: Schematic of the ATLAS Inner Detector showing the Pixel and SCT detectors
in the barrel and end-cap and the TRT end-cap straw layers [48].

e A solenoid magnet surrounds the inner detector, providing a 2 T axial magnetic
field. It is 5.8 m in length and consists of a single-layer coil made of a high strength

aluminum-stabilized niobium-titanium conductor.

e The toroid system provides magnetic field to the muon spectrometer and is made of
three parts: a set of eight magnets in the barrel, and eight in each of the end-caps.
The magnetic field in the barrel is about 3.9 T and in the end-caps is 4.1 T. The toroid
magnets are made of aluminum-stabilized niobium-titanium or copper conductors,
wound into pancake-shaped coils to optimize spatial efficiency, followed by vacuum

impregnation for insulation.

3.2.2 Inner detector

The ATLAS Inner detector (ID) [36] is 7 m long cylindrical layer with a radius of 1.15 m.

It is located closest to the beampipe and immersed in a 2 T axial magnetic field from the
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solenoid. The ID serves to perform pattern recognition for charged particle trajectory and
momentum reconstruction down to 100 MeV, thereby aiding in reconstruction of interaction
vertices in the volume |n| < 2.5. The ID is made of three distinct yet complementary
subdetectors: the Pizel detector, Semiconductor tracker (SCT) and Transition Radiation
Tracker (TRT).

The Pixel and SCT detectors are used at inner radii for high-resolution pattern recogni-
tion. In the barrel region, they are arranged in concentric circles around the beam-pipe and
as discs in the end-cap, perpendicular to the beam direction. There are 1744 pixel sensors,
250 pm, thick with dimensions between 50 x 400 pum (90% of the sensors) and 50 x 600 um
(remaining 10%, in regions close to the front-end chips on the modules). They are made of
oxygenated n-type wafers with readout pixels on the n* implanted side. Oxygen treatment
enhances radiation tolerance to charged hadrons while the doping configuration ensures
good charge collection. The detectors are operated at a temperature of —5°C to —10°C to
minimize radiation damage and at a bias voltage ranging from 150-600 V depending on
the position of the sensor, to sustain charge collection efficiency over ten years of operation.

An additional pixel layer called the Insertable B-Layer (IBL) [419], was added around
the LHC beampipe during the LS1 to improve flavor tagging performance. It consists of
fourteen carbon fibre staves of dimensions 2 x 64 cm, titled by 14°, covering |n| < 3.0. It is
based on two different silicon sensor technologies: planar n*-on-n pixels positioned in the
central part of each stave and 3D pixels in the forward regions of both ends of the stave.

The SCT is made of 15,919 strip sensors segmented in ¢-z and arranged in four cylindrical
layers in the barrel region and nine disk layers in each end-cap. They are based on p-in-n
strip technology, and have a thickness of 285 ym. These sensors are operated at voltages
between 250-350 V.

The outermost part of the ID is the TRT. It is made of 52544 polyamide drift tubes,
1.5 m long and 4 mm in diameter, filled with a xenon-based gas mixture. These tubes run
parallel to the beam axis in the barrel (|n| < 1.0) and are arranged radially in wheels in the
end-caps (1.0 < |n| < 2.0). The centre of each drift tube has a gold-plated tungsten wire
kept at ground potential, while the tube walls are kept at -1.5 kV. Charged particles passing
through the tube interact with the gas to produce electrons that are captured by the wire
to produce a signal. The space between the TRT straws are filled with transition radiation
materials which produce X-rays depending on the type of charged particle. These are used
to detect electrons and provide complementary assistance to the electron identification in

the calorimeters. The TRT operates at room temperature.
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Figure 3.7: Schematic of the ATLAS calorimeter system [50].

3.2.3 Calorimeters

A set of sampling calorimeters with ¢ symmetry covering |n| < 5.0 are present after the ID
to measure particles energies. These calorimeters are of two types, shown in Figure 3.7. In

the barrel region, there is:

e An clectromagnetic calorimeter containing Liquid Argon (LAr), providing energy

measurements for electrons and photons.

e A hadronic calorimeter made of alternating layers of scintillating tiles and steel, to

allow energy measurement for hadrons.

In the end-caps, sampling calorimeters based on LAr technology are used for both
hadronic and electromagnetic calorimetry.
The resolution of the calorimeters can be parameterised for a particle with energy E as:
o(E) S N
TIEEBEEBC% (3.10)
Here, the stochastic term S accounts for energy fluctuations due to the randomness
of particles in the shower; the noise term N describes the effect of noise from pileup and
readout electronics and the constant term C' has contributions from non-uniformities in

response related to imperfect detector calibration and inactive material. They values are
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estimated to be S = 10%(50%), N = 0.1%(1%) and C' = 0.7%(3%) for the electromagnetic

(hadronic) calorimeter [51,52].
The Liquid Argon calorimeter

Photomultiplier

Wavelength-shifting fibre

Towers in Sampling 3
Adx An=0.0245x 0.05

An < 0.1

Scintillator Steel

Square towers in
Sampling 2

(a) (b)

Figure 3.8: (a) Section of a LAr barrel module and (b) section of a Tile calorimeter module.
Figures taken from Ref. [306].

The ATLAS electromagnetic calorimeter is a LAr sampling calorimeter featuring
accordion-shaped absorbers interleaved with readout electrodes. It is composed of two
subdetectors: the barrel EM calorimeter (EMB) and two end-cap calorimeters (EMEC).

The barrel EM calorimeter (EMB) is 6.4 m long and has an inner (outer) diameter of
2.8 m (4 m) and covers |n| < 1.475. In this section, the accordion waves run along the ¢
direction, adjusting folding angles with radius to maintain a consistent liquid argon gap. An
example of a LAr module is shown in Figure 3.8, and the typical thickness is between 22 to
33 interaction lengths (o). Each module is segmented into (7, ¢) in three layers. The layer
closest to the ID has the fine segmentation of (0.0031 x 0.098) for identification of neutral
pions and photons. The second layer captures the largest fraction of the electromagnetic
shower and has a segmentation of 0.025 x 0.025, followed by coarser segmentation in the
final layer (0.05 x 0.025).
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An additional layer made of 8 modules of active LAr called the presampler is present in
In| < 1.8. Each presampler module has a constant granularity of 0.2 in 7, except at the end
of the barrel, where the granularity reduces to 0.12 to correct for energy loss in material
upstream of the calorimeters.

The end-cap calorimeters (EMEC) are 63 cm thick and segmented into three longitudinal
layers covering 1.375 < |n| < 3.2. In this region, the accordion waves run axially, parallel to
the radial direction. Each EMEC is mechanically split into two coaxial wheels - an outer
wheel spanning 1.375 < |n| < 2.5 and an inner wheel covering 2.5 < |n| < 3.2. Each of
the four wheels comprises 32 identical wedge-shaped modules, maintaining perpendicular
orientation to their axes. The front wheels exhibit a finer sampling fraction compared to
the rear ones: the front modules comprise 24 copper plates, each 25 mm thick along with a
12.5 mm thick front plate. Conversely, the rear wheel modules consist of 16 copper plates,
each 50 mm thick, and a 25 mm thick front plate. Consequently, the resulting sampling

fractions for the front and rear wheels stand at 4.4% and 2.2%, respectively.

The Tile calorimeter

Hadronic calorimetry in central region (|| < 1.7) of ATLAS is provided by the Tile
calorimeter (TileCal). It is a cylindrical structure located above the LAr EM calorimeters.
It is symmetrical about the y-axis, and divides the TileCal into sides A and C. The central
long barrel (LBA and LBC) is 5.8 m in length and covers |n| < 1. It is flanked on either side
by extended barrels (EBA and EBC) each 2.9 m in length and covering 0.82 < |n| < 1.7.
The TileCal is made of alternating layers of plastic scintillators and steel absorbers.
It is divided in ¢ into 64 modules with a radial depth of approximately 7.4 interaction
lengths. An example of a Tile module is shown in Figure 3.8. Each module is further
segmented radially: the first two layers, A and B(C) have a segmentation of 7 = 0.1, while
the outermost layer (D) has a coarser segmentation of n = 0.2. When a particle travels
through a Tile module, scintillating light proportional to the energy lost by the particle is
produced and conducted from the tiles to the photo-multiplier tubes (PMTs) by wavelength
shifting fibres on both sides of the module. Each cell in the barrel region is readout by two
PMTs. Special counters made of bare scintillators are present in the gap region between
the central and extended barrel to allow partial recovery of energy lost in this region of the
detector. The cells formed by these modules are called E-cells and are readout by a single
PMT each. Calorimeter signals are received in the form of an analogue pulse proportional

to the energy of the incident particle. These are shaped by 3-in-1 cards, present in the
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PMT block, in high and low gain settings. The signals are digitised every 25 ns by 10-bit
Analog to Digital Converters (ADC) and stored till a Level-1 accept is received. A total of
seven samples centered around the pulse peak are obtained. The high gain setting is used
by default unless any of the samples saturates the ADC, in which case the low gain signal
is transmitted. Each PMT is equipped with an integrator-based readout in addition to the
fast readout. The integrator-based readout forms the Minimum Bias (MinBias) monitoring
system of the TileCal. It integrates signals over an extended period of time (10-20 ms)
thus allowing to monitor the entire readout chain of the TileCal and provide a secondary
measurement of ATLAS luminosity. The integrator circuit has a low-pass DC amplifier
that receives about 99% of the PMT current and is digitised by a 12-bit ADC card that
saturates at bV. Extensive work has been done in this thesis on both aspects using data
collected by the Tile MinBias readout in Run 2 and Run 3. These studies are discussed in
Chapter 4.

EndCap hadronic calorimeters

Forward calorimeters (FCAL) based on LAr technology are used to provide calorimetric
coverage in 3.1 < |n| < 4.9. These detectors are located approximately 4.7 m from the
interaction point and housed in the same cryostats as the EMECs. Each FCAL is split
into three modules 45 centimeters in depth: one electromagnetic modules (FCAL1) with
copper absorbers for resolution optimization and heat dissipation, and two hadronic modules
(FCAL2 and FCAL3) with tungsten absorbers to enhance containment and minimize lateral
spread of hadronic showers. A shielding plug made of of copper alloy is installed behind
FCAL3 to reduce backgrounds in the end-cap muon system.

3.2.4 Muon spectrometer

The muon spectrometer (MS) [36] is the outermost component of the ATLAS detector
responsible for detecting charged particles not stopped at the calorimeters within |n| < 2.7
(with trigger chambers covering |n| < 2.4). It is designed to measure muon momenta down
to ~ 3 GeV and provide momentum resolution of 10% for 1 TeV muons.

The MS is immersed in a magnetic field of about 4 T provided by the toroid. In the
barrel, precision-tracking chambers reflect the ¢ symmetry of the toroid system: they are
arranged in eight octants consisting of three concentric layers (at radii 5 m, 7.5 m and 10

m approximately from the beam axis) between and on the eight coils of the barrel toroid
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Figure 3.9: Transverse schematic of the ATLAS Muon Spectrometer showing the subdetec-
tors. Figure taken from Ref. [53].

magnet. Each octant is further divided in the azimuthal direction with slightly different
lateral extensions, providing full coverage in ¢. In the end-cap, muon chambers form large
wheels, located in front and behind the end-cap toroid magnets (approximately |z| = 7.4
m, 10.8 m, 14 m and 21.5 m from the interaction point). A gap in the chamber coverage
is present at approximately |n| ~ 0 to facilitate access for servicing the solenoid magnet,
calorimeters and the inner detector.

Monitored Drift Tube chambers (MDTs) are located in |n| < 2.7 (Jn| < 2.0 in the
innermost end-cap layer for precision muon measurement. They consist of three to eight
layers of drift tubes operated at an absolute pressure of 3 bar, which achieve an average
resolution of 80 um per tube. Cathode Strip Chambers (CSC) are located in the innermost
tracking region in 2 < |n| < 2.7 due to their higher rate capability and time resolution,
which translates into an spatial resolution of 40 pym in the bending plane and approximately
5 mm in the transverse plane.

The precision tracking chambers are complemented by a system of fast trigger chamber
to trigger on muon tracks. In |n| < 1.05, Resistive Plate Chambers (RPCs) are used while
in 1.05 < || < 2.4, Thin Gap Chambers (TGCs) are employed. The trigger chambers

measure both 1 and ¢ of the passing track and deliver track information within a few tens
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of nanoseconds after the passage of the particle.

3.2.5 The LUCID detector

LUCID [36] (LUminosity measurement using Cerenkov Integrating Detector) is located at
+17 m from the interaction point and detects inelastic pp collisions in the forward region for
online monitoring of instantaneous luminosity delivered to ATLAS and beam conditions. It
consists of elements that produce Cerenkov light detected by Photomultiplier Tubes (PMTs),
enabling measurement of the number of particles in each bunch collision. Signals from
PMTs are readout through custom front-end cards and directed to Field Programmable
Gate Arrays (FPGAs), which utilize different algorithms to calculate luminosity for each
bunch crossing, generating and storing a singular scalar value per algorithm per bunch

crossing.

3.2.6 Trigger and Data Acquisition

The significant number of collisions occurring at the LHC presents challenges in both
recording and storing the data, as well as in allocating computational resources for subsequent
offline analysis. The Trigger and Data Acquisition (TDAQ) system is a crucial component
that decides whether an event should be stored for offline physics analysis. The ATLAS
TDAQ system in Run 2 was operating based on decisions taken on two distinct levels,
shown in Figure 3.10: a hardware-based Level-1 (L1) system, followed by a software-based
High-Level Trigger (HLT) system.

The Level-1 Trigger

The L1 Trigger [55] is a hardware-based four-component system with both on-detector
and off-detector components. It is designed to reach selection decisions in less than 2.5
us, reducing the data input rate from 40 MHz to 100 kHz. The first two subsystems of L1
operate on inputs from the calorimeters (L1Calo) and the muon spectrometer (L1Muon).
L1Calo reads the inputs from n x ¢ trigger towers formed separately for the electromagnetic
and hadronic layers. These trigger towers measure 0.1 x 0.1 in the barrel and 0.4 x 0.4 in
the end-caps. Trigger towers in the central region (|n| <3.2) are used to form jets, hadronic
taus, electrons and photons, while those in the forward region are used to form forward jets.
Information from all trigger towers is used to calculate global variables like the missing

transverse energy (EY") in an event. Fast muon reconstruction in L1Muon is performed
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Figure 3.10: Schematic of ATLAS TDAQ system in Run 2, showing the Level-1 (1) and
High-Level Trigger (HLT) systems [54]. The FastTracKer (FTK), a hardware-based system

for inner-detector track reconstruction, was under commissioning in Run 2 and not used for
trigger decisions.

using RPCs and TGCs. Interesting fragments of detector readout are used to form Regions
of Interest (Rol), from which object candidates called trigger objects (TOBs) are identified
and sent to a third system called the Level-1 Topological trigger. This system computes
decisions by applying more complex topological cuts, such as angular separation or invariant
masses to the TOBs. The Central Trigger Processor collects information from all three
subsystems and issues a LI-Accept signal, streaming down the accepted events to the HLT.

Events are stored in readout buffers while waiting for the L1 trigger decision.

The High-Level Trigger

The HLT is a software-based trigger operated on a CPU farm of 28000 CPU cores located

at ATLAS Point-1. It uses uses offline-like reconstruction algorithms with full detector
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granularity and partial track reconstruction based on the L1 Rols for more sophisticated
object and event reconstruction. It reduces the input rate from 100 kHz down to 1 kHz.
During Run 2, events recorded by the HLT were organised into five streams depending on

the selections satisfied by the event:
e Physics streams: events for offline physics analysis.

o Faxpress stream: subset of events from physics streams for real-time reconstruction

and monitoring.

e Debug streams: events neither accepted nor rejected by the trigger system for identifi-

cation of potential problems with the TDAQ system.
o Cualibration streams for subdetector or HLT calibration.

o Trigger-Level Analysis streams containing low-level information from reconstructed
TOBs physics analysis at the trigger stage for physics analyses that rely on reducing

bias from online trigger selections.

In addition, monitoring streams were available for online monitoring tools during data-
taking without recording. Events recorded by the HLT are transferred to the CERN Tier-0

facilities for offline processing and permanent storage.



Chapter 4

Tile Calorimeter scintillator ageing

A brief introduction of the ATLAS TileCal is presented in Section 3.2.3. This chapter
provides an overview of the calibration systems of the TileCal and focus on studies on

TileCal scintillator ageing with data obtained from the MinBias readout in Run 2.

4.1 Tile calibration systems

The ATLAS TileCal is equipped with calibration systems used to monitor the readout
chain, account for effects due to irradiation, ageing and faults and maintain constant Tile
response over time. These systems are illustrated in Figure 4.1 and their function is briefly

described in the following text.
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Figure 4.1: A schematic of the TileCal calibration systems. The Cesium (**"Cs) system is

used to monitor the stability of the optical components, whereas the laser system monitors
the TileCal PMTs.
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The Cesium (Cs) system consists of a radioactive *’Cs source that is moved through
the tiles of the calorimeter using hydraulic control [56]. The Cs source deposits a known
amount of energy to the calorimeter cells and the corresponding variation in PMT current
is used to monitor optical quality of the scintillator tiles and PMTs, to equalise the response
of all read-out cells to about 0.5% and monitor each TileCal cell over time. Cs calibration
scans are performed several times per year of data-taking.

The Laser system monitors the stability and linearity of the TileCal PMTs [57]. In
dedicated laser calibration runs, high-intensity light pulses of a known energy are sent to
the TileCal PMTs via a network of optical fibres. The laser pulses maybe of very high
amplitude, similar to signals generated by high energy jets, or with very low amplitude,
similar to that expected from muons.

The Charge Injection System (CIS) injects a calibrated charge into each TileCal channel
to establish the relative calibration between different readout channels to a precision of
1% [58]. CIS scans are used to calibrate and monitor the fast readout electronics and to
derive pC/ADC conversion factors for the digital readout. CIS scans are performed between
LHC fills, during an LHC fill in the missing bunch interval and in maintenance periods.

The rate of inelastic pp collisions at low momentum transfer, called Minimum Bias events,
is measured by the integrator-based readout of each PMT, as discussed in Section 3.2.3.
This readout forms the Minimum Bias (MinBias) integration system. The rate of MinBias
events is proportional to the instantaneous luminosity and produce signals in all PMTs,
distributed uniformly in ¢ about the interaction point. MinBias data is, thus, used to
monitor both the TileCal readout and the LHC machine performance, in the form of online
and offline luminosity. The procedure used to convert raw ADC counts (1 ADC = 1 mV)
recorded by the MinBias readout to PMT currents is described in Section 4.2, followed by

the measurement of TileCal scintillator ageing using the established procedure.
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4.2 Measurement of the MinBias current
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Figure 4.2: Illustrative sketch of the TileCal cells. Modules from all cells except those
composed of gap/crack scintillators (E1 - E4) are readout by two PMTs each. Figure taken
from Ref. [59)].

As described in Section 3.2.3, each TileCal barrel is divided radially into 64 modules and
further, horizontally to form cells. The layout of TileCal cells is shown in Figure 4.2.
Modules from all cells except those composed of gap/crack scintillators (E-cells/E1 - E4)
are readout by two PMTs each, termed L and R. In the case of E-cells, due to a single PMT
reading out each module, the two terms may be used interchangeably. Signals recorded
by the MinBias readout of a PMT are stored in the form of ADC counts. This signal is
sensitive to the amount of background activity in the TileCal or surrounding material in
the absence of collisions and is called the pedestal. The pedestal can have non-flat shapes
especially in the case of activated material surrounding the Tile which produces slow and
fast decaying radioactive isotopes. Example of ADC counts from a module of cell E3 from
the extended barrel A for a given run is shown in Figure 4.3, together with the pedestal.

The number of ADC counts (Napc) are converted to the average PMT current ((Ipmr))
by subtracting the pedestal (p) and dividing by the gain (G) of the integrator as shown in
Equation 4.1.

(Ipnir) = % %} . (4.1)



48 4.2. Measurement of the MinBias current

S. Epari, PhD Thesis

_ T T T T T ] — C
& 22 - ATLAS Online Luminosity Run 435816 Z 4000 ATLAS
= E .. ] LHC Delivered All 1 — L Py
5 201 = ukc oeersa S SIS 435816 E3 EBADT
© E ATLAS R R C =
° ol / S Ready Recorded ] < - 5 Gain: 0.21 MQ
= E B 3000~ 2 3
2 14 | i
2 12F | : 2500,
IS F 1 -
3 10 - N\W 1 2000

8- - ; 5

6 ;7 m ; 1500:7

4r 1000f—

2F 1 E

0 P T S O N BOR N O & 500— {

0 200 400 600 800 1000 = | | | | |
0 200 400 600 800 1000
Run 435816 Lumi Block LB
(a) (b)

Figure 4.3: (a) Luminosity profile for run 435816 with (b) ADC counts measured by module
01 of cell E3 in the extended barrel A. The pink line shows the pedestal estimated as the
mean of ADC counts before stable beams are declared (~ LB 50), as a function of the
luminosity block number.

For simplicity, MinBias analyses estimate pedestal as the mean of the ADC counts in
the luminosity blocks (LBs) before stable beams are declared by the LHC. At this step,
LBs with ADC counts above 4095 mV, leading to saturation in the PMT measurement
are removed. Additionally, modules with noisy measurements, saturation over part of (or
entire) run, burnt integrator cards or those that were power-cycled during the run, leading
to loss of MinBias measurement, are removed by manual inspection of plots. A module
deemed bad in a run is removed from all runs in the dataset. Examples of such bad modules
are shown in Figure 4.4. In case of signal from only one PMT reading out a module, only
that measurement is used. Otherwise, the average of measurement from the two PMTs is
used.

PMT currents provide an absolute measurement of cell response but are studied with
respect to a reference measurement. Previous analyses [60] relied on the measurement from
cells D5 and D6 as a reference because these cells are well shielded from radiation damage
while providing a reasonable signal. Alternatively, D1 and D2 cells were a popular choice
due to great stability over long periods but they yield a low signal in low luminosity runs.
The analysis in this section uses track-counting luminosity as a reference to study MinBias
data because it provides a reliably luminosity measurement over a large period of time and
wide range of luminosity. The average of the measurement of all good modules for a cell,
averaged over sides EBA and EBC (or LBA/LBC, depending on the location of the cell)
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Figure 4.4: Examples of modules deemed bad and removed from MinBias analyses. (a)
This module shows saturation in the highest luminosity LBs. (b) Compared to (a), this
module has a response half of the expected value, hinting towards a burnt 3-in-1 card. (c)
This module has a noisy output and (d) shows a module with no signal in the PMT. A
module deemed bad in a run is removed from all runs in the dataset.
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for a run, scaled by the reference measurement is used as the measurement from the cell for

analysis.

Correcting for PMT instability

Instability in PMT response can arise from two main effects during the course of data taking:
(a) ageing of the PMT due to exposure to radiation which reduces the PMT response
over time and (b) PMT gain variation due to dependence on PMT current. Dedicated
calibration runs are used to account for or estimate both effects. The former corrections,
termed run-to-run laser corrections are calculated from laser calibration runs taking between
consecutive LHC fills. Briefly put, a correction factor in a given run (R’) is computed for

each PMT i with respect to a reference laser run (R’;) using the combined method [61]:

Faser = i (42)

In the reference run, the average PMT gain variation over £10 days is used to normalise
the PMT current for greater precision and stability of the estimate. The code and docu-
mentation for these calculations is stored in the TUCS framework [62]. The channels with
corrections above 4% from the mean are removed for each PMT. Additionally, channels
masked during laser data taking are also removed. Overall, run-to-run laser corrections can
provide up to 0.5% effects in the PMT current measurement.

The corrections for PMT gain variation with current, termed in-gap laser corrections,
are computed using dedicated calibration runs where laser pulses are fired in the abort gap
during a run [57]. This correction is affected by the kind of High Voltage (HV) divider used
in the readout of the cell: for majority of TileCal including A-cells, passive dividers are
used. These exhibit a linear gain dependence with current, as shown in Figure 4.5 for 2018
estimates. On the other hand, active HV dividers are used for E-cells which significantly

improve the cell response linearity, as shown in Figure 4.5.
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Figure 4.5: In-gap corrections computed for the 2018 dataset for (a) passive dividers which
are equipped in most of TileCal including A-cells and (b) active dividers which reside in
E-cells. Figures taken from Ref. [57].

4.3 Results

The first study for estimating the effect of TileCal scintillator ageing in Run 2 (2015-2018)
uses MinBias data from runs in the period, using the method described in Section 4.2. The
total delivered luminosity this period is 156 fb~1. A total of 40 runs with good MinBias
data, approximately equally spaced through each of the four years in Run 2 were chosen for
the study. Cell A13, located in the inner layer of the Extended Barrel, covering the region
1.2 < |n| < 1.3, was chosen as a representative for cells with moderate levels of radiation.
Cells E1, E2, E3, E4, located in the gap region of the Extended Barrel, were chosen to
study the effect of radiation damage of scintillators located closest to the pp interaction
point. No laser corrections were applied to the Tile data. Instead, the run-to-run laser data
collected in calibration runs close to the MinBias runs, were compared to the MinBias data
which accounts in addition for the effect of scintillator ageing. For cell A13, Cs data was
used as a cross-check to the MinBias measurement. Thus, the difference of the calorimeter
response to the laser versus the MinBias or Cs systems is interpreted as the effect of damage

and ageing of the scintillators and wavelength shifting fibres.

4.3.1 Response variation of cell A13

The variation of the average response to Laser, Cs, and MinBias for the cell A13 in the
inner layer of the Extended Barrel, covering the region 1.2 < |n| < 1.3, as a function of

time is shown in Figure 4.6. The Laser, Cs and MinBias data cover the period from July

+E3 EBA
E3 EBC
E4 EBA
+E4 EBC



592 4.3. Results

2015 till November 2018. The MinBias data are normalised to the first run (16" July 2015)
while the Laser data are normalised to the average of runs taken in two weeks since 17"
July 2015. The down-drifts in the Laser data relate to the degradation of the PMT response
coinciding with the collision periods, while up-drifts are observed during technical stops
and at the end of the pp data-taking. The Cesium and MinBias systems complement each
other and are sensitive to changes in the PMTs, fibres, and scintillators. The difference of
the calorimeter response to the Laser versus the MinBias or Cs systems is interpreted as

the effect of damage and ageing of the scintillators and wavelength shifting fibres and is
about 10%.
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Figure 4.6: The variation of the average response to Laser, Cs, and MinBias for the cell
A13 in the inner layer of the Extended Barrel, covering the region 1.2 < |n| < 1.3, as a
function of time, for the pp collision period of 2015-2018 (Run 2). The difference of the
calorimeter response to the Laser versus the MinBias or Cs systems is interpreted as the
effect of damage and ageing of the scintillators and wavelength shifting fibres and is about
10%. Figure taken from Ref. [63].
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It is interesting to note the discrepancy in the trend between the last Cs scan in the
end-of-year shutdown of 2017 and the first MinBias run of the year in Figure 4.6. Further,
minor offsets from the trend predicted by Cs in 2016 and 2018 are seen for the respective
MinBias runs. The source of these discrepancies were studied by repeating the analysis
with a different reference cell for the MB data: D1L (LBC) and D6R (EBC). The results of

this study are shown in Figure 4.7.
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Figure 4.7: The variation of the average response to Cs and MinBias for the cell A13 as a
function of time, for selected MinBias runs in the pp collision period of 2015-2018 (Run 2).
The MinBias response is calculated with respect to three different references: the tracker
luminosity, D1L (LBC) and D6R (EBC), with the aim of cross-checking results with the Cs
runs. See text for more details.

While the MinBias estimates from the three references show good overall agreement,
estimates from cell D1 suffer from lower statistics in 2015 affecting agreement in the
beginning of the data-taking period, while the effect of scintillator ageing in cell D6 possibly
introduces differences towards the end of the period. The first MinBias run of 2017 has a
response about 0.5% lower that that estimated using the D-cells; this points to possible
issues with the tracker estimate during that run. Further, the discrepancies between Cs
and MinBias data for the remaining periods remains on changing the MinBias reference.
One possible explanation for this effect can be the difference in methodology employed by

the two analyses and its precision and deserves further scrutiny, not explored in this thesis.



54 4.3. Results

4.3.2 Response variation of E-cells

The analysis was repeated for the gap/crack scintillators (E1, E2, E3, E4) and the results
are shown in Figure 4.8. The cells in the gap/crack region of the TileCal are not calibrated
by the Cs system, so only the response variation to Laser and MinBias is shown on these
figures. The difference of the calorimeter response to the Laser versus MinBias is about
10% for cell E1, 12% for cell E2, 20% for cell E3 and 30% for cell E4. Figure 4.9 shows the

variation of response of the E-cells to the MinBias system over the full Run 2 data-taking

period.
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Figure 4.8: The variation of the average response to Laser and Minimum Bias for the E-cells
in the gap/crack region of the Extended Barrel, as a function of time, for the pp collision
period of 2015-2018 (Run 2). Figures taken from Ref. [63]. See text for more details.
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4.4 Conclusions

This chapter presented the first study on TileCal scintillator ageing in Run 2 (2015-2018)
using the MinBias data collected during this period. Compared to previous studies [60],
track-counting luminosity was used as a reference to have a stable measurement over a large
period of time. The study estimated the effect of damage and ageing of the scintillators and
wavelength shifting fibres in cell A13 at about 10%. Similarly, for the gap/crack scintillators,
the effect of ageing was estimated to be between 10% to 30% depending on the location
of the cell from the interaction point. The results produced in this work are included in
the Run 2 Tile Performance paper [64] and have provided valuable feedback to the Tile
Phase-1I upgrade plans. In particular, the E-cells were replaced during the Long Shutdown
2, before the start of Run 3.



Chapter 9

Tile Calorimeter luminosity

This chapter emphasises the role of TileCal in the ATLAS luminosity measurement and
the subtleties that go into providing a reliable and precise estimate of the luminosity and
its uncertainty for use in every ATLAS analysis using the dataset. The focus is on the
measurement in 2022 and 2023 (Run 3), using data collected by the MinBias readout of
the TileCal.

5.1 Introduction

The instantaneous luminosity (L) is a measure of the number of pp collisions in the collider
per second. Physically, the instantaneous luminosity dictates the measured number of events
of a certain process (N, x) per unit time, given the theoretical production cross-section

of the process (0,,x) via Equation 5.1.

X v x L. (5.1)

Thus, the systematic uncertainty in the luminosity measurement directly affects the
measured number of events of a certain process. This uncertainty can be a limiting factor
in precision analyses measuring physics cross-sections. On the other hand, most searches
for BSM particles are typically statistically limited and this uncertainty has a negligible
impact in these searches. Further, a precise determination of luminosity and its uncertainty
is also important for setting trigger pre-scales and machine optimisation. The ATLAS
experiment has several detectors suitable (i.e. sensitive to, linear and stable) to measure
luminosity, shown in Figure 5.1, that provide either a real-time online or offline luminosity

measurement for ATLAS.

o7
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INNER DETECTOR

TILECAL EMEC & FCAL

Figure 5.1: Illustrative sketch of the luminosity detectors in ATLAS. The primary lumi-
nometer for ATLAS in Run 2 and Run 3 is the LUCID detector. The other luminometers
are used to correct pileup dependence of the LUCID measurement, monitor its long-term
stability and estimate uncertainties in the luminosity measurement.
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These luminometers measure a fraction of all inelastic interactions per bunch-crossing:

Ly = fructs, (5.2)

Ovis
where, £; is the luminosity of a colliding bunch, p.;s is the visible interaction rate or the
average number of pp collisions per bunch-crossing measured by the luminometer and o,
is the wvisible cross-section, a constant determined specifically for each luminometer. fiuc
denotes the bunch revolution frequency in the collider, set to 11.245 kHz.

The primary luminometer of ATLAS in Run 2 and Run 3 is the LUCID detector,
described in Section 3.2.5. It provides per-bunch luminosity estimate based on signals
recorded by PMT arrays as particles traverse the detector’s gas-filled aluminium tubes
and produce Cherenkov light. This detector is calibrated in special scans called van der
Meer (vdM) scans [65,66] where the beams are separated and scanned in z and y planes to
determine the beam overlap integral in the respective planes (X, ¥,). vdM scans use beams
with a roughly Gaussian-like profile, high 8, ensuring a larger beam spot at the interaction
point and higher beam emittance, ensuring a larger spread between particles in the beam
ultimately also leading to a larger beam size. In addition, the beams are produced to have
low bunch density with #solated proton bunches to avoid collisions between incoming and
outgoing bunches at the interaction point and minimize beam-beam effects. As hinted
at already in the scan conditions, the vdM method assumes that proton densities can be
factorised into independent horizontal and vertical components. Using this assumption, the

bunch luminosity can be re-written in terms of the number of protons per bunch (ny, ny) as:

ning
ZIZy

Ly = func (5.3)

The uncertainty coming from this assumption is termed non-factorisation uncertainty
and typically has the largest contribution to uncertainties related to the vdM scan. Examples
of beam overlap integral measurements performed with data from the first vdM session in
2023 (Run 3) are shown in Figure 5.2 [67]. The preferred LUCID luminosity measurement
algorithm in Run 3 was the LUCID Bi2HitOR algorithm [67]. The scan curves in Figure 5.2
are used to determine each of the beam overlap integrals (., 3,) according to Equation 5.4.

1 [ R(Az)d(Ax)

S = = R (5.4)

where, R(Ax) is the luminosity in arbitrary units measured when the horizontal or vertical

max )

beam separation is Az and R(Ax is the peak of the scan curve. The beam overlap
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integral in the y direction, X, is determined similarly. Following this measurement,
Equation 5.2 is related to Equation 5.3 to determine o,;,. Other luminometers of ATLAS
are then calibrated to the LUCID luminosity measured in the vdM run. The calibration
of LUCID is then extrapolated to high pileup physics conditions using a procedure called
Calibration Transfer using measurements from track-counting and TileCal. Further, the
long-term stability of the LUCID or track-counting measurements is monitored by comparing
their response to that of the calorimeters of ATLAS (TileCal, EMEC, FCAL). Due to a large
number of cells in the TileCal, spread over large pseudorapidities and at varying distances
from the interaction point, this calorimeter is sensitive to a wide range of luminosities and
it plays an important role in the above procedures in the ATLAS luminosity measurement.
The next subsections briefly describe the different uncertainties the ATLAS luminosity

measurement, emphasizing the role of TileCal.
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Figure 5.2: Beam separation scans during a vdM scan session in 2023 (Run 3) [67]. The
beam separation in (a) z- and (b) y- planes is depicted as a function of the visible interaction
rate per unit bunch population. The signal measured using the LUCID Bi2HitOR algorithm
is shown in red circles. The estimated background from noise and afterglow are shown with
blue upward triangles and that from beam-gas interactions with green downward triangles.
The background subtracted signal is shown in pick squares. Only statistical errors are
shown in all measurements.

Calibration transfer uncertainty

LUCID measurements are known suffer from non-linearity of O(10%) [68] with increasing
pileup due to the nature of the detector: with increasing number of collisions in the collider,

the number of secondary particles with the potential to generate a small signal in the
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PMT increase. When multiple such secondary particles hit the PMTs simultaneously, the
combined signal may be over threshold, overestimating the LUCID measurement. Thus,
vdM conditions are used to calibrate the response of LUCID and then extrapolated to
physics conditions in a procedure called Calibration Transfer (CT), where the LUCID
luminosity measurement is corrected to the track-counting measurement in a long physics
run with gradually decreasing pileup. This run is called the Calibration Transfer run and is
usually chosen to be close in time to the vdM scan to avoid additional effects from changing
detector and data taking conditions.

The ratio of the track-counting luminosity to the LUCID measurement is parametrised
by a first order polynomial shown in Equation 5.5, and the fitted parameters used to correct

the LUCID measurement in all other runs.

{Heorr) = Po{uncorr) + P1({ftuncorr) ), (5.5)

where fiyncorr and fieorr are the uncorrected and corrected LUCID measurement respectively
and the parameter p; encodes any possible non-linearity in the track-counting measurement.
The uncertainty in the CT extrapolation is estimated by evaluating the maximum shift
between the track-counting and TileCal measurement from cells E3/E4 and A13/A14, in
a set of runs with gradually increasing number of simultaneous interactions, number of
bunches, and moving from isolated bunches to bunch trains. Prior to this, the response of
TileCal for each cell of interest is equalised to that of the track-counting luminosity in a
high-luminosity reference run close to the vdM scan known as the anchoring run. Further,
TileCal currents are corrected for PMT response variation during and in-between fills. These
corrections are estimated from dedicated calibration runs and ensure a robust and reliable
TileCal measurement during data taking. The derivation of calibration transfer uncertainty
for the 2022 and 2023 data taking periods in Run 3 are discussed in Sections 5.2.1 and
5.3.1 respectively.

Long-term stability

It is important to monitor the long-term drifts of LUCID or track-counting to ensure
a good calibration throughout the entire data taking period. This is accomplished by
comparing the pileup corrected LUCID measurements to those from TileCal D-cells (which
are well shielded from radiation damage), EMEC and FCAL over the data taking period.

Measurements from a set of ten runs around the vdM scan are used to anchor the calorimeter
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measurements to the track-counting luminosity. The calibration anchoring uncertainty is
derived by calculating the largest RMS in difference of measurements across the different
calorimeter subsystems in these runs. The long-term stability uncertainty is derived by
considering a stability band which encloses the bulk of the differences between LUCID and
any of the other luminosity measurements during the data taking period. The derivation
of long-term stability uncertainty for the 2022 and 2023 data taking periods in Run 3 are

discussed in Sections 5.2.2 and 5.3.2 respectively.

Activation signal in the TileCal

Interaction of primary or secondary collision particles with the detector material surrounding
the TileCal can produce radioactive isotopes with lifetimes ranging from minutes to days.
The decay of these isotopes can produce additional signal in the TileCal scintillators and

needs to be estimated and accounted for while measuring TileCal luminosity with MinBias

ref

integrators. For a short pulse of real instantaneous luminosity Li, of duration 6t at time

t = 0, the resulting apparent instantaneous luminosity L2 from activation at a later time

t is given by:

—t/T
Lgct — 5tL;ef f€

inst inst )
T

(5.6)

where f characterises the strength of the activation-induced luminosity signal with respect
to the source and 7 is the half-life of the isotope. Estimating the activation signal involves
fitting the values of f and 7 from data, for several isotopes.

These fits are usually performed by minimising the x? built from track and TileCal
luminosity in the low-u, 5-0 separation and high-u parts of the CT and validated in the

post beam-dump period. The x? is defined using Equation 5.5 as:

X2 -y (Licr?go B L?I(I:tt B P — Lf;};(po + </“L>p1))2 (5 7)
(Opga0)* + (0 m0)° ' |

calo
int

where, L{%° is the uncorrected TileCal measurement, P is a pedestal correction to the
instantaneous luminosity and (0 zcu0) and (oux) represent the per-LB uncertainties in the
luminosity measurements. An example of fitting and validation periods are indicated for
the vdM run in 2022 (run 455702) in Figure 5.3. Effects from activation can be up to 0.5%

depending on the cell family [68].
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Figure 5.3: ADC counts as a function of LB number for run 455702, measured by cell E4
(Module 06) in the extended barrel A. The grey shaded area are the u-scans, excluded
in the TileCal activation fit. The green and blue shaded areas are the low-u and high-p
parts respectively, showing only periods with good track-counting data. The 5-0 separation
period, when the separation between the beams is the maximum, is shown in cyan. The
post beam-dump period is highlighted in purple.
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Additional uncertainties in the luminosity measurement

In addition to the systematic uncertainties associated with calibration transfer and the
long-term stability, the offline luminosity measurement is also affected by uncertainties in
the vdM calibration. These are estimated using dedicated prescriptions and some of the

important contributions to this uncertainty are highlighted below [67]:

o After-glow, caused by photons produced from nuclear de-excitation when pp collision

products initiate hadronic cascades.

e Beam-halo interactions, which are a combination of beam-gas interactions and halo

particles recorded by LUCID, in-time with the main beam.

e Uncertainties from the vdM scan, including beam-beam effects, length-scale calibration

measuring the beam-spot position and non-factorisation effects.

e Consistency of calibration between different scans and different bunches, determined

from comparing measurements between the two vdM scans typically done per year.

Typically, the uncertainty from non-factorisation effects dominates this category.

5.2 The ATLAS luminosity measurement in 2022

This section discusses the uncertainty measurement in the ATLAS luminosity measurement
for the 2022 data taking period in Run 3, with emphasis on the derivation of calibration
transfer and long-term stability uncertainties. The section concludes with a brief discussion
of the latest 2022 public ATLAS luminosity uncertainty recommendation.

The pileup (1) dependence of the LUCID response with respect to that from track-
counting was checked in fill 8146, taken on 20" August 2022, 10:28 CEST with 2400
isolated bunches. The luminosity profile of this fill together with the ratio of track-counting
luminosity to LUCID response is shown in Figure 5.4. A linear fit to the ratio of track-

counting luminosity to LUCID response shows a slope of about -0.14% per unit of u.
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Figure 5.4: (a) Luminosity profile of the p-correction fill, used for the calibration of LUCID
to track-counting for physics data taking. (b) Ratio of bunch-averaged track-counting
luminosity to the LUCID luminosity using the LUCID Bi2HitOR algorithm before any
pileup correction, as a function of bunch-averaged pileup parameter (measured using LUCID
Bi2HitOR algorithm) during LHC fill 8146 in 2022 [69].

5.2.1 Calibration transfer uncertainty

The CT uncertainty in 2022 was evaluated by selecting a set of eight runs around the vdM
scan spanning September—November 2022, shown in Tables 5.1- 5.3. The CT run for 2022
was taken on 29" September 2022 (run 435678), with modules from cells E3 and E4 divided
into one of two gain families: low, set to 0.2 M) and high, set to approximately 30 M.
This arrangement was adopted to have sensitivity to the entire luminosity range explored in
the run. Due to relatively smaller signals in cells A13 and A14, such a configuration was not
adopted for these cells. Shortly after the CT run, a four week long, unexpected LHC stop
occurred due to a cooling leak in one of the sectors. The vdM scan (run 439428) for the
year was performed after recovery of the machine, on 9** November 2022. To avoid effects
from scintillator ageing or activation signal from surrounding material during the LHC
down-time, dedicated anchoring runs were used for the periods before and after the LHC
stop. The first set of runs, summarised in Table 5.1 and 5.2, were chosen to be anchored
in run 435816. All runs in this dataset, except the anchoring run, were collected without
the ATLAS toroid field due to additional operational complications. The second set of
runs, summarised in Table 5.3, were anchored to run 439519. In all cases, the pedestal was

estimated as the mean of ADC counts in LBs before collision.
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Table 5.1: Part of the dataset collected for estimating the calibration transfer uncertainty in
2022. These runs were taken without the toroid field due to operational issues. The CT fill,
run 435678, had modules from cells E3 and E4 were divided in to one of two gain families
(low, set to 0.2 MQ and high, set to approximately 30 M) to have sensitivity to the entire
luminosity range explored in the run. Due to relatively smaller signals in cells A13 and
Al4, such a configuration was not adopted. The highest luminosity run, run 435816 shown
in Table 5.2, is used for anchoring in the September 2022 period.
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Table 5.2: Part of the dataset collected for estimating the calibration transfer uncertainty
in 2022. These runs were taken without the toroid field due to operational issues. The
highest luminosity run, run 435816, is used for anchoring in the September 2022 period.
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Table 5.3: Part of the dataset collected for estimating the calibration transfer uncertainty
in 2022. The vdM run is indicated in the table. The highest luminosity run, run 439519 is
used for anchoring in the November 2022 period.
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The removal of bad modules was done for cells E3, E4, A13 and A14 separately following
the procedures established in Section 4.2. This accounts to about 15% or less of the total
modules for each PMT. In the anchoring run, a calibration constant per good module was
calculated as the ratio of the Tile current to the track-counting luminosity in the run and
used to rescale the Tile currents in all other runs. For run 435816, anchoring constants
were calculated in the LB range 400-600, while for 439519, the LB range 360-390 was used.
These ranges were chosen to contain only LBs where both the track-counting data and
TileCal currents were collected without operational issues. Finally, the ratios of TileCal to
track luminosity ratios were derived as the measurement from all good modules average
over the LBs. In the case of A-cells, the average of the measurement from the two PMTs is

used. The results are shown in Figure 5.5.
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Figure 5.5: Ratio of TileCal to track-counting luminosity for cells (a) E3 and E4, and (b)
A13 and A14 for runs considered to estimate the calibration transfer uncertainty in 2022.

Activation is not accounted for in these figures and can be up to 1% additional signal in
the PMTs [68].

The TileCal to track-counting luminosity ratios for modules with sensitivity to the
low-luminosity periods of the CT fill show much larger deviation from the mean largely
due to larger statistical fluctuations in the period. The ratios show good compatibility
with unity in the September dataset and up to 4% deviation from the anchoring run in
the November dataset. These deviations can be well accounted for by accounting for PMT
response variations and TileCal activation (not shown in the plots). While publishing the
preliminary uncertainty estimate, the laser data was not available to provide corrections to

PMT response variation. The effect of these missing corrections was estimated to be around
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0.5% from previous analyses [68] and added linearly to the TileCal estimates. The range
of shifts in the ratio of TileCal to track-counting luminosity measurement over the used
TileCal families was checked over the different runs of the dataset, going from the vdM
regime (low-p, low number of bunches, isolated bunches) to the data taking conditions of
physics running (high-p, large number of bunches, bunch trains), summarised in Table 5.4.
The first extrapolation is considers the variation in Tile/Track ratios of A-cells, between
the CT conditions (p = 0.5, 140b, isolated bunches in run 435678) and physics conditions
(1 = 40, 1154b, trains in run 435751 or 435777) and put an upper limit at 0.8%. This is
a more conservative estimate than those derived from E-cells, which show slightly lower
variation in ratios for the same period. The second extrapolation involves two steps: first,
the maximum variation in ratios between the CT fill (u = 0.5, 140b, isolated bunches in
run 435678) and vdM conditions (u = 45, 144b, isolated bunches in run 439428) is checked,
taking into account activation; second, the extrapolation to physics conditions is considered
(1 = 40, 1154Db, trains in run 435751 or 435777). The upper limit on this extrapolation
stands at about 1% taking into account both TileCal cell families, and added linearly with

the expected effects from laser corrections, gives the CT uncertainty to be 1.5%.
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Extrapolation of luminosity calibration Used cell families Range of shifts across
used cell families

1-step extrapolation

(1~ 0.5, 140b, isolated) — (u = 40, 1154b, trains) A13, Al14 [-0.1, 0.8]%
Alternative: 2-step extrapolation

(1~ 0.5, 140D, isolated) — (u ~ 45, 144b, trains) ~ A13, Al4, E3, E4 0.1, 0.7]%
(u &= 45, 144b, trains) — (u & 40, 1154b, trains) (*) Al13, Al4 [0.0, 0.4]%
Combined 2-step extrapolation [0.1, 1.1]%
Upper limit on extrapolation impact (rounded) < 1%
Effect of missing laser corrections (linearly added) Al4 0.5%
Upper limit on total extrapolation impact < 1.5%

Table 5.4: Range of shifts in the ratios of the Tile-calorimeter luminosity and the track-
counting luminosity in the CT dataset in 2022 [69]. The selected runs are shown in
Tables 5.1, 5.2 and 5.3 and are taken with varying number of simultaneous interactions,
number of bunches, and moving from isolated bunches to bunch trains, to extrapolate the
calibration of LUCID from vdM to physics conditions. The Tile data has been corrected
for residual ambient activation, except for one extrapolation step indicated with (*), where
at high p-values the bias from the activation is considered small. The rounded maximum
shifts are used as an upper limit on the impact of the extrapolation on the luminosity
calibration. This is added linearly with the potential effect from missing laser corrections,
which trace gain changes in the Tile readout photomultiplier tubes (PMTs). The upper
limit on the total impact of the extrapolation from the vdM to the regime of physics data
taking is symmetrized and considered as calibration transfer uncertainty.
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5.2.2 Long-term stability uncertainty

The long-term stability uncertainty was estimated using runs passing the Good Run List
(GRL) in 2022, using measurements from track-counting, EMEC and FCAL. TileCal
measurements from D-cells were not processed at the time of publication. Figure 5.6
shows fractional differences between the run-integrated luminosity measured from EMEC
and FCAL with respect to either the baseline LUCID or track-counting algorithms. All
luminosity estimates were normalised in ten runs close to the vdM scan. Estimates from
EMEC and FCAL show good compatibility in this region and are used to estimate the

calibration anchoring uncertainty to be 0.53%.
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Figure 5.6: Fractional differences in fill-integrated luminosity between (a) the EMEC,
FCAL (averages of the respective A- and C-side algorithms), LUCID Bi2HitOR luminosity
and the track-counting luminosity algorithm and (b) the EMEC and FCAL luminosity
measurements (A- and C-sides separately) and the baseline LUCID Bi2HitOR luminosity
algorithm, as a function of the fractional cumulative integrated luminosity in 2022 [69].
The p-correction fill corresponds to the dataset used for the calibration of LUCID to
track-counting for physics data taking, the anchoring region marks the range of ten fills
around the vdM fill used for normalising the calorimeter measurements to track-counting.
The selection of fills is restricted to those passing standard data-quality requirements.

Next, the variation between the algorithms from the respective subdetectors is checked
in the p-correction fill and the long-term stability uncertainty is evaluated conservatively
by considering the largest mean deviation across the calorimeter subsystems and track
counting sets. These results are shown in Figure 5.7. For the 2022 dataset, this uncertainty
is estimated to be 0.41%, from the FCAL (side A).
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Figure 5.7: Distributions of relative differences in fill-integrated luminosity between the
baseline LUCID Bi2HitOR luminosity measurement (weighted by the integrated luminosity)
and (a) the EMEC luminosity measurements (A-side and C-side separately), (b) FCAL
luminosity measurements (A-side and C-side separately), (c) track-counting luminosity
measurements in the p-correction fill for 2022 [69]. The selection of fills is restricted to those
passing standard data-quality requirements; in the case of track-counting, requirements
are tightened to reject fills suffering from known Inner-Detector operational issues that
affect the track-counting luminosity measurement. The quoted integrated luminosity is the
one delivered by the LHC, not corrected for ATLAS detector and trigger readiness. The
mean and RMS values for each algorithm are indicated in the legend. The largest mean
deviation across the calorimeter subsystems and track counting sets the long-term stability
uncertainty.
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5.2.3 Results

The final uncertainty in the luminosity measurement was derived taking into account multiple
effects described in the earlier section, summarised in Table 5.5. The vdM calibration is
dominated by non-factorisation effects (~ 1%). The calibration transfer uncertainty (1.5%)

has the leading contribution to the total uncertainty (2.19%).

Data sample 2022

Integrated luminosity (fb™!) 31.40
Total uncertainty (fb=') 0.7

Uncertainty contributions (%):

vdM calibration 1.45
Calibration transfer 1.50
Calibration anchoring 0.53
Long-term stability 0.41
Total uncertainty (%) 2.19

Table 5.5: Systematic uncertainties associated with the preliminary luminosity calibration of
the 2022 pp data sample at /s = 13.6 TeV. The fractional systematic uncertainty is broken
down into four main contributions: absolute vdM calibration, the calibration transfer from
the vdM to the physics regime, calibration anchoring of the calorimeters for physics runs,
and long-term stability of the luminometer response. Table modified from Ref. [69].

5.2.4 Data reprocessing and outlook

Following the publication of the preliminary luminosity measurement for 2022, a reprocessing
of the data from all detector subsystems is on-going to improve the overall uncertainty
estimate. In particular, TileCal data provided for calibration transfer has been updated
with corrections to account for PMT response variation between and during the runs,
namely inter-run and in-gap laser corrections respectively. The inter-run laser corrections
for E3/E4 and A13/A14 are shown in Figure 5.8. The average value of the correction is
about 1% for each of the PMTs. In-gap laser corrections derived from the 2018 dataset,
shown in Figure 4.5, are used.

The updated ratios of TileCal to track-counting luminosity are shown in Figure 5.9
for E3/E4 and Figure 5.10 for A13/A14 respectively. For E3/E4, the application of laser
corrections progressively improves the agreement of the ratio with unity. A similar trend

is observed for A13/A14. The impact of the corrections will be fully assessed after the
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Figure 5.8: Average value of inter-run laser corrections for (a) E3 and E4 cells and (b) A13
and A14 cells. The corrections are derived from laser calibration runs marked in black and
the MinBias run(s) to which they are applied is marked in pink. These corrections are
applied per module for each PMT. An average of ten laser runs close to the anchoring run
in September and November were chosen to normalise the data for laser runs used in the

analysis.
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activation analysis is repeated on the dataset but preliminary estimates show that the CT

error would reduce by a few percent.
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Figure 5.9: Ratio of TileCal to the track-counting luminosity for cells E3 and E4 for runs
considered to estimate the calibration transfer uncertainty in 2022 (a) before any laser
corrections are applied, (b) after run-to-run laser corrections and (c) after in-gap laser
corrections are applied. Activation is not accounted for in these figures and can be up to
1% additional signal in the PMTs [68].
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Figure 5.10: Ratio of TileCal to the track-counting luminosity for cells A13 and A14 for
runs considered to estimate the calibration transfer uncertainty in 2022 (a) before any laser
corrections are applied, (b) after run-to-run laser corrections and (c) after in-gap laser
corrections are applied. Activation is not accounted for in these figures and can be up to
1% additional signal in the PMTs [68].

TileCal data from cell D6 was also processed after the preliminary study. Figure 5.11
shows fractional differences between the run-integrated luminosity measured from EMEC,
FCAL and the cell D6 with respect to either the baseline LUCID algorithm. The TileCal
measurement agrees well with that from the other calorimeters (also reprocessed) in the

anchoring region.
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Figure 5.11: Fractional differences in fill-integrated luminosity between the baseline LUCID
Bi2HitOR luminosity measurement (weighted by the integrated luminosity) and calorimeter
and track-counting luminosity measurements as a function of the fractional cumulative
integrated luminosity in 2022. For EMEC and FCAL, the measurements are re-processed
relative to the preliminary result in Figure 5.6 and averaged over the A- and C- sides.
The TileCal luminosity from cell D6 is quoted, averaged over the two PMTs from the two

extended barrels.
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The variation between the algorithms from the calorimeters was checked in the u-
correction fill, shown in Figure 5.12. The reprocessed EMEC uncertainty presents the
largest mean deviation across the calorimeter subsystems and track counting sets and will
be taken as the long-term stability uncertainty, reducing the preliminary estimate by more
than half. Thus, the combined uncertainty from the calibration transfer and long-term
stability are estimated to reduce by a few percent each, improving the overall luminosity
uncertainty estimation. The reprocessed results are expected to be made public by the end
of the year and is currently outside the scope of this thesis.
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Figure 5.12: Distributions of relative differences in fill-integrated luminosity between (a) the
baseline LUCID Bi2HitOR luminosity measurement (weighted by the integrated luminosity)
and (b) the EMEC and FCAL luminosity measurements (averaged for A-side and C-side).
The track-counting and TileCal luminosity measurements in the p-correction fill for 2022.
The selection of fills is restricted to those passing standard data-quality requirements; in
the case of track-counting, requirements are tightened to reject fills suffering from known
Inner-Detector operational issues that affect the track-counting luminosity measurement.
The quoted integrated luminosity is the one delivered by the LHC, not corrected for ATLAS
detector and trigger readiness. The mean and RMS values for each algorithm are indicated
in the legend. The largest mean deviation across the calorimeter subsystems and track
counting sets the long-term stability uncertainty.
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5.3 The ATLAS luminosity measurement in 2023

This section discusses the uncertainty measurement for ATLAS luminosity for the 2023
data taking period in Run 3 with emphasis on the role of TileCal in the derivation of the
calibration transfer and long-term stability uncertainty. The section concludes with a brief
discussion of the latest 2023 public ATLAS luminosity uncertainty recommendation.

The p-dependence of the LUCID response to track-counting luminosity was checked using
the average of ten runs around the vdM fills in 2023. The ratio of track-counting luminosity
to LUCID response is shown in Figure 5.13. A linear fit to the ratio of track-counting

luminosity to LUCID response shows a slope of about -0.14% per unit of p.
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Figure 5.13: Ratio of the bunch-averaged pileup parameter reported by the track-counting
luminosity algorithm to that measured by LUCID Bi2HitOR before any pileup correction,
as a function of the bunch-averaged pileup parameter (measured using LUCID Bi2HitOR
algorithm) using data from ten runs around the vdM fill [67]. The ratio is fit to a straight
line and the slope of the line estimates the amount of correction to LUCID per unit pileup
(approximately -0.14%).
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5.3.1 Calibration transfer uncertainty

The CT uncertainty in 2023 was evaluated by selecting a set of eight runs around the vdM
scan spanning June—July 2023. Two vdM fills, run 455889 and run 455623, were taken
during the period because the beam was lost during the vdM scan in the first run. Runs
with less than 140 bunches were taken without the toroid field due to operational issues
with the ATLAS toroid magnet. Two CT fills were taken, run 455837 with isolated proton
bunches and run was 455899 with proton bunches in trains. Both fills had modules from
cells E3 and E4 were divided in to one of two gain families (low, set to 0.2 M and high,
set to approximately 30 M) to have sensitivity to the entire luminosity range explored in
the run. Due to relatively smaller signals in cells A13 and A14, such a configuration was
not adopted. The entire set of runs is shown in Tables 5.6-5.8. Run 455924 was chosen
as the anchoring run for the entire period. In all cases, the pedestal was estimated as the
mean of ADC counts in LBs before collision. In run 455870, only data from the EBA was
available due to a power-cycle of module 64 in LB 370, leading to loss of MinBias data in
the following LBs.
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Table 5.6: Part of the dataset collected for estimating the calibration transfer uncertainty
in 2023. These runs were taken without the toroid field due to operational issues. Two
vdM fills, run 455889 and run 455623, were taken during the period because the beam was
lost during the vdM scan in the first run. The highest luminosity run, run 455924 shown in
Table 5.8, was used for anchoring the dataset
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Table 5.7: Part of the dataset collected for estimating the calibration transfer uncertainty
in 2023. In the CT fill with isolated proton bunches, run 455837, modules from cells E3
and E4 were divided in to one of two gain families (low, set to 0.2 M and high, set to
approximately 30 M) to have sensitivity to the entire luminosity range explored in the run.
Due to relatively smaller signals in cells A13 and A14, such a configuration was not adopted.
The highest luminosity run, run 455924 shown in Table 5.8, was used for anchoring the
dataset.
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Run Luminosity Profile Run Summary Remarks
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Table 5.8: Part of the dataset collected for estimating the calibration transfer uncertainty
in 2023. In the CT fill with proton bunches in trains, run 455899, modules from cells E3
and E4 were divided in to one of two gain families (low, set to 0.2 M and high, set to
approximately 30 M(2) to have sensitivity to the entire luminosity range explored in the
run. Due to relatively smaller signals in cells A13 and A14, such a configuration was not
adopted. The highest luminosity run, run 455924, was used for anchoring the dataset.
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The removal of bad modules was done for cells E3, E4, A13 and A14 separately following
the procedures established in Section 4.2. This accounts to about 15% or less of the total
modules for each PMT. In the anchoring run, a calibration constant per good module was
calculated as the ratio of the Tile current to the track-counting luminosity in the run and
used to rescale the Tile currents in all other runs. Anchoring constants were calculated in
the LB range 700-1200, choosing only LBs where both the track-counting data and TileCal
currents were collected without operational issues. Finally, the ratios of TileCal to track
luminosity ratios were derived as the measurement from all good modules average over
the LBs. Dedicated run-to-run laser corrections were derived from laser calibrations taken
around the runs in the dataset and applied using the procedure outlined in Section 4.2. A
summary of the average run-to-run laser corrections for E3/E4 and A13/A14 is shown in

Figure 5.14.
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Figure 5.14: Average value of inter-run laser corrections for (a) E3 and E4 cells and (b)
A13 and A14 cells. The corrections are derived from laser calibration runs marked in black
and the MinBias run(s) to which they are applied is marked in pink. These corrections are
applied per module for each PMT. An average of ten laser runs close to the anchoring run
was chosen to normalise the data for laser runs used in the analysis.

The ratio of TileCal to track-counting luminosity, with and without run-to-run laser
corrections, is shown for cells E3 and E4 in Figure 5.15. For cells A13/A14, shown in

Figure 5.16, the average of the measurement from the two PMTs for each cell is used.
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Figure 5.15: Ratio of TileCal to track-counting luminosity for cells E3 and E4 for runs
considered to estimate the calibration transfer uncertainty in 2022 (a) before any laser
corrections and (b) after run-to-run laser corrections. All instances show improvement on
the application of laser corrections. Activation is not accounted for in these figures and can
be up to 1% additional signal in the PMTs [68].
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Figure 5.16: Ratio of TileCal to track-counting luminosity for cells A13 and A14 for
runs considered to estimate the calibration transfer uncertainty in 2022 (a) before any
laser corrections and (b) after run-to-run laser corrections. For each cell, the average of
the measurement from the two PMTs is used. All instances show improvement on the
application of laser corrections. Activation is not accounted for in these figures and can be
up to 1% additional signal in the PMTs [68].
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The ratio of TileCal to track-counting luminosity shows great stability and compatibility
with unity and improves on the application of laser corrections. The slight increase in
standard deviation between the mean measurements of the modules results from the
propagation of errors from laser corrections. Activation in Tile cells from the surrounding
material is not accounted for in the above plots and can be up to 1% additional signal [68].
At the time of writing this thesis, laser in-gap corrections were not available and have thus
not been accounted for in the work. However, no more than 0.3% effect is expected from
this correction [68].

The range of shifts in the ratio of TileCal to track-counting luminosity measurement
over the used TileCal families was checked over the different runs of the dataset, going
from the vdM regime (low-u, low number of bunches, isolated bunches) to the data taking
conditions of physics running (high-y, large number of bunches, bunch trains), summarised
in Table 5.9. The first extrapolation is considers the variation in Tile/Track ratios of A-cells
and E-cells, between the CT conditions (x = 0.5, 140b, isolated bunches in runs 455589
and 455623) and physics conditions (x = 40, 898b, trains in run 455837) and put an upper
limit at 1.1%. The second extrapolation is two step: first, the maximum variation in ratios
between the CT fill (u = 0.5, 140b, isolated bunches in runs 455589 and 455623) and vdM
conditions (u = 60, 140b, isolated bunches in run 455702)is checked, taking into account
activation. Second, the extrapolation to physics conditions is considered (u = 40, 898b,
trains in run 455837). The upper limit on this extrapolation stands at about 1.3% taking
into account both TileCal cell families. The CT uncertainty is estimated as the maximum

upper bound from two extrapolation steps to be 1.1%.
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Extrapolation of luminosity calibration Used cell families Range of shifts across
used cell families

1-step extrapolation

(1~ 0.5, 140D, isolated) — (u ~ 40, 898b, trains) E3, E4, A13, Al4 [0.5, 1.1]%
Alternative: 2-step extrapolation

(1~ 0.5, 140D, isolated) — (u = 60, 140D, isolated) E3, E4, A13, A14 [-0.7, -0.3]%

(1 =~ 60, 140b, isolated) — (p = 40, 898b, trains) (*) E3, E4, A13, A14 [0.7, 1.3]%

Combined 2-step extrapolation [0.0, 1.0]%

Upper limit on total extrapolation impact < 1.1%

Table 5.9: Range of shifts in the ratios of the Tile-calorimeter luminosity and the track-
counting luminosity in the CT dataset in 2023 [67]. The selected runs are shown in
Tables 5.6, 5.7 and 5.8 and are taken with varying number of simultaneous interactions,
number of bunches, and moving from isolated bunches to bunch trains, to extrapolate the
calibration of LUCID from vdM to physics conditions. The Tile data has been corrected for
residual ambient activation, except for one extrapolation step indicated with (*), where at
high p-values the bias from the activation is considered small. The rounded maximum shifts
are used as an upper limit on the impact of the extrapolation on the luminosity calibration.
The upper limit on the total impact of the extrapolation from the vdM to the regime of
physics data taking is symmetrized and considered as calibration transfer uncertainty.

5.3.2 Long-term stability uncertainty

The long-term stability uncertainty was estimated using runs passing the GRL in 2023
using measurements from EMEC, FCAL and TileCal (D6). Figure 5.17 shows fractional
differences between the run-integrated luminosity measured from track-counting and the
calorimeters with respect to the baseline LUCID algorithm. All luminosity estimates were
normalised in ten runs close to the vdM scan and, as before, the calibration anchoring
uncertainty is estimated to be 0.16%.

Next, the variation between the algorithms from the respective subdetectors is checked in
the average measurements from this fill and the long-term stability uncertainty is evaluated
considering the largest mean deviation across the calorimeter subsystems and track-counting
measurements. The results are shown in Figure 5.18. For the 2023 dataset, this uncertainty
is estimated to be 0.1%, from the FCAL.
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Figure 5.17: Fractional differences in fill-integrated luminosity between the LUCID
Bi2HitOR luminosity measurements and the calorimeters and track-counting luminos-
ity algorithm, as a function of the fractional cumulative integrated luminosity in 2023
[67]. The EMEC, the FCAL and the TileCal D6-cells measurements are averages of the
respective A-side and C-side algorithms. The anchoring region marks the range of ten fills
around the vdM fill used to normalise the calorimeter measurements to track-counting and
to evaluate the p-correction parameters used for the calibration of LUCID to track-counting
during physics data taking. The selection of fills is restricted to those passing standard
data-quality requirements.
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Figure 5.18: Distributions of relative differences in fill-integrated luminosity between the
baseline LUCID Bi2HitOR luminosity measurement (weighted by the integrated luminosity
in each fill) and (a) EMEC and (b) FCAL luminosity measurements (A-side and C-side
averages), for 2023 [67]. The selection of fills is restricted to those passing standard data-
quality requirements; the quoted integrated luminosity is the one delivered by the LHC, not
corrected for ATLAS detector and trigger readiness. The mean and RMS values for each
algorithm are indicated in the legend. The largest mean deviation across the calorimeter
subsystems and track counting sets the long-term stability uncertainty.

5.3.3 Results

The final uncertainty in luminosity was derived taking into account multiple effects described
in the earlier sections, summarised in Table 5.10. The vdM calibration is dominated by
non-factorisation effects (~ 1.4%). The calibration transfer uncertainty (1.1%) has the

leading contribution to the total uncertainty (2.04%).
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Data sample 2023
Integrated luminosity (fb™!) 27.58
Total uncertainty (fb™!) 0.55
Uncertainty contributions (%):

vdM calibration 1.71
Calibration transfer 1.1

Calibration anchoring 0.16
Long-term stability 0.1

Total uncertainty (%) 2.04

Table 5.10: Systematic uncertainties associated with the preliminary luminosity calibration
of the 2023 pp data sample at /s = 13.6 TeV. The fractional systematic uncertainty
is broken down into four main contributions: absolute vdM calibration, the calibration
transfer from the vdM to the physics regime, calibration anchoring of the calorimeters for
physics runs, and long-term stability of the luminometer response. Table modified from
Ref [67].

5.4 Conclusions

This chaper emphasized the role of TileCal in the ATLAS luminosity measurement and
presented results of this calibration for the 2022 and 2023 dataset. These results are very
crucial because they are necessary in every ATLAS measurement using these datasets. The
overall uncertainty in the luminosity determination in 2022 was estimated to be 2.19%
(calibration transfer: 1.5% and long-term stability: 0.41%) [69]. The overall uncertainty in
the luminosity determination in 2023 was estimated to be 2.04% (calibration transfer: 1.1%
and long-term stability: 0.1%) [67]. The 2022 dataset has been reprocessed by all detector

subsystems and an update estimate is on the way.



Chapter 6

Event simulation

Collisions between proton bunches at the LHC can be rather spectacular and intricate
because of the composite structure of the proton. The simulation of pp collisions and
interactions of the resulting particles with the detector material serve as a bridge between
predictions from theoretical models and experimental observations. They are important
in decisions for detector design, choosing trigger menus and offline selections to optimise
strategies for maximal signal acceptance. They are also needed to optimize signal-to-
background discrimination and for the physics interpretation of the data.

Simulation of pp collisions is a joint effort involving theoretical, experimental and Monte
Carlo (MC) based methods. The steps involved in such a simulation is described in this

chapter, together with the MC generators used in the analyses in this thesis.

6.1 Simulation of pp collisions

Figure 6.1 illustrates the many processes that happen in a pp collision: the event of interest
usually results from inelastic scattering between partons, with its products subjected to
the laws of QCD, producing showers of quarks and gluons called a parton shower. Low
energy quarks and gluons eventually recombine to form colorless states in a process called
hadronisation. Initial partons involved in the hard scattering can radiate gluons (initial
state radiation) and so can the products of the hard scatter (final state radiation). Partons
not involved in the hard scattering can interact and produce additional particles in a process
referred to as the underlying event. Engines based on pseudo-random numbers, called Monte
Carlo (MC) generators, are used to simulate individual events and reproduce the predicted

kinematics of parton showers, hadronisation and the underlying event. The output is fed to
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Figure 6.1: Schematic of the processes that take place in a pp collision

a GEANT [70]-based simulation of the ATLAS detector to mimic experimental signatures
seen at the detector

6.1.1 Parton distribution functions

The factorisation theorem [71] allows the cross-section of a process to be factorised into

short and long distance effects at an arbitrary scaled called the factorisation scale (pur)
This is shown in Equation 6.1

OppsXx = X

b / dzdxyPDF (2,4, % )PDF (1, f1%) X Gapsx

(6.1)

Here, the sum runs over all parton types that can initiate the process. The parton density
function (PDF) encodes the probability of finding a parton of type i inside the proton

carrying a fraction x; of the proton’s momentum. PDFs are universal, scale-dependent

functions and determined from deep-inelastic scattering and collider experiments. The

evolution of PDFs as s function of the energy scale y is determined by the Altarelli- Parisi

Simulation of pp collisions
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equations (DGLAP) |72]:

= [ en (D e ()] 6

Og(x, p*) _ as(u)/
0ln p? 27

Z% (‘) + Pyg(2)g (g)] (6.3)

where ¢; and g are the the quark and gluon PDFs respectively and = corresponds to the
momentum fraction of the parton. The function P;; are called splitting functions, used to
describe the probability of an outgoing parton j to be emitted by an initial parton 7. The

splitting functions are given by:

1+ 22
qu(z):CF<1_Z) )
+

Puy(z) = % (Z +(1— 2)2) )
put = (LEU=30Y,
Py(2) = 2N. ((1 _ZZ) n 1 ; z b1 - 2)) n 11N, _§(0‘5)nf(5(1 —2),

where ny is the number of active quark flavors, and for a SU(XV,) theory, the following

definition is used:

N2 -1
2N, '’

Cr =

and the + distribution is defined as

1 1
— f(1
/ P LG / 3.1 = 1)
0 (1—2)+ 0 1=z
A leading collaboration that measures PDFs is the NNPDF Collaboration [73]. PDFs
determined by this collaboration are widely used in physics analysis, shown in Figure 6.2.
In Equation 6.1, the parameter ¢, ,x is the partonic cross-section at a centre-of-

mass energy Vs = \/s\/ZTaZs, where (/s is the centre-of-mass energy of the pp collision.

This factor is dependent on pp and an additional scale, the renormalisation scale (ug),
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Figure 6.2: PDFs as determined by the NNPDF Collaboration for Q* = 10 GeV (left) and
Q? = 10" GeV (right). Figure taken from Ref. [73].

which is introduced to resolve logarithmic divergences that appear while computing loop
diagrams representing the amplitude. The dependence on pp vanishes once the calculation

is performed at all orders in perturbation theory.

6.1.2 Matrix-element calculation

The partonic cross-section, 04 x, is calculated using the Matriz-element, which describes

the transition from an initial to a final state in a parton interaction, shown in Equation 6.4.

Oap—X ™ %/d@X+k|zl3MlX+k|2 (6-4)

Here, d®x ., represents the phase space of the configuration with k real emissions. The
sum over k corresponds to the sum of the additional real emissions that can occur and the
sum over [ is the sum over the number of virtual loops. The matrix-element, M x .y, is
computed as computed as the sum of the Feynman diagrams resulting in a final state with

k real emissions and [ virtual loop corrections.
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Various fixed order calculations in perturbative QCD use different values of k and [:
e A leading order (LO) calculation for the production of X corresponds to k =1 = 0.

e A leading order (LO) calculation for the production of X with n jets corresponds to
k=mn,l=0.

e Setting k + [ < n gives the calculation at N"LO for X, including N*'LO for X +1
jet, N*=2LO for X +2 jets and so on up to LO for X + n jets.

For a fixed-order calculation, the integral is modified to be restricted to the energy scale

1r. The remaining part of the phase space is used in the next stage: the Parton Shower.

6.1.3 Parton shower

A Parton Shower (PS) is described as the iterative emission of quarks and gluons from
partons in the initial or final state, forming collimated sprays of strongly interacting particles.
Theoretically, the differential cross-section of the production of an additional parton (do,, 1)
is related to the n-parton differential cross-section (do,,) by Equation 6.5.
2
Aoy ~ dang—;%dzpij(z), (6.5)
where a; is the strong coupling constant and P;; are the splitting functions. This approxi-
mation assumes an almost collinear splitting of the initial partons in to two, called the soft
and collinear regime.
In MC simulation, the parton shower is implemented by repeatedly applying the Sudakov
form factors, which represent the probability that a parton evolves from an initial scale ¢

to a lower scale ¢o without splitting, shown in Equation 6.6.

q% Zmazx
Aildt, ;) = exp(=X /2 / dPi(z,q*). (6.6)
q5 Zmin

For final state showers, the procedure stops when the energy scale drops below the
hadronisation scale (~ 1 GeV). For initial state showers, the procedure is evolved backwards,
starting at the correct parton momentum for the hard scatter. Overlap between the ME
and PS part of the simulation are addressed with dedicated ME-PS matching algorithms.
Two widely used algorithms for this are the Catani-Krauss-Kuhn-Webber (CKKW [74])
and the Michelangelo L. Mangano (MLM [75]) algorithms. The CKKW algorithm clusters
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Figure 6.3: Illustrative sketch of the (a) Lund String fragmentation and (b) Cluster
hadronisation models. Figure taken from Ref. [78].

partons into jets using a jet algorithm followed by reclustering of jets by merging parton
shower emissions that are not already included in the fixed-order ME calculation. The
ME and PS components are finally weighted and merged to obtain a coherent description
of multi-jet final states. The MLM algorithm, on the other hand, focuses on reducing
the double counting of emissions by rejecting parton shower emissions that are already
described by the matrix-element calculation. It also starts with clustering of partons into
jets using a jet algorithm. Then, it rejects parton shower emissions already covered by the
matrix-element calculation, thus reweighing and merging the ME and PS components. This

algorithm has reduced dependence on tuning parameters.

6.1.4 Hadronisation

Hadronisation is the formation of bound states of quarks and gluons when their energy
drops below the hadronisation scale (~ 1 GeV). These dynamics follow non-pertubative
QCD. Two commonly used hadronisation models are the Lund String Fragmentation model
[76] and the Cluster Hadronisation model |77], illustrated in Figure 6.3.

The Lund String Fragmentation model is based on the concept of color confinement,
where quarks and antiquarks are connected by color flux tubes or strings as they move
apart. As the strings stretch and the energy increases, they can break to produce additional

quark-antiquark pairs leading to the fragmentation of partons into hadrons. Hadronisation
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occurs through the fragmentation of these strings into color-neutral hadrons. The fragmen-
tation process is governed by the Lund string fragmentation function, which describes the
probability distribution of hadron production along the string.

In the Cluster Hadronisation Model, also known as the Webber Cluster Model, partons
produced in high-energy collisions are clustered into color-singlet clusters through the
emission of soft gluons. These clusters represent the color-neutral hadronising objects that
subsequently decay into observed hadrons. The model emphasizes the role of soft gluon
interference effects in the hadronisation process. These interference effects influence the
angular and momentum distributions of the emitted partons and play a crucial role in

determining the final state hadron spectra.

6.1.5 Underlying event, multiple parton interactions and pileup

Soft interactions between spectator partons in the hard collision form the underlying event.
They are usually seen as soft jets in the beam direction and estimated using experimental
data [79]. If multiple hard scattering occur in the same bunch crossing, this is referred to
as Multiple Partons Interactions (MPIs) and signature of these processes are back-to-back
jets with little total transverse momentum. The fraction of such processes is typically
small and computed in the perturbative regime. Finally, interactions of multiple protons
either in the same bunch crossing (in-time) or previous or subsequent bunch crossings
(out-of-time) are referred to as pileup. Soft interactions arising due to in-time pileup are
modelled with similar techniques to those used for the underlying event while for out-of-time
pileup, additional elements are incorporated in the computation to account for the detector

response and signal processing.

6.2 Monte Carlo generators

Dedicated software tools based on Monte Carlo methods, called Monte Carlo generators, are
used for the simulation of either part or the entirety of the chain described in Section 6.1.

General-purpose MC generators simulate the entire collision chain, starting from the
matrix-element computation to the hadronisation process. They can either be used stand-
alone or interfaced to dedicated generators for improved accuracy in parts of the simulation

chain.
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The following general-purpose MC generators are used in the analyses presented in this

thesis:

e PYTHIA [80] is a general-purpose event generator for simulating the full event evolution
including initial and final state radiation, multiple parton interactions, hadronization
and underlying event activity. matrix-element calculation for 2 — n(n < 3) processes
is performed with LO precision and hadronisation is carried out following the Lund

String model.

e HERWIG [81] is another general-purpose event generator that performs LO matrix-
element calculation for 2 — 2 processes. The hadronisation and underlying event
activity is modelled following the cluster model. Additionally, the parton shower
simulation includes full spin correlation for all partons, which leads to more accurate
computation than PYTHIA, since it includes gluon splitting asymmetries in the
collinear approximation. It is often used alongside PYTHIA to cross-check results and

explore different modeling approaches.

e SHERPA [82] computes matrix-elements for the process F' + k at NLO precision for
k < 2 and at LO precision for £ < 4. It includes its own parton shower based on
the Catani-Seymour dipole formalism [83] and ME-PS matching using an improved
version of the CKKW algorithm.

Matrix-element (ME) generators are specialised for providing accurate ME calculations.

Some of the common ME generators are:

e POWHEG-BOX [84] is used to generate events with matrix-element computations
at NLO accuracy and provides a systematic approach for matching NLO calculations
with parton shower simulations. It can thus be interfaced to general purpose MC
generators like PYTHIA or HERWIG to model the parton shower, hadronisation and

underlying event.

e MADGRAPHS AMCQNLO |[85] is an alternative generator for matrix-element com-
putation at NLO accuracy and matching them to parton shower simulations using the
MLM algorithm. It is also interfaced to general purpose MC generators like PYTHIA

or HERWIG to model the parton shower, hadronisation and underlying event.
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Figure 6.4: Schematic of ATLAS simulation software, from event generation to reconstruc-
tion. Figure taken from Ref. [89].

Special purpose generators may be used in addition to the above to improve modelling

in specific stages of event generation. Some examples of such generators are:

e EVTGEN [86] is a MC generator that includes dedicated algorithms for modelling semi-
leptonic and CP-violating decays. It is often interfaced with PYTHIA and HERWIG

after the PS and hadronisation to describe decay chains of B and D mesons.

e MADSPIN [87] is used for modelling heavy resonance decays, taking in to account

spin correlations among the decay products and off-shell corrections. It is used after
the ME of the processes is estimated by MADGRAPH.

6.3 Simulation of the ATLAS detector

The output of MC generators is a four-momenta for all stable particles in the event, encoded

in a format called HEPMC [88]. Events at this level cannot be compared to real data

collected by the ATLAS detector but can be used to study kinematics of specific processes.

For comparing these to real data, a simulation of the ATLAS detector is carried out by

means of the GEANT4 |70] package which can efficiently reproduce effects arising from

interactions with matter. This process is shown in Figure 6.4.
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Stable particles from MC generators are interfaced to GEANT4 to reproduce interactions
with all detector sub-systems and recorded as detector hits. The hits are digitised to
emulate the response of the read-out detector electronics. All Level-1 algorithms configured
in the trigger menu are simulated based on the digitised signals with an accept decision for
each. The output object, called a Raw Data Object, is used to compute decisions of the
High Level Trigger and as input for object reconstruction (Chapter 7).

Simulation of the ATLAS detector can be performed including a full description of
all particles with matter called ATLAS Full Simulation (FullSim)[89] or with a simplified
detector response, called ATLFAST-II (AFII) [90], for a computationally cheaper alterna-
tive. AFII reproduces the behaviour of calorimeters using a fast calorimeter simulation
(FastCaloSim) where the calorimeter response is replaced by a detailed parameterization of
the shower shapes, while using the full GEANT4 simulation for the trackers. A version of
AFII called ATLFAST-IIF [91] uses a simplified version of the trackers through fast ATLAS
tracking simulation (FATRAS).

Samples produced at this stage are called Monte Carlo samples, usually normalised to
the highest-order available theoretical cross-section. Due to the different pileup conditions
for each data-taking year, the MC samples are generated in three campaigns: mc16a, which
reproduces the pileup conditions of the data taking periods 2015 and 2016, mc16d for
the year 2017 and mc16e for 2018. Additional weights are applied to correct MC to the
recorded luminosity. Further, in some cases, the parton level distributions may be used to
derive further reweighting factors to match existing higher-order differential cross-section
predictions. An example of this is described for the nominal and alternate tt MC in
Chapter 10. Finally, residual effects from inaccuracies in reconstruction and identification

of physics objects are corrected to data using dedicated scale factors.



Chapter 7

Reconstruction and identification of physics

objects

Particles produced in collisions traverse the various subdetectors of ATLAS and leave distinct
signatures such as hits and energy deposits, detected as raw signals by the readout systems.
This chapter describes techniques used to translate raw signals to physics objects used in
the analyses described in this dissertation. The reconstruction of tracks and pp interaction
vertices is covered in Section 7.1. Section 7.2 describes light lepton reconstruction, Section 7.4
describes jet reconstruction, calibration and tagging algorithms and Section 7.5 describes
the reconstruction of hadronically decaying 7-leptons. Finally, Section 7.6 describes the

estimation of missing transverse energy in an event.

7.1 Track and vertex reconstruction

The inner detector (ID) is immersed in a solenoid magnetic field of 2 T, as described in
Section 3.2. Charged particles follow a helical trajectory in the ID, leaving hits in the
Insertable B-Layer (IBL), the silicon detectors, and the Transition Radiation Tracker (TRT).
These hits allow for reconstruction of the particle’s path known as a track while curvature
of the particle’s trajectory provides information about its charge and transverse momentum
(pr). The ID is capable of reconstructing charged particles with pr > 500 MeV within
In| < 2.5.

101
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A particle track is characterized with respect to a reference point, usually taken as
the average position of pp interactions in the detector. A track is defined in terms of five

parameters with respect to the reference point, as depicted in Figure 7.1:

e dy: transverse impact parameter, defined as the closest point in the transverse plane

to the reference point.

e 2o: longitudinal impact parameter, defined as the closest point in the longitudinal

plane to the reference point.
e ¢, 0: azimuthal and polar angles respectively.

e ¢/p: ratio of the reconstructed track charge (¢) to momentum (p).

track

Figure 7.1: Illustration of global parameters of a particle track. The reference point is taken
as the average position of pp interactions in the detector. Figure taken from Ref. [92].

The first hit is typically registered in the IBL, closest to the beam pipe. Tracking begins
with combining signals from adjacent channels in the silicon detectors into clusters called
as hits. These clusters are converted into three-dimensional space-points with position
uncertainties determined by the detector geometry and sensor pitch. There are two main

techniques to reconstruct tracks in ATLAS: the inside-out approach, where tracks are
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seeded in the silicon detectors and grown outwards to the TRT, and the outside-in approach

where TRT segments are used as the starting point.

Inside-out tracking algorithm

ATLAS Primary Tracking

Ambiguity  TRT Extended
Resolution Track Refit

Space Point & Drift Pixel & Strip
Circle Formation Seed Finding

Track Finding

Figure 7.2: Sequential stages of the inside-out tracking algorithm which initiates track
reconstruction from seed points within the silicon subdetectors. Figure taken from Ref. [92].

The inside-out approach [93], depicted in Figure 7.2, begins by generating track seeds using
triplets of space-points from either of the silicon subdetectors followed by a preliminary
estimation of the track parameters. Subsequently, the track seed undergoes extension
via a window search employing a combinatorial Kalman filter. Seeds that fail initial
track finding are checked for compatibility with the calorimeter. If a seed falls within a
defined Region of Interest (Rol) in the calorimeter, the track finding process is repeated to
accommodate an additional kink in the track. This is valuable for recovering electrons that
have undergone Bremsstrahlung radiation. Track candidates identified at this stage are
subjected to an ambiguity solver to resolve overlaps between track candidates and discard
erroneous combinations of clusters. A limited number of shared hits is allowed to maintain
optimal performance in dense topologies, such as the core of high-energy jets. Finally, a
x-squared global fit is executed for the track candidates to obtain a refined, high-precision
estimate of the track parameters. In the concluding phase of this algorithm, an extension
to the TRT is attempted using a Kalman filter and if successful, the global y-squared fit is
reiterated. Tracks with silicon-only hits are retained if the addition of TRT hits deteriorates
the fit quality.

Outside-in tracking algorithm

The outside-in approach [92], illustrated in Figure 7.3, is used to enhance the acceptance of
particles originating farther from the beam pipe, such as electrons resulting from photon
conversions. TRT segments compatible with a Rol in the calorimeter serve as seeds for

this algorithm. Segments are extended using two space-points from the silicon subdetector
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ATLAS Back-Tracking

TRT Segment Finding in Calorimeter
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Figure 7.3: Sequential stages of the outside-in tracking algorithm. This approach is seeded
from leftover TRT hits within electromagnetic calorimeter Rols. Figure taken from Ref. [92].

layers nearest to the TRT and developed into track candidates through the application
of the Kalman filter, followed by an ambiguity resolution step, and ultimately a global

chi-square fit.

Special tracking algorithms

In addition to the previously discussed tracking approaches, ATLAS employs two specialized
algorithms tailored for specific scenarios, utilizing leftover hits from the primary tracking
processes [94]. The first algorithm focuses on pixel-only short tracklets which are particularly
adept at reconstructing muons in the forward region and short-lived decaying charged
particles. The second algorithm, known as large radius tracking, is specifically designed to
reconstruct tracks with extremely large transverse impact parameters. This capability is
particularly relevant for searches involving long-lived particles and has been integrated into
the default ATLAS track reconstruction framework for Run 3.

Reconstructed tracks are separated in to two sets depending on the quality criteria
satisfied by them. These two sets of tracks are called the Loose and Tight Primary tracks.
Loose are required to have pr > 400 MeV, |n| < 2.5, at least 7 hits in the silicon tracking
layers, no more than one shared module between the hits and less than or equal to two
(one) missing hits in the silicon (pixel) detectors. Tight Primary tracks are required to
satisfy the requirements for Loose tracks, in addition to no missing hits in the pixel layers,
at least one hit in the inner most pixel layers, and at least 9 (11) hits in the silicon layers
if the track lies within n < 1.65 (n > 1.65). The efficiency of the track reconstruction
algorithms is measured separately in simulated minimum bias events for both sets of tracks,
as a function of the truth track pr and 7, given by:

Nmatched

reco pr,1n
gen )

where Nmatched(y),, ') is the number of reconstructed tracks matched to truth charged

reco

particles and Ngen(pr,7n) is the number of truth charged particles in that range. The
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tracking efficiency is shown in Figure 7.4. Lower track reconstruction efficiency |n| > 1 is
due to increasing amount of material traversed by the particle in these regions, leading to
multiple scattering and energy loss. For |n| > 2, the efficiency increases due to an increase
in the number of sensitive silicon layers. Above pr > 500 GeV, the efficiency plateaus at
about 90% (85%) for the Loose (Tight Primary) selections.
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Figure 7.4: Track reconstruction efficiency for Loose and Tight Primary track selections as
a function of truth (a) n and (b) pr of the track, measured using minimum bias simulated
events. Figures taken from Ref. [95].

Vertex reconstruction

After all track candidates have been identified, the location of pp interaction vertices are
determined to identify the interaction with the highest energy, known as the hard scatter
interaction. This process involves two main steps: vertex finding and vertex fitting [96]. For
vertex finding, initial vertex candidates are constructed by identifying global maxima in the
z-distributions of track coordinates for tracks passing strict quality criteria. Subsequently, a
weighted adaptive Kalman filter is used to fit sets of nearby tracks to each vertex candidate
simultaneously. The output of this step is a list of three-dimensional vertex positions and
covariance matrices. Primary Vertices are identified as vertex candidates with at least two
associated tracks with pr > 500 GeV that are consistent with originating from the beam
collision region in the x—y plane. The hard-scatter interaction is determined as the vertex

with the largest sum of squared transverse track momenta.
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7.2 Electron reconstruction

Electrons travelling through the detector leave one or more tracks in the ID and develop
electromagnetic showers in the electromagnetic calorimeter (ECAL). Energy clusters are
identified from topoclusters, which are three-dimensional clusters of calorimeter cells formed
using a nearest-neighbor algorithm. Topocluster seeds are identified as calorimeter cells
with a readout signal () four times higher than the electronic and pileup noise (o) [97].
Following this, adjacent cells with £ > 20 are added to the seeds in an iterative manner.
In a subsequent step, cells with £ > 0 are included. This process is visually illustrated in
Figure 7.5. Topoclusters with two or more local maxima with £ > 500 MeV are expected
to originate from the merging of decays of different particles close to the calorimeter and

are thus split in three dimensions to form separate clusters.
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Figure 7.5: Schematic representation of topocluster formation. Figure taken from Ref. [98].
Topoclusters are initially calibrated to the electromagnetic (EM) scale to give the same

response as for electromagnetic showers from electrons or photons. FElectron seeds are

identified as topoclusters with E7 > 1 GeV and a matched track in the ID consisting of at
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least four hits in the silicon detectors. Next, satellites for electron seeds, by searching for
energy deposits in a n X ¢ = 0.075 x 0.125 window about the seed bary-centre. To recover
electrons from photon conversions, a broader window of 0.125 x 0.300 is used. Seed clusters
with their associated satellite clusters are called superclusters [99]. After the formation of

superclusters, electron candidates are calibrated in a multi-step procedure.

Electron identification

Electron identification is performed using a likelihood (LH) discriminant built from informa-
tion on the track quality, the longitudinal and lateral development of the electromagnetic
shower and cluster-track matching. This discriminant is defined in Equation 7.2.
d= _Ls with  L(Z) = ﬁP,(wZ) (7.2)
Ls+ Lg ey

Here, Ls and L are the LH functions for the signal and background respectively defined
using the respective PDFs (P(x)) and the sum runs over the set of variables used for the
identification of electrons compared to the background.

Background PDFs are extracted from dijet samples for high-momentum electrons and
from minimum bias events for low-momentum electrons. Signal PDFs are extracted in the
same regimes from simulated Z — ee and J/1) — ee events respectively.

Based on the minimum of the likelihood discriminant, three working points (WPs) called
Loose, Medium and TightLH are defined, ordered according to increase in electron signal
purity. The Medium and TightLH WPs are used in the analyses in this thesis. These WPs
are optimized in bins of Fr and n with average electron efficiencies of 98%, 90% and 80%,

respectively, shown in Figure 7.6.

Electron isolation

Electrons originating from prompt processes are expected to be more isolated from nearby
activity compared to those from hadronic decays or photon conversions. The isolation
of an electron is quantified by defining working points, using both calorimeter and track
isolation based quantities. Calorimeter-based isolation defines the sum of energy clusters in
the ECAL in a cone of AR = 0.2 around a track-matched electron cluster. Track-based
isolation defines the scalar sum of transverse momentum of tracks within a pr-dependent
cone of size AR = min(0.2, 10GeV/E7). The loosest isolation requirement, called F'C Loose,
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Figure 7.6: Electron identification efficiency for the Loose, Medium and TightLH working
points as a function of (a). Er and (b). n. Figures taken from Ref. [99].

has an efficiency of about 99% and is used in the analyses in this thesis. It corresponds to
an Ep cone of less than 0.2 and pr cone of less than 0.15.

The rejection of non-prompt leptons from semi-leptonic b- or c-decays is improved
using a boosted decision tree (BDT) discriminant called the PromptLeptonlmprovedVeto
(PLIV) [100]. Such heavy flavor hadrons are usually embedded within jets, with decay
vertices displaced from the primary vertex. Thus isolation cones described above might fail
to collect high pr tracks from such decays, and thus fail to identify the non-prompt lepton.
This situation is shown schematically in Figure 7.7, where the high py track from the
semi-leptonic decay is missed by the isolation cone. Also shown is an alternative scenario
with a larger radius that collects the said track to be included in the analysis.

The PLIV BDT is trained with information on variables related to the track-jet that
matches the selected lepton, isolation and pr of the lepton candidate and variables related
to the hadron lifetime. The complete list of variables used is shown in Table 7.1. Three
separate BDTs are trained separately for identifying non-prompt muon, electrons in the
central region and electrons in the forward region.

Three exclusive PLIV working points are introduced as a function of lepton pr: Tight,
VeryTight and Tight-not-VeryTight, allowing selection efficiencies of about 60% (60%/70%)
for leptons with pr ~ 20 GeV and plateauing at 95% (95%/90%) for leptons with pr ~ 40
(40/65) GeV.
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Figure 7.7: Schematic of non-prompt lepton candidates that pass basic impact parameter
(do, zo) and isolation cuts. Lq corresponds to the secondary vertex decay length from the

primary vertex (PV). Figure taken from Ref. [100].

Variable Description PLIV BDT (x) PLIV BDT (e)
PromptLepton RNN RNN using track impact parameters and other variables Y Y
related to track jet and lepton

[igpaitudinal Secondary vertex longitudinal significance Y Y
using tracks with pp > 500 MeV
pr VarCone30/pr Lepton isolation using ID tracks within - Y
cone of AR <0.3
prCone30Tight TTVA500/pr In addition to pr VarCone30/pr, cuts on track Y -
pr < 0.5 GeV and pass loose vertex association requirement

Er TopoCone30/pr Lepton isolation using topological clusters Y Y

within cone of AR <0.3
Eé”lusm / Eexpected Relative muon calorimeter cluster energy Y -
YIRS By Iy Sum of cluster energy divided by lepton pp - Y
Nirack In track jet Number of tracks clustered by the track jet - Y
et Lepton pr along the track jet axis: - Y

p - sin((lepton, track jet))
jepton track /track jet Lepton track py divided by track jet pr Y Y
AR(lepton, track jet) AR between the lepton and the track jet axis Y Y
PEPN hin number Index of the bin of lepton pr Y Y

Table 7.1: Variables used for training the PromptLeptonlmprovedVeto BDTs, taken from

Ref. [100].
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Electron calibration

The total electron efficiency is a product of efficiencies of the electron reconstruction,
identification and isolation. Electron reconstruction efficiency is defined as the fraction
of the energy clusters in the ECAL matched to a track, compared to the total number of
energy clusters, while the identification and isolation efficiencies are defined based on the
fraction of tracks satisfying an identification or isolation requirement to the total number
of tracks after reconstruction or identification. Dedicated scale factors (SFs) are derived to
correct MC to data, as a function of the electron energy and 7.

Calibrating the energy scale of the resulting electrons involves first correcting to data to
reduce the impact of non-uniform calorimeter response. Corrections are applied to both
data and MC to correct for any energy loss before the electrons reach the ECAL. Finally, an
in-situ calibration derived from Z — ee events is used to correct any residual differences in
MC to data. Energy scale calibration is applied to data while energy resolution calibration
is applied to MC [101].

7.3 Muon reconstruction

Muon tracks are reconstructed independently in the Inner Detector (ID) and the Muon
Spectrometer (MS) and combined to provide muons for physics analyses [102]. In the
ID, the steps described in Section 7.1 are followed. In the MS, a combinatorial search is
performed for track segments in each muon chamber. Tracks are built starting from the
middle layer; at least two muon segments are required to form a track candidate except in
the barrel-endcap transition region where a single high quality segment suffices. Tracks
satisfying a global chi-squared fit criteria are then combined with ID tracks, resulting in

four kinds of muon objects:

e Combined muons are formed by taking a global fit of all hits associated to muon

tracks in the ID and MS.

e Segment-tagged muons are those with a muon track from the ID matched to at least
one segment in the MS. These are particularly useful for reconstructing low-p7 muons

or in regions with limited acceptance.

e Calorimeter-tagged muons are formed from a track in the ID matched to a calorimeter

energy deposit compatible with the expected signature of muons. These are useful
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to recover acceptance in regions where the MS is only partially instrumented due to

cabling and services for other subdetectors.

e Extrapolated muons are constructed solely from MS information with a loose require-
ment on the compatibility with an origin on the pp interaction point. These extend

muon reconstruction acceptance to the region not covered by the ID (2.5 < |n| < 2.7).

After reconstruction, muon objects are calibrated to improve momentum and resolution
to per-mille and percent levels respectively. These corrections are derived using Combined
muons, by performing a maximum-likelihood fit of the distribution of invariant mass of the

di-muon system in Z — pup and J/v — ppu.

Muon identification

Muon identification is achieved by using a discriminant built from quality of the track
fit, the number of holes in the candidate muon trajectory (defined as points compatible
with the trajectory where no hit was recorded) and momentum compatibility between 1D
and MS measurements. Four working points (WPs) are defined in ATLAS, namely Loose,
Medium, Tight and High-pr, in order of increasing muon purity. The analyses in this thesis
use the Medium WP. The High-pr WP is used in analyses with a substantial number of
muons with py above 800 GeV, to reduce muon py mis-modelling in simulation. The use
of this WP was explored for the VLLeu analysis in Chapter 10 but not used because no
significant mis-modelling was observed in the analysis phase space and further, preliminary
studies on the effect of this WP in the analysis suggested loss at sensitivity at high signal
masses. The identification efficiencies of the first three WPs, estimated as a function of

track pr and 7 is shown in Figure 7.8.

Muon isolation

As in the case of electrons, to identify muons originating in the hard scatter, isolation
working points are defined by comparing the sum of transverse energy of all tracks within a
defined radius of the reconstructed muon to the measured energy of the muon. The loosest
isolation requirement is called F'C'Loose, with an efficiency of about 99% over all energy
and 7 range, corresponding to an E$? /py < 0.3 and pyreone30 /p < 0.15. Further, PLIV
working points defined with the muon PLIV BDT described in Section 7.2 can be used for

better suppression of non-prompt muons from semi-leptonic b-decays. In particular, the
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Figure 7.8: Muon identification efficiency for Loose, Medium and Tight working points as a
function of muon (a) pr and (b) 7. Figures taken from Ref. [103].

PLImprovedTight and and PLImprovedVeryTight OPs are used in the g2HDM and VLLe/pu

analyses.

Muon calibration

Muon efficiencies are estimated in a procedure similar to that established for electrons in
Section 7.2. This efficiency is measured in data in events with Z — pp and J/¢ — up
events using a tag and probe method and a smearing is applied to the pr distribution of
the muon candidates from these events in the MC simulated samples to match the relative
pr resolution to data. Correction factors for muon energy scale and resolution are derived

separately for ID and MS measurements.

7.4 Jet reconstruction

Jets are characterized as clusters of well-collimated particles originating from a radiative
shower of strongly interacting particles. The jet reconstruction process in ATLAS starts
with the formation of three-dimensional clusters of calorimeter cells termed topoclusters,
described in Section 7.2. Subsequently, jets are constructed using a dedicated clustering
algorithm relying solely on calorimeter information or incorporating tracking information
prior to clustering. The resulting jets undergo calibration for energy and are categorized
into different flavors based on their origin. To account for response to hadronic interactions,

usually lower than the EM scale, hadronic topoclusters are calibrated to the correct scale
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using a local cluster (LC) weighting scheme [97].

Particle Flow jets

Prior to the end of Run 2, topoclusters corrected to the position of the primary vertex were
used as input to the jet clustering algorithm, with subsequent incorporation of tracking
information to identify pileup objects and calibrate the jets. Run 2 commissioned an
alternative approach to jet reconstruction known as the Particle Flow (pFlow) algorithm
[104] which enhances the measurement of jet parameters by integrating calorimeter and
tracking information prior to jet clustering. The energy of low-momentum charged hadrons
that reach the calorimeter are measured with better resolution by the tracker, so those
topoclusters are removed and replaced by the associated tracks. At sufficiently high pr, the
calorimeter is more precise than the tracker, and the topoclusters are used instead. For
neutral hadrons, only the calorimeter is used. The steps of the ATLAS pFlow algorithm

are illustrated in Figure 7.9.
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Figure 7.9: Flow chart of the steps of the Particle Flow (pFlow) algorithm [104]. Identifica-
tion of tracks matched to a topocluster is followed by removing the energy of the track from
the topocluster. The output of the algorithm are charged particles, unmodified topoclusters
and remnants of topoclusters which have had part of their energy removed.

The inputs to the algorithm consist of topoclusters and Tight ID tracks defined as having

at least 9 hits in the ID with no missing pixel hits, || < 2.5 and pr > 500 MeV. Tight

tracks with momentum p are matched to topoclusters with energy E, requiring E/p > 0.1

and AR < 1.64, defined as:
: A\?  (An\?
- (Y
¢ On

where, 0, and o4 represent the angular widths of the topoclusters calculated as the standard

deviation of the displacements of the topocluster’s cells in 1 and ¢ with respect to its

barycenter. The energy associated with reconstructed charged particles is subtracted from
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the corresponding matched topocluster to identify any possible neutral particles merged
with a charged object. Finally, the dispersion of estimated energy deposition is employed to
determine whether the topocluster originated from a single object or not. If so, the residual
energy is removed; otherwise it is retained. Following this sequence, two sets of Particle
Flow Objects (PFOs) are generated, serving as inputs to the anti-k; clustering algorithm

for jet reconstruction:

e Neutral PFOs consist of topoclusters not linked to any track or calorimeter signals

that persist after the subtraction process.

e Charged PFOs consist of isolated tracks or tracks and topoclusters matched by the
pFlow algorithm.

The performance of pFlow jets versus the older topocluster-only jets (calibrated to the

hadronic scale) is illustrated in Figure 7.10.
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Figure 7.10: Distributions of jet transverse momentum response in dijet MC events for
calorimeter jets and particle flow jets, shown separately for jets in 40 < pr < 50 GeV and
120 < pr < 130 GeV. Pileup conditions were simulated to be similar to the data-taking in
2012. Figures taken from Ref. [104].
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The anti-kr algorithm

The anti-kr algorithm [105] belongs to a group of jet clustering algorithms built on defining

a distance parameter d;; between two particles ¢ and j as:
AR
Rz’

where d;p is defined between particle ¢ and the beam and the parameter R is the jet radius

dij = min (7%, pT';) dip = P74, (7.4)

in n — ¢ coordinates. The algorithm proceeds in the following steps:

e For each particle 7, a database is built collecting distances of the particle from other

particles j and the beam B.

e If there is any object j closer to input ¢ than its distance to the beam axis, d;; < d;p,

then objects 7, 7 are merged together in a single object.

e If there is no object j closer to ¢ than the beam axis, then ¢ is defined to be a jet and

removed from the pool of inputs.
e This procedure is repeated until no more particles are left in the database.

The anti-k7 algorithm, defined with n = —1, is employed for reconstructing jets in the
analyses presented in this thesis. The minima term in the anti-kr equation collects all
soft radiations into the jet cone and makes the algorithm infrared and collinear (IRC) safe.
Other algorithms like the Cambridge-Aachen (n = 0) and kr (n = 1) algorithm use different
values of n. All three algorithms are illustrated in Figure 7.11a. In ATLAS, jets with
R = 0.4 are called small-R jets, while those with R = 1.0 are called large-R jets. Large-R
jets are important to reconstruct boosted particles decaying into jets and recognised by

looking at the jet substructure.

7.4.1 Jet calibration

The calibration of jets formed at this stage is essential to account for detector effects such
as the detector response, dead material, pileup, punch-through and energy deposits below
the noise threshold [50|. The calibration of pFlow jets is performed through the series of
steps illustrated in Figure 7.12.

Pileup subtraction is the first step in the chain and is performed to remove excess

energy due to addition pp interactions within the same or nearby bunch crossings. It is
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Figure 7.11: Jet clustering algorithms (a) anti-kr (n = —1) (b) kz (n = 1) and (c)
Cambridge-Aachen (n = 0). Figure taken from Ref. [105].

Reconstructed pr-density-based Residual pile-up Absolute MC-based
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Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- and/or event plle;uF p- density dependence, as a to the particle-level energy
calorimeter-based inputs. and jet area. function of u and Np,. scale. Both the energy and
direction are calibrated.

Global sequential Residual in situ

calibration calibration

Reduces flavour dependence A residual calibration
and energy leakage effects is applied only to data
using calorimeter, track, and  to correct for data/MC
muon-segment variables. differences.

Figure 7.12: Stages of jet energy scale calibration Figure taken from Ref. [50].
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accomplished in two steps: first, an area-based subtraction of the pileup contribution to the
pr of each jet is performed per event, followed by a residual correction derived from MC
simulation, parameterized as a function of the number of reconstructed primary vertices
and average number of interactions per bunch crossing. This is followed by a correction to
the Jet Energy Scale (JES), n and mass (only for large R jets), by comparing reconstructed
jets to truth jets from dijet MC events. For small-R jets, the difference in the calorimeter
response observed in different flavor jets is reduced by using information from the tracks
associated with the jet, in a process called Global Sequential Calibration (GSC). All these
calibrations are applied to both data and MC simulation. The GSC calibration does not
change the average JES of the sample, but improves the Jet Energy Resolution (JER).
The final step in the chain applies a residual in-situ calibration only to data to correct for
remaining differences between data and MC simulation. This correction is derived using
well-measured reference objects, including photons, Z bosons and calibrated jets: jet |n|
is calibrated in the forward region of the detector with well-measured central jets from
QCD dijet events; jet pr in central jets is calibrated against well-measured Z bosons or
photons in Z/~+jets events. For high-pr central jets, the calibration is performed against
low-momentum jets in QCD multijet events.

The full JES uncertainty prescription consists of about 125 individual terms [50],
provided centrally by the ATLAS Collaboration. These uncertainties are derived from in
situ measurements, pileup effects, flavor dependence and estimation of additional effects
such as punch-through. For central jets (|n| < 1.2), they vary from about 5% for low pr
jets (20 GeV) to 1% for high-pr jets (250 < pr < 400 GeV), and 3.5% for very high-pr jets
(pr > 2.5 TeV). An example of the magnitude of these uncertainties are shown in Figure 7.13.

Jet energy resolution is measured in dijet MC events and the relative uncertainty ranges

from (24 + 1.5)% at 20 GeV to (6 = 0.5)% at 300 GeV.

7.4.2 Jet vertex tagging

The jet vertex tagging (JVT) algorithm [106,107] is used to identify jets arising from pileup.
After the identification of the hard-scatter vertex (PVy), the jet vertex fraction (JVF) is
calculated as the ratio of the sum of transverse momentum of all tracks associated the
jet and compatible with PV, to the sum of transverse momentum of all tracks in the jet

associated with other primary vertices in the event.



118 7.4. Jet reconstruction

0_04-— == Punch-through

2 0.08—————— T 0,08
£ [ ATLAS ETotal uncertainty 1 € - ATLAS [ Total uncertainty 1
1: i Dat_a 2015-2017, s =13 TeV — Abso!ute ‘in sjtu JES ] g ™ Data 2015-2017, Vs = 13 TeV == Absolute in situ JES ]
8 0.0gAnti-ki A =0.4 (PFlow+JES) = Relative in situ JES _] S 0.0 6'_A_nti-kt R =0.4 (PFlow+JES)  wm Relative in situ JES

S | m= O.Q ) «=== Flav. composition i c O-Uer plet - 60 GeV «-=+ Flav. composition

» Inclusivejets Flav. response 1 o Inclusive jets Flav. response

| Pile-up N w Pile-up

% 0.04 =+ Punch-through | >

c <

S 5

g g

L C

o
o
i¥)

0

20 30 102 2x10° 10° 2x10°

(a) (b)

Figure 7.13: Fractional jet energy scale systematic uncertainty components for anti-kz
R = 0.4 jets reconstructed from pFlow objects as a function of (a) jet pr at n =0 and (b)
n for jet pr = 60 GeV. The total uncertainty is shown in the purple band, calculated as a
quadratic sum of all components. Figures taken from Ref. [50].

The dependence on number of pileup tracks in the event, ny,y, is reduced by an additional

term in the denominator of the ratio:

2o Pln (PV0) 5
r st i PR (PVn) | :
Zl pg“};(P‘/O) + 2110—l31;7;;lk

Another useful discriminant is ratio R,,,

JVT =

of the transverse momentum of the tracks
associated to a jet compatible with PV, and that of the jet:

trk PV
R,, = M (7.6)

pjet
T

The JVT algorithm combines these variables in a multi-variate technique to compute
the probability of a jet to have originated in pileup. It is optimised separately for central
jets (|n] < 2.5) and the forward region (|n| > 2.5), where a dedicated forwardJVT (fJVT)
algorithm [107] following a similar approach is used. A systematic uncertainty corresponding

to the JVT selection is added in physics analyses.

7.4.3 Jet flavor tagging

The structure of a jet varies depending on the parton it originates from. Jets originating

from gluons or a u- or d-quark are called light jets; those from b- and c-hadrons are called
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b- and c-jets respectively. Tagging jets originating from b-hadrons, called b-tagging, is of
particular interest to analyses in multilepton final states where semi-leptonic decays of

b-hadrons is a major non-prompt background.

ondary vertex

jet

Figure 7.14: Topology of a b-jet.

The typical topology of an event with a jet from a b-hadron is shown in Figure 7.14.
B-hadrons have a long lifetime (~ 1.5 ps) and travel distances up to 4.5 mm inside the
detector before decaying, creating a secondary vertex in the event. Low level b-tagging
algorithms exploit the long lifetime and displaced decays of b-hadrons to look for secondary
vertices and displaced tracks. The commonly used low level b-tagging algorithms, illustrated

in Figure 7.15, can classified based on the variables they exploit:

e Impact Parameter (IP) algorithms exploit the large transverse and longitudinal impact
parameters of b-jets to identify them. Two traditionally known algorithms of this type
are IP2D and IP3D [108]. The former uses the signed significance of the transverse
impact parameter (dy/og4,) as an input to the algorithm while the latter develops a
two-dimensional template additionally including the significance of the longitudinal
impact parameter (zsin/o,,). The most recent of IP algorithm is called RNNIP[109],
which also takes into account track-to-track correlations using a recurrent neural

network.
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e Secondary vertex finding algorithms identify b-jets by searching for a single secondary
vertex compatible with that from a b-hadron decay. The most popular algorithm of
this type is called SV1 [110]. It uses a likelihood discriminant to identify all two track
vertex candidates from sources other than b-decays, like kaons, photon conversions

and material interactions and uses the remaining tracks for b-jet identification.

e Multi-vertex finding algorithms are used to identify jets with more than one secondary
vertices. JetFitter [111] is a popular algorithm of this type that uses a modified

Kalman filter to reconstruct the full decay chain of b-hadron.

Track:

Reconstructed
jet axis

Reconstructed
jet axis

P B-hadron
PV - s flight axis

Inclusive
B/D vertex

Figure 7.15: Illustration of the low-level b-tagging algorithms: (a) Impact Parameter (IP)
algorithms which identify b-jets by exploiting their large impact parameters, (b) Secondary
vertex finding algorithms which determine a singlet inclusive weak b-hadron decay vertex
and (c¢) Multi-vertex finding algorithms that look for -hadron decay chains for a detailed
determination of decay vertex topology.

The outputs of low-level impact parameter taggers and vertexing algorithms are combined
in a high-level tagger that uses a multi-class deep neural network called DLI. The DL1
algorithm used in this thesis is called DL1r [112], which integrates the output discriminants
of low-level tagging algorithms to output the probability of a jet to be identified as a light,
b- or c-jet (denoted by p;, py and p, respectively):

In Do
fcpc + (1 - fc)pl7

where f. denotes the effective c-jet fraction in the background hypothesis and is set to 0.018

DDLlr =

(7.7)

for DL1r. The distributions of the outputs of the DL1r b-tagging algorithm for b-jets, c-jets
and light-flavour jets in ¢¢ simulated events is shown in Figure 7.16.

Different single-cut operating working points (OP) are defined using the output score of
DLI1r, corresponding to b-jet tagging efficiency (7)) of 60%, 70%, 77% and 85%, derived for

the nominal ¢ sample:
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Figure 7.16: Distributions of the outputs of the DL1r b-tagging algorithm for b-jets, c-jets
and light-flavour jets in ¢t simulated events. Figure taken from Ref. [113].
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The b-tagging efficiency and c- and light-flavor mistag rates of the DL1r algorithm as a
function of jet pr for the different OPs for the POWHEG+PYTHIAS tf sample is shown in
Figure 7.17. Using the edges of the OP cuts on the DL1r score, pseudo continuous b-tagging
working points can be defined. This is useful for defining regions of varying b-jet purity
in the analyses. These intervals correspond to b-jet tagging efficiencies of [100,85]% (most
light jets fall in this bin), [85,77]|%, |77,70]%, [70,60|%, [60,0]% (most b-jets are enriched in
this bin).

Mis-modelling of the DL1r output score in MC simulation may result in difference in
tagging rates between data and MC. To address this, data-MC efficiency scale factors (SFs),
evaluated as a function of jet pr, are provided centrally in ATLAS, separately for b-, ¢- and
light-flavor jets. The calibration of b-jets is derived from ¢f samples with two opposite-sign
leptons in the final state. For jets with 20 < pr < 600 GeV, a combinatorial likelihood
approach is used to derived the SFs, and extrapolated to jets with pr > 600 GeV. These
SFs are shown for the different b-tagging OPs in Figure 7.18 with total uncertainties that
range from 1% to 8% at high and low jet pr respectively.

The c-jet mistag rate is estimated from semi-leptonic tf events using a likelihood
approach [114]. The derived c-tag mistag rate SFs at the 70% DL1r efficiency OP are shown
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Figure 7.17: (a) b-tagging efficiency, (b) c-mistag rates and (c) light-flavor mistag rates of
the DL1r algorithm as a function of jet pr for the different OPs for the POWHEG+PYTHIAS
tt sample. Figure taken from Ref. [113].

in Figure 7.19. The associated uncertainties range from 3% to 17% at high and low jet pr
respectively. The mistag rates of light-jet events is measured from multijet events with two
methods: the negative-tag and the adjusted MC method [115]. The former method is based
on the assumption that the signed IP distribution of light-jets should be more symmetrical
around zero compared to the one from b-jets. In the latter method, MC simulated events
are modified to match the tracking performance in data and the mistag rate SFs are given
as the ratio of efficiency in the MC-adjusted samples to the initial MC-samples. Figure 7.19
shows the light-jet mistag rate SFs at the 70% DLI1r efficiency OP using the negative-tag
method. The associated uncertainties range from 18% to 39% at high and low jet pr
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Figure 7.18: (a) b-jet efficiency scale factors for the 70% DL1r OP and (b) b-tagging
efficiency scale factors for various OPs, as a function of the jet pr. Figures taken from

Ref. [113].

respectively.
Overall, a total of 60 systematic uncertainties, corresponding to b-tagging (20), c-jets
mistag rates (20) and light-jet mistag rates (20), collectively called FTAG uncertainties,

are taken into account in all the analyses in this dissertation.
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Figure 7.19: Efficiency scale factors for (a) c-jet mistag rates and (b) light-jet mistag rates
(determined using the negative-tag method), for the 70% DL1r OP. Figures taken from
Ref. [113].

7.5 Hadronically decaying 7-leptons

This section discusses the reconstruction, identification and calibration of hadronically

decaying 7-leptons (Thaq)-

7.5.1 Reconstruction of 7,,q

7-leptons can travel distances up to 87 um before decaying. Typically, 7 decays are initiated
in the pixel detector and may be displaced from the primary vertex. 7-leptons may decay
leptonically (35%) or hadronically (65%). Due to their larger branching ratio, hadronic 7
decays (Thaq) are of greater interest in physics analysis. The hadronic decay modes of the
7-lepton are illustrated in Figure 7.20.

Thaa decays typically result in one or more charged pions, a neutrino and may be
accompanied by a neutral pion. They can be classified in to I-prong m,.q, identified with a
narrow jet with one associated track in the ID, or 3-prong, identified with three narrow jets
and three associated track in the ID.

Thad candidates are seeded by jets formed using the procedure described in Section 7.4.
Additionally, they are required to have pr > 10 GeV and |n| <2.5 (except 1.37 < |n| < 1.52,

which falls in the transition region between the barrel and forward calorimeters). The seed



Reconstruction and identification of physics objects 125

tracker

T o oty ™+ = ptu, = 7, ™ 5 afy, - Tty 1 = pFy, — pErTataly,

+._0

Figure 7.20: Hadronic decay modes of the 7-lepton.

jet axis is identified with the energy-weighted barycentre of the topoclusters forming the jet,
matched to a track in the ID pointing to the PV of the event. The 7,4 candidate vertex is
defined as the vertex candidate with the highest ppr-weighted fraction of all tracks with pr >
0.5 GeV within an angular distance of R = 0.2 around the seed jet axis [116]. Tyaq tracks
are required to have pr > 1 GeV, at least seven hits in the pixel and the SCT subdetectors
with at least two associated hits in the pixel, |dy| < 1 mm and |zosinf| < 1.5 mm. These
tracks are assigned to core or isolation regions around the 7,,q candidate, based on a set of
BDTs trained on the track pr, number of hits in the detectors and their transverse and
longitudinal impact parameters with respect to the tau vertex. Tracks in the core region
fall in AR <0.2 around the jet axis and are used for 7,,q reconstruction. The number of
core tracks defines the number of prongs. For 7,,q candidates with more than one track in
the core, a secondary vertex is reconstructed from all core tracks. Isolation tracks, on the
other hand, fall in 0.2 < AR <0.4 of the jet axis, and are used solely for identification of
Thad- The reconstruction efficiency of the pr of 7,.q remains almost constant in the high-pr
region for 1-prong 7,,q candidates and it deteriorates for 3-prong 7,,q candidates, as shown

in Figure 7.21.

7.5.2 Identification of T,.q

The 7,.q identification algorithm is designed to reject backgrounds from quark- and gluon-
initiated jets. In ATLAS, an RNN-based approach is used for this, trained on variables
related to tracking, energy clusters and higher level variables calculated from track and

calorimeter quantities [118]. Separate RNN algorithms are used for 1-prong and 3-prong
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Figure 7.21: Reconstruction efficiency of T,,q4 as a function of the 7,,q pr for 1-prong (black)
and 3-prong (blue) candidates. Figure taken from Ref. [117].

Thaa due to their distinct signatures in the detector. The RNN training is based on
Z/y* — 71 simulated events, required to decay hadronically. Reconstructed 7,4 candidates
not originating from 7,4 decays, termed background 7,4, are taken from simulated dijet
samples and are required to be reconstructed as 1- or 3-prong m,.q candidates. The
background m,,q pr distribution is softer compared to that of the signal 7,4 pr distribution
from Z/v* — 77 events. Thus, to ensures that no pr-dependent bias is introduced in the
trained classifiers, the pr of the background 7.4 is reweighted, separately for 1- and 3-track
candidates, in bins of T,q pr to match the pr distributions of true 7,4 in Z/v* — 77 signal
events.

Figure 7.22 shows the rejection power for misidentified 7,4 (from quark- or gluon-
initiated jets) depending on the true m,,q selection efficiency, for the RNN classifier and
an older BDT-based identification algorithm [117]. Four OPs with increasing background
rejection (Very loose, Loose, Medium and Tight) are defined to be used by physics analyses,
with selection efficiencies and the corresponding background rejection factors for the RNN
classifiers shown in Table 7.23. In the 4321 analysis described in Chapter 11, the Loose
RNN WP is used, which corresponds to an efficiency of 85% (75%) for 1-(3-)prong Thad-

The efficiency for 7y,,q identification and combined reconstruction and identification
efficiency as a function of the py of the m,.q, for 1-prong and 3-prong m,,q candidates is
shown in Figure 7.26.

Apart from the RNN classification, an additional BDT discriminant trained on Z — ee
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Figure 7.22: Reconstruction efficiency of 7,,q4 as a function of the m,,q pr for 1-prong (black)
and 3-prong (blue) candidates. Figure taken from Ref. [117].

Signal efficiency
Working point 1-prong 3-prong

Tight 60%  45%
Medium 5% 60%
Loose 85% 75%
Very loose 95% 95%

Figure 7.23: List of defined WPs for the RNN classifier. Table modified from Ref. [117].

events is used specifically for the rejection against electron candidates as part of the Ty,.q
ID. An OP of (75) 60% real T,.q efficiency is used, with a rejection factor of (40) 300 for
(1-) 3-prong candidates, dependent on 7y,,q pr and |n).

7.5.3 Energy calibration of my,q

Two dedicated calibration techniques have been developed in ATLAS to correct the energy
of reconstructed 7,4 candidates measured in the detector to the average value of the energy
carried by the measured decay products at the generator level: the baseline calibration and
the boosted regression tree (BRT) based calibration [117]. Under the baseline calibration,
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Figure 7.24: Identification efficiency for m,,q candidates (open symbols) together with
combined reconstruction and identification efficiency (filled symbols) as a function of the
pr of the T,q, for 1-prong and 3-prong 7,,q candidates Figure taken from Ref. [117].

the correction to the Ty.q energy (Eeanp) is calculated as:

ELC - Epileup
R(ELC - Epileup7 |77|7 np)7

Ecain, = (79)
where Fpc is the correction to the LC-calibrated sum of the energy of all topoclusters
within AR < 0.2 of the 7,,q candidate, Fpeup accounts for corrections from pileup and R
is the detector response calibration. Ele,p increases linearly with the number of primary

vertices Npy and is derived as:

Epiteup(Nev, 1], 1) = Al[nl, np) X (Npv — (Npv)). (7.10)

Here, n, counts the prongness of the 7j,,q (1-prong or 3-prong) and A is a a linear coefficient
extracted from a fit of Fp¢ to simulated data, as a function of Npy — (Npy) in bins of |n],
shown in Figure 7.25.

Finally, R is extracted as the Gaussian mean of w, where Fys is the true energy

of the generated 7.4 decay products excluding the contlvrlisbution from neutrinos. The value
of this response factor is shown in Figure 7.26 for 1-prong and 3-prong Tjaq.

The baseline calibration is sufficient for 7,,4 candidates with high pr, but begins to
degrade for those with low pr. The BRT calibration takes in to account information from

Tau Particle Flow (TPF), which improves the 7,,q energy resolution at low pr due to the



Reconstruction and identification of physics objects 129

07 T | I

ATLAS Preliminary — 1-prong 1

0.6
15 =13 TeV Simulation = multi-prong T

A [GeV]

I'l|l| |Jl|J

0.5

0.4

0.3

'IJllllllI'lllllél}

0.2

lllll |||||||||1| |||| |||||

|

0.1

| 1 |
0 <03 03<m<08 0B<m<13 13<m<1B 16<m<24

i

Figure 7.25: Pileup correction factor A(|n|, n,) for 1-prong (black) and 3-prong (blue) Thaq
candidates. Figure taken from Ref. [117].

1.15

[+ F T T L [+ F T — T T ]
W e .o (7] = Pr) .
c i ATLAS F'rel:m.mary. ® <03 i c B ATLAS F'rel:mmary_ ® /<03 1
2 1.25 \s =13 TeV Simulation m 03<k <08 — 2 1.1~ \s =13 TeV Simulation m 03<p <08 —
E% E 0.8<m<13 ] E% F 0.8<p<13 3
1.2 v 1.3<mh <16 — 1.05 v 1.3<p <16 —
~ ¥ 1b6<ml <24 . I ¥ 16<l <24 .
1.15— - 1= —
1.1 1-prong < 0.95F i
1.05F 0.9F ]
r r multi-prong © .
1= 0.85— =
0.955 3 S ""2 PR el 0.8" 3 et ""2 . =
20 30 40 10 2x10 20 30 40 10 2x10
ileLp- ileLp-
EP P [Gev) El P [Gev)
(a) (b)

Figure 7.26: Detector response R for (a) 1-prong and (b) and 3-prong m,.q decays. Figure
taken from Ref. [117].

superior measurement of the charged pion momentum from the tracking system. Additional
information from the tracker and calorimeters is used as an input to this BRT method.
Figure 7.27 shows the resolution of the baseline and the BRT-based 7,,q4 energy calibration,
as a function of the m.q4 pr.

An additional correction to the Tau Energy Scale (TES), is derived to account for
differences between data and simulation [116]. This measurement is done in the distribution
of the reconstructed visible mass (myis) in Z — 7,Thaq events. The 7,4 energy scale is

parameterised with an additional shift factor «, which is determined from the distribution of
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Figure 7.27: Resolution of the baseline and the BRT-based 7,,q energy calibration, as a
function of the m.q pr. Figure taken from Ref. [116].

Myis in data and simulation. The muon pr is measured independently. The total uncertainty
in this correction is estimated to be about 1.2% (3%) for 1- (3-) prong T,.q candidates.

The probability of misidentifying an electron as a 7,,q candidate is measured in events
dominated by Z — ee processes using a tag-and-probe method. This probability ranges
between 0.5% and 2.5% across the n spectrum of the 7,4 candidate in both data and
simulation [116]. Finally, the 7 trigger efficiency is measured as a function of the recon-
structed pr of the 7 candidate and the uncertainty in this measurement ranges from 3-8%
for pr(mhaa) < 100 GeV to 8-14% for 100 < pr(Thaa) < 300 GeV.

7.6 Missing transverse energy

Particles without electromagnetic or strong couplings escape undetected in the ATLAS
detector. They are inferred indirectly though the energy imbalance in the event, where due
to momentum conservation, the vector sum of the transverse momentum of all particles in
the event should be equal to zero. Thus, the missing transverse energy in the event (E%liss)
is defined as the negative of the vector sum of momenta of all reconstructed and calibrated

physics objects (electrons, muons, photons, hadronically decaying taus and jets):



Reconstruction and identification of physics objects 131

E_’éﬂniss _ Zﬁ; _ Zﬁqj . Zﬁ; . Zﬁ%ets N Zﬁ;oft terms (711)

An additional term called the soft term, > p°" ™ is included in Equation 7.11 to
account for measured energy not included in any of the reconstructed objects. This term
estimates the soft hadronic activity measured by reconstructed charged particle tracks not
associated with the hard objects [119].



Chapter 8

Common methods in multilepton searches

This chapter provides an in-depth discussion on the collision dataset, Monte Carlo simulation
samples, object and event reconstruction techniques and other strategies common to the

analyses presented in this dissertation.

8.1 Collision dataset

The physics analyses in this dissertation use the full Run 2 dataset collected by the ATLAS
experiment from 2015 to 2018, during which pp collisions occurred at a center-of-mass
energy of /s = 13 TeV with a bunch crossing interval of 25 ns. Only data collected during
periods with stable beam conditions and full detector system functionality were used for
analyses. These events are termed Good For Physics and are specified in the Good Run
List (GRL), separately for each period of data-taking. The following GRL files are used in

the analyses in this dissertation:

e 2015: datal5 13TeV.periodAllYear DetStatus-v89-pro21-02  Unknown
~PHYS StandardGRL _All Good 25ns.xml

e 2016: datal6 13TeV.periodAllYear DetStatus-v89-pro21-01 DQDefects-00-02-04
~ PHYS StandardGRL _All Good 25ns.xml

e 2017: datal7? 13TeV.periodAllYear DetStatus-v99-pro22-01  Unknown
~PHYS StandardGRL_All Good 25ns Triggernol7e33prim.xml

e 2018: datal8 13TeV.periodAllYear DetStatus-v102-pro22-04 Unknown
_PHYS StandardGRL _All Good 25ns_Triggernol7e33prim.xml

132
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The calculation of the total integrated luminosity of the GRL datasets and the associated
uncertainty is subject to several factors and can improve depending on the algorithms and
error estimation methods used. The g2HDM analysis presented in Chapter 9 uses 139 fh~*
of data with an uncertainty of 1.7%, following the recommendations set in Ref. [120]. A
re-optimisation of the luminosity measurement following Ref. [121] recommended the full
GRL dataset to be 140.1 £ 1.2 tb™! with an uncertainty of 0.83%. This second estimate is
used in the VLL analyses presented in Chapters 10 and 11.

After the GRL selection, additional cleaning requirements are applied to remove events
with ambiguities [122|. This amounts to removing events with significant noise in the

calorimeters or data corruption which satisfy the following flags:

e LAr noise burst and data corruption (xAOD: :EventInfo::LAr),
e Tile corrupted events (xAOD: :EventInfo::Tile),

e Events with tagged with bad muon(s).

8.2 Monte Carlo samples

This section describes the MC generators used for simulating different SM processes used in
the analyses in this dissertation, following the discussion in Section 6.3. Table 8.1 shows the
configurations used for simulating SM processes, with the samples in parentheses indicating
those used to estimate the systematic uncertainties. All simulated samples, except those
produced with the SHERPA event generator, utilised EVTGEN 1.2.0 to model the decays
of heavy-flavour hadrons. All samples showered with PYTHIA use the Al14 set of tuned
parameters, whereas those showered with HERWIG use the H7-UE tune. All samples include
leading-logarithm photon emission, either modelled by the parton shower generator or by
PHOTOS [123]. Pile-up was modelled using events from MinBias interactions generated
with PYTHIA 8.186 with the A3 tune, and overlaid onto the simulated hard-scatter events
according to the luminosity profile of the recorded data. The generated events were processed
through either a full simulation (FS) of the ATLAS detector geometry and response using
GEANT4, or a faster simulation where the full GEANT4 simulation of the calorimeter
response is replaced by a detailed parametrization of the shower shapes (Fast Simulation
or AF2). Both types of simulated events were processed through the same reconstruction
software used for the pp collision data and corrected to match identification, reconstruction

and jet energy scale and resolution from data, with dedicated uncertainties estimated for
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each of these corrections and considered in the analyses. The MC samples are normalised

to their cross sections, and generated to the highest order available in perturbation theory.

Process Generator ME order Parton shower PDF Tune

tw SHERPA 2.2.10 NLO SHERPA NNPDF3.0 NNLO SHERPA default
(MADGRAPH5 _AMCQ@NLO) (NLO)  (PyTHIA 8.2) (NNPDF3.0 NLO) (A14)

titt MADGRAPH5 _AMCQNLO NLO PYTHIA 8.2 NNPDF3.1 NLO  Al4
(SHERPA 2.2.10) (NLO)  (SHERPA) (NNPDF3.0 NNLO) (SHERPA default)

ttH PowHEG-BOX NLO PyTHIA 8.2 NNPDF3.0 NLO  Al4
(Powheg-BOX) (NLO)  (HERWIGT.0.4)  (NNPDF3.0 NLO) (H7-UE-MMHT)
(MADGRAPHS5 _AMC@NLO) (NLO)  (PYTHIA 8.2) (NNPDF3.0 NLO) (A14)

tt(Z/v* —1T1~)  SHERPA 2.2.11 NLO SHERPA NNPDF3.0 NNLO SHERPA default
(MADGRAPHS5 _AMC@NLO) (NLO)  (PYTHIA 8.2) (NNPDF3.0 NLO) (A14)

tt — WHoW bt~ MaDGRAPH5 AMC@NLO LO PYTHIA 8.2 NNPDF3.0 LO Al4

t(Z/v*) MADGRAPHS _AMCQNLO NLO PyTHIA 8.2 NNPDF2.3 LO Al4

tW(Z/~*) MADGRAPHS5 _AMC@NLO NLO PyTHIA 8.2 NNPDF2.3 LO Al4

HWrWw- MADGRAPHS AMCQNLO LO PyTHIA 8.2 NNPDF2.3 LO Al4

tt PowHEG-BOX NLO PyTHiA 8.2 NNPDF3.0 NLO Al4
(POWHEG-BOX) NLO  (HERWIG7.0.4.1.3) (NNPDF3.0 NLO) (H7-UE-MMHT)

(MADGRAPH5 _AMC@NLO) NLO (PYTHIA 8.2) (NNPDF3.0 NLO) (A14)

ttt MADGRAPHS _AMC@NLO LO PyTHIA 8.2 NNPDF2.3 LO A14

s-, t-channel, PowHEG-BOX NLO PyTHIA 8.2 NNPDF3.0 NLO Al4

Wt single top

VV, qqV'V, SHERPA 2.2.2 NLO SHERPA NNPDF3.0 NNLO SHERPA default
10W77"Lu7 vvv

Z — 1T~ SHERPA 2.2.11 NLO SHERPA NNPDF3.0 NLO SHERPA default
Z — 1M1~ (matCO) PowHEG-BOX NLO PyTHIA 8.2 CTEQ6L1 NLO Al4

Z = T+ (%) PownEG-BOX NLO PyTHIA 8.2 CTEQ6L1 NLO Al4

W+jets SHERPA 2.2.1 NLO SHERPA NNPDF3.0 NLO SHERPA default
VH PowHEG-BOX NLO PyTHIA 8.2 NNPDF3.0 NLO Al4

Hz7Z MADGRAPH LO PyYTHIA 8.2 NNPDF2.3 LO Al4

ttHH MADGRAPH LO PyTHIA 8.2 NNPDF2.3 LO Al4

ttWH MADGRAPH LO PyTHIA 8.2 NNPDF2.3 LO Al4

Table 8.1: Configurations used for MC generation of SM processes. The samples used to
estimate the systematic uncertainties are indicated in between parentheses. The mass of
the top quark and SM Higgs boson were set to 172.5 GeV and 125 GeV.
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For the g2HDM analysis in Chapter 9, t¢Z was modelled using SHERPA 2.2.11 due
to the more detailed modeling of high jet multiplicity, relevant to the analysis. On the
other hand, VLL analyses in Chapters 10 and 11 use ttZ MC generated using MAD-
GRrRAPHS5 AMC@NLO as the nominal due to a more complete systematic recommendation
for modelling the variation of the A14 tune in Pythia 8 Further, alternative ¢t samples
were used in the systematic model in VLL analyses in Sections 10 and 11 exploring the
200S channel where this is the dominant background. Details on the simulation of signal

samples specific to each model are described in the respective chapters.

8.3 Object selection and reconstruction

8.3.1 Analysis framework

Object reconstruction, calibration and event selection is performed using a two-step
framework. The first framework, based on AnalysisTop, is called Group Framework 1
(GFW1) [124] and used to produce ROOT files using HIGG8D1 physics derivations [125].
For the g2HDM analysis in Chapter 9, ANALYSISBASE 21.2.196 is used, while the VLL
analyses in Chapters 10 and 11 use ANALYSISBASE 21.2.250. Output ROOT files from
GFW1 are processed by Group Framework 2 (GFW2) [126] where an event-level selection
and custom analysis variables are defined. Finally, histogram creation from the GFW2
output and statistical analysis is performed using the TREXFITTER framework [127,128],

discussed further in Section &.6.

8.3.2 'Triggers

Events are required to be selected by single light lepton triggers (SLT) or dilepton triggers
(DLT) respectively. The lowest pp-threshold, un-prescaled SLT and DLT chains used in the
trigger decision for the 2015, 2016, 2017 and 2018 datasets are summarised in Table 8.2. If
matched, the reconstructed lepton transverse momentum is required to be 1 GeV higher

than the threshold set to the online trigger object.
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Single lepton triggers (2015)

7] HLT _mu20_iloose_L1MU15, HLT_mub0
e HLT_e24_lhmedium_L1EM20VH, HLT_e60_lhmedium, HLT_e120_lhloose

Dilepton triggers (2015)

i (asymm.) HLT_mu18_mu8noL1
ee (symm.) HLT_2e12_lhloose_L12EM10VH
ep, pe (~symm.) HLT_el17_lhloose_muléd

Single lepton triggers (2016)

u HLT _mu26_ivarmedium, HLT_mub50
HLT_e26_lhtight_nodO_ivarloose, HLT_e60_lhmedium_nodO,

c HLT_e140_lhloose_nodO
Dilepton triggers (2016)
ppe (asymm.) HLT _mu22_mu8noL1
ee (symm.) HLT_2e17_lhvloose_nod0
eft, pe (~symm.) HLT_e17_lhloose_nod0_mul4
Single lepton triggers (2017 / 2018)
L HLT_mu26_ivarmedium, HLT_mu50
. HLT_e26_lhtight_nodO_ivarloose, HLT_e60_lhmedium_nodO,
HLT_e140_lhloose_nodO
Dilepton triggers (2017 / 2018)
ppe (asymm.) HLT _mu22_mu8noL1
ee (symm.) HLT_2e24_lhvloose_nod0
eft, pe (~symm.) HLT_e17_lhloose_nod0_mul4

Table 8.2: List of lowest pr-threshold, un-prescaled single lepton and dilepton triggers
used for 2015-2018 data-taking.
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In addition to the above triggers, selection efficiency in the VLL4321 analysis Section 11
is improved by using the missing transverse energy (ER) triggers, summarised in Table 8.3.

Above BT > 200 GeV, these triggers provide 100% efficiency in selection.

Trigger Period
HLT_xe70_mht 15
HLT_xe90_mht_L1XE5S0 16 A -16 D3
HLT_xel100_mht_L1XE50 16 D4 - 16 F1
HLT_xel110_mht_L1XE50 16 F2 - 16 end
HLT_xel110_pufit_L1XEbb 17 B1 - 17 D5

HLT _xel110_pufit_L1XE50 17 D6 - 17 end
HLT_xel110_pufit_xe70_L1XE50 18 B-18
HLT_xel110_pufit_xe65_L1XE50 18 C5 - 18 end

Table 8.3: List of EX triggers used for 2015-2018 data-taking.

8.3.3 Object preselection

The two-level GFW selects physics objects with a minimal set of cuts called preselection
cuts, which are then tightened according to the analysis requirement. This section presents
details of preselection cuts used for the reconstruction of light leptons, jets, hadronically
decaying 7 and missing transverse energy used in the analyses, building up on the discussion

in Section 7. Tighter, analysis specific cuts are detailed in the respective chapters.

Light leptons

Electron candidates are reconstructed from energy clusters in the ECAL matched to a
track in the ID and required to satisfy pr > 10 GeV and |feuster| < 2.47, excluding the
transition region between the endcap and barrel calorimeters (1.37 < |Ncuster| < 1.52).
The LooseAndBLayerLH 1D operating point (OP) and F'CLoose isolation OP are used for
identifying electrons. Muon candidates are reconstructed by performing a combined fit
of the track information from the ID and MS and required to satisfy pr > 10 GeV and
In| < 2.5. The Loose ID OP and FCLoose isolation OP are used for muon identification.
Electron (muon) candidates are matched to the primary vertex by requiring the significance
of their transverse impact parameter |dy/o(dy)| < 5(3) and their longitudinal impact

parameter |zpsinf| < 0.5 mm. Table 8.4 and Table 8.5 summarise the electron and muon
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selection criteria used in the analyses together with additional quality and calibration flags.
The lepton cuts are optimised depending on the lepton multiplicity channel, the main
background processes and the expected number of events in each channel: the 2SS (2¢0S)
channel is defined with two same-sign (opposite-sign) loose leptons, while the 3¢ and 4¢

channels are defined with three and four leptons respectively.

Feature Criterion

Identification Tight likelihood

Isolation FCLoose/ PromptLeptonImprovedVeto Tight or VeryTight

Pseudorapidity range (Inl <1.37) || (1.52 < |n| < 2.47)

Energy calibration es2018_R21_v0 (ESModel)

Transverse momentum pr > 10 GeV/ pr > 20 GeV (200S/2(SS), pr > 10 GeV (4¢), pr > 10 GeV (3¢)

Not from a bad calorimeter cluster (BADCLUSELECTRON)

Remove clusters from regions with EMEC bad HV (2016 data only)
dB(0)] < 5

|AzBL sin 0] < 0.5 mm

Object quality

Track to vertex association

Table 8.4: Summary of the electron selection criteria used in the analyses in this dissertation.

Feature Criterion

Identification Loose / Medium

Isolation FCLoose/ PromptLeptonImprovedVeto Tight or VeryTight

Veto BADMUONVETO

Momentum calibration Sagitta correction used

Transverse momentum pr > 10 GeV/ pr > 20 GeV (2008), pr > 10 GeV (44), pr > 10 GeV (3¢)
In| cut <25

multirow2*Track to vertex association |d5V(o)| < 3
|[AzBL sin 6| < 0.5 mm

Table 8.5: Summary of the muon selection criteria used in the analyses in this dissertation.

Heavy-flavour non-prompt leptons are further rejected using a boosted decision tree
(BDT) discriminant, referred to as the Prompt Lepton Improved Veto (PLIV) [129], based
on isolation and lifetime information about a track-jet that matches the selected lepton.
This BDT is introduced in Chapter 7.

Electrons with incorrect charge assignment, called QMisID, are suppressed using a
dedicated Electron Charge Identification Selector (ECIDS) tool, based on calorimeter and
tracking quantities [130]. The ECIDS tool has an efficiency of approximately 96(81)% in the
barrel (endcaps) region. An ECIDS selection of BDT > 0.7 is used as part of the TightLH
electron ID definition in all analyses.

While most electrons arising from photon conversions in the detector material (termed

material conversions) are rejected by the standard electron identification selection, additional
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requirements are imposed to remove any residual candidates. These candidates are identified
as have a reconstructed, displaced vertex with radius r > 20 mm (including the track
associated with the electron) and an invariant mass of the associated track and the closest
(in An) opposite-charge track reconstructed in the silicon detector, (calculated at the
conversion vertex) as < 100 MeV. Internal conversion candidates, which correspond to the
internal photon conversions (7* — eTe™), are identified as those failing the requirements
for material conversions and with a di-track invariant mass calculated here at the primary
vertex to be less than 100 MeV.

The various prompt-lepton working points used in the analyses in this dissertation are
summarised in Table 8.6. After the initial categorisation based on loose leptons, the best
lepton working point to further optimise the event selection is chosen, depending on the

main background processes and available data in each category.

Electron Muon

Lepton definition L L* M ‘ Moy ‘ T L L* M ‘ My ‘ T
Identification Loose Tight Loose Medium
Transverse impact parameter <5 <3
significance |do|/0q,
Longitudinal impact parameter z, |20 sin 0] < 0.5 mm
Isolation Yes Yes
Non-prompt lepton OP - Tight | Tight-not- | VeryTight - Tight | Tight-not- | VeryTight

VeryTight VeryTight
Electron charge-misassignment veto - Yes -
Electron conversion candidate veto - ‘ Yes (except e*) -

Table 8.6: Description of the loose inclusive (L), loose with tighter identification (L*),
medium inclusive (M), medium exclusive (M), and tight (") lepton definitions. The elec-
tron e* is required to fulfil, in addition to the corresponding lepton definition requirements,
those corresponding to an internal or material conversion candidate.
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Jets

Jet candidates are reconstructed from particle flow objects [104]| using the anti-kr algo-
rithm [105] with a radius parameter of R = 0.4. Only jet candidates with pr > 25 GeV
and within || < 2.5 are selected. Further, each jet with pr < 60 GeV and |n| < 2.4 is
required to satisfy the Tight working point of the JVT criteria [106,107] to identify jets
originating from the primary vertex. Jets are calibrated using simulation with in-situ
techniques described in Section 7.4.1. A set of quality criteria is also applied to reject
events containing at least one jet arising from non-collision sources or detector noise [131].

Table 8.7 summarises the jet selection criteria used in the analysis.

Feature Criterion
Algorithm Anti-kp
R-parameter 0.4

Input constituent PFlow

Analysis release number 21.2.196 or 21.2.250

CalibArea tag

Calibration configuration JES_MC16Recommendation_Consolidated_EMTopo_Apr2019_Rel2l.config
Calibration sequence (Data) JetArea_Residual_EtaJES_GSC_Insitu

Calibration sequence (MC)  JetArea_Residual_EtaJES_GSC_Smear

Selection requirements

Observable Requirement

Jet cleaning LooseBad

BadBatMan cleaning [132]  No

pr > 25GeV

| <25

JVT > 0.5 for pr < 60GeV, |n| < 2.4

Table 8.7: Summary of the jet reconstruction criteria used in the analyses in this dissertation.

Jets containing b-hadrons are identified (b-tagged) via the DL1r algorithm mentioned in
Section 7.4.3. A jet is considered b-tagged if the b-tagging score is above a certain threshold,
corresponding to average expected efficiencies of 85%, 77%, 70%, or 60%, determined for
jets with pr > 20 GeV and |n| < 2.5 in simulated ¢t events. Correction factors derived
from dedicated calibration samples enriched in b-jets, c-jets, or light jets, are applied to the
simulated event samples [133-135]. Table 8.8 summarises the b-tagging jet selection criteria
used in the analysis. An additional variable called the pseudo-continuous b-tagging score
(PCBT) is obtained by ordering the resulting five exclusive bins from the four b-tagging
WPs from higher to lower b-jet efficiency and used as input to the neural network classifiers
in the respective analyses. An additional PCBT extrapolation uncertainty is derived for
jets with pr > 400 GeV for b-jets, 250 GeV for c-jets, and 300 GeV for light jets and used
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in the 2HDM analysis, described in Chapter 9. The VLL analyses, on the other hand, use

centralised PCBT uncertainty recommendations.

Feature Criterion
PFlow Jets
Jet collection AntiKt4EMPFlowJets
Jet selection pT > 25GeV
In| < 2.5
same JVT cuts as for jets
Algorithm DL1r
Operating point Pseudo-continuous
Eff = 60/77%
CDI (ZHDM) 2020-21-13TeV-MC16-CDI-2021-04-16_v1
CDI (VLL) 2023-21-13TeV-MC16-CDI-2023-07-18_v1

Table 8.8: Summary of the b-tagging selection criteria used in the analyses in this disserta-
tion.

Hadronically-decaying T leptons

Hadronically decaying 7-lepton candidates, denoted by 7.4, are reconstructed from energy
clusters in the calorimeters and associated inner detector tracks. They are required to have
either one or three associated tracks originating from the primary vertex (referred to as
one-prong and three-prong Th.q candidates, respectively), with a total charge of +1 and
further satisfying pr > 20 GeV and |n| < 2.5, excluding the EM calorimeter’s transition
region. A recurrent neural network discriminant using calorimeter and tracking-based
variables is used to identify real 7,,q candidates and reject jet backgrounds (referred to as
fake Thaq candidates) [118]. The Loose, Medium and Tight ID working points (WP) are
created based on the RNN output. The loose WP has a target efficiency of 85% (75%) for
one-prong (three-prong) m,q candidates. The efficiencies for the medium working point are
75% (60%) for one-prong (three-prong) m,.q candidates, respectively. The tight working
point has average efficiency of 60% (45%) for one-prong (three-prong) m,.q candidates.
Electrons reconstructed as one-prong 7,4 candidates are removed using a BDT with an
efficiency of 95% for real 7,,4 candidates depending on the p. Additionally, 73,,q candidates
are required to be separated by AR > 0.2 from any selected electron or muon candidates.

Thaa Teconstruction and identification efficiencies and energy scale in the simulation are
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calibrated to those measured in a data control sample of Z — 777~ events [116] and the
associated uncertainties are considered in the analysis. Table 8.9 summarises the criteria

used for selecting m,.q candidates in the VLL4321 analysis.

Feature Criterion

Pseudo-rapidity range  (|n| < 1.37)||(1.52 < |n| < 2.5)

Track selection 1 or 3 tracks
Charge Q| =1

Tau energy scale MVA TES

Transverse momentum pr > 20GeV

Jet rejection RNN-based (Loose)
Electron rejection BDT-based

Table 8.9: Summary of the criteria used for selecting hadronically decaying 7-lepton
candidates in the VLL4321 analysis.

Missing transverse energy

The ET' reconstruction criteria are summarised in Table 8.10.

Parameter Value
Algorithm Calo-based
Soft term Track-based (TST)
MET operating point Tight
Selection requirements
Observable Requirement
Emiss No cut
S By /ERss No cut

Object-based ER* significance No cut

Table 8.10: Summary of the E¥ reconstruction criteria used in the analyses in this
dissertation.

Overlap removal

Light leptons passing the Loose ID criteria, 7,4 tagged with the loose RNN WP and

jets passing the JVT requirement are considered for overlap removal to uniquely identify
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these objects. If two electrons are separated by AR < 0.1, only the one with the higher
pr is kept. If an electron and a muon overlap within AR < 0.1, the muon is removed
if it is reconstructed only from an ID track and calorimeter energy deposits consistent
with a minimum-ionising particle, otherwise the electron is removed. If an electron and a
selected jet are found within AR < 0.2, the jet is removed. For each electron in the event a
pr-dependent variable-size cone of maximum size AR = 0.4 is defined. If a selected jet,
surviving all previous overlap criteria, is found in this cone, the lepton is rejected. The
same procedure is also applied between jets and muons, with the exception that, if a muon
and a jet overlap with AR < 0.2, the jet is removed, unless the number of tracks in the jet
is more than 2. Specific to the VLL4321 analysis which also reconstructs m,.q candidates,
a jet is rejected if it overlaps with a 7,4 within AR = 0.2. Further, 7,,q is rejected if it

overlaps with an electron (muon) within AR = 0.2(0.25)

8.4 Analysis strategy

8.4.1 Event categorisation

In all analyses, signal regions (SR) are defined as the phase space where maximum signal
acceptance is expected, constructed by studying the signal topology through Feynman
diagrams and kinematic studies on the MC samples. Following this, major SM backgrounds
living in the same phase space can be derived. A well-understood estimation of these
backgrounds is important to claim discovery of a possible new signal process. The modelling
of these backgrounds is checked in dedicated regions called control regions (CR) defined
orthogonal to the SR, but as close as possible in phase space. Corrections to modelling of
SM backgrounds can also be derived in such regions. In the searches for BSM particles,
typically a profile likelihood fit (discussed in Section 8.6) is performed to estimate the
normalisation of major SM backgrounds together with the signal strength using bins from
the SRs and CRs. Validation regions (VRs) may be defined close to SRs by inverting a cut
or two, to further test the modelling of backgrounds after the fit. An illustration of event

categorisation is shown in Figure 8.1.

8.4.2 Signal-to-background discrimination

The analyses in this dissertation use deep neural networks (DNNs) in the SRs to distinguish

between signal topologies and reject SM backgrounds. Discrimination between signal
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Figure 8.1: Tllustration of signal, control and validation regions for a two-dimensional phase
space defined using hypothetical variables. These regions are defined to be orthogonal to
each other.

topologies, in particular, is an approach that is fast gaining importance because it has the
potential to improve the re-usability and reach of the search, to re-interpret models with
similar final states. DNNs combine the power of multiple variables into a single non-linear
function, allowing for complex decision boundaries and feature extraction. Consider a
simple neural network with one hidden layer, illustrated in Figure 8.2. Let x; and x5 be the
input variables, w;; the weights, b; the biases, and o the activation function. The output of

the hidden layer neurons can be expressed as:

hj =0 (wljxl + Woj T2 =+ b])

where j indexes the neurons in the hidden layer. If we have two hidden neurons, the outputs
are:

hy = o (w111 + war e + by)
hg =0 (wlgl’l + W29 + bz)

The final output y of the network, combining these hidden neurons, is given by:
y = o (v1hy + v2hy +b)

where v; are the weights connecting the hidden layer to the output neuron, and b is the bias

term for the output neuron. Training the DNN on a labelled dataset with features x; and
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x9 amounts to estimating the best fit function y by determining the weights w;; and biases
b;. Categorical crossentropy is a loss function used in classification tasks where the model
outputs a probability distribution over multiple classes. It measures the difference between
the true label distribution and the predicted probability distribution. Mathematically, for a

single instance, it is defined as
- Z yilog(9i),

where y; is the true label and gj; is the predicted probability for class i. This loss function is
highly effective for multiclass classification problems as it penalizes incorrect classifications
more severely when the predicted probability is high. It encourages the model to output
probabilities that are as close as possible to the true labels, leading to better predictive

performance.

S. Epari, PhD Thesis
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Figure 8.2: Illustration of a neural network with a single hidden layer.

A popular choice for the activation function is Rectified Linear Unit (ReLU), defined
as f(zr) = max(0,x), meaning it outputs the input directly if it is positive; otherwise,
it outputs zero. Due to a constant gradient for positive values, it ensures that neurons
activate and learn at a higher rate during training. Batch training, also known as mini-batch
gradient descent, involves splitting the training dataset into smaller batches and updating
the model weights iteratively for each batch. Using mini-batches helps in efficiently utilizing
computational resources and reduces memory constraints, as only a subset of data needs to
be loaded at any time. It also smoothens the gradient descent process by averaging out the

noise introduced by individual samples, leading to more stable convergence.
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The Adaptive Moment Estimation (Adam) optimizer [136] is an advanced optimization
algorithm used in training deep learning models. Adam maintains two moment estimates:
the first moment (mean) and the second moment (uncentered variance) of the gradients.
These moments are used to adapt the learning rate for each parameter individually, allowing
for efficient and effective training. Adam is particularly advantageous for handling sparse
gradients and noisy problems. It uses adaptive learning rates that adjust based on the
mean and variance of the gradients, providing robust convergence properties and typically
requiring less fine-tuning of the learning rate hyperparameter compared to other optimizers.

The learning rate is a parameter that controls how the weights of the DNN are adjusted
with respect to the loss gradient during training. A high learning rate can cause the model
to converge too quickly to a sub-optimal solution or even diverge, as the updates might
overshoot the optimal point. Conversely, a low learning rate can lead to a slow convergence
process, requiring more time and computational resources, and can sometimes get the model
stuck in local minima. Finding the right learning rate is often done through experimentation
or using techniques like learning rate schedules and adaptive learning rates to dynamically
adjust it during training.

The softmaz function is used in the output layer of a neural network for multiclass
classification problems. It converts uncalibrated predictions into a probability distribution

over the classes. Mathematically, the softmax function for an output vector z is defined as

e

Zj e’

softmax(z;) =

where z; is the logit for class i. This ensures that the output probabilities sum up to 100%,
making it suitable for interpreting the network’s output as probabilities of different classes.
Softmax is particularly useful because it highlights the predicted class while considering
the relative scale of the logits, thus providing a clear and probabilistic interpretation of
the model’s predictions. It is typically paired with the categorical crossentropy loss during
training to optimize the model’s ability to predict the correct class labels.

Training of the DNNs is done using the KERAS library [137] with TENSORFLOW as
a backend [138] with training variables specific to the signal model used to distinguish
between signal topologies and SM background. The details of these DNNs are specified in

the respective chapters.
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8.5 Systematic uncertainties

This section presents a summary of experimental and theoretical systematic uncertainties
included in the fit model in the analyses in this dissertation. Additional systematic
uncertainties specific to the analysis are specified in the respective chapters. A smoothing
algorithm based on the MazVariation is used by default for all systematic uncertainties to
mitigate the impact from limited MC statistics. This algorithm re-bins the distribution till
the relative MC uncertainty drops below a defined threshold. Instrumental uncertainties are
two-sided and symmetrized. Systematic uncertainties with an effect below 1% are pruned
from the fit.

8.5.1 Experimental uncertainties

Experimental uncertainties included in the analyses are related to trigger efficiency, lepton
reconstruction and identification, jet calibration, b-tagging and the global event activity.
These recommendations are evaluated by ATLAS performance groups and are used in the
analysis either as an overall event reweighting or as a re-scaling of the object energy and
momentum. The list of systematic uncertainties included in the analysis is summarised in
Tables 8.11, 8.12, 8.13 and 8.14.
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Experimental systematics on leptons

Type

Description

Systematics name

Trigger

Scale Factors

Scale Factors

e/p Trigger
Eff.
MET Trigger
Eff.

TightEIMediumMulD _FCLooselso  SLTorDLT

MET

Scale Factor

Energy Scale

Muons
Efficiencies Reco. and ID MU _SF ID [STAT,SYST]
Reco. and ID MU _SF ID [STAT,SYST| LOWPT
(low pr)
Isolation MU _SF Isol [STAT,SYST]
Track-to- MU SF TTVA |[STAT,SYST]
Vertex Asso-
ciation
pr Scale pr Scale MUONS SCALE
Resolution ID pr Resol. MUONS ID [STAT,SYST]
MS pr Resol. MUONS MS
MS pr Resol.  MUONS_SAGITTA [RHO,RESBIAS]
(charge  de-
pendent)
Tsolation PLIV calib.  PLIV_ Mu *
Electrons
Efficiencies Reco. EL SF Reco
D EL SF_ID
Isolation EL_SF_TIsol
PLIV calib. PLIV_El *

EG SCALE ALL

Resolution Energy Reso- EG_RESOLUTION ALL
lution
Table 8.11: Summary of experimental systematic uncertainties related to muons and

electrons used in the analyses in this dissertation.
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Experimental systematics on m,aq

Type Description Systematics name
Hadronic Taus
Efficiencies Reco. SF RECO_ TOTAL
RNN ID SF_RNNID 1P[2530,GE40]

SF_RNNID_SP[253O7GE4O]
RNN ID (High SF_RNNID SYST
pT)
Reco. (High SF_RNNID HIGHPT
PT)

Electron veto SF ELEOLR TOTAL
BDT
Electron veto SF_ TRUEELECTRON ELEOLR_TOTAL
BDT
(truth-matched
)
pr Scale pr Scale TRUEHADTAU SME TES MODEL_ CLOSURH
TRUEHADTAU SME_TES DETECTOR
TRUEHADTAU SME_TES_INSITUEXP
TRUEHADTAU SME TES INSITUFIT
TRUEHADTAU SME TES PHYSICSLIST
Fake Taus
Scale Factors Tau mis-ID FakeTau SF [STAT,SYST| 1P[2030,ge150]
(pr-dependent)  FakeTau SF [STAT,SYST]|_ 3P[2040,ge90]

Table 8.12: Summary of experimental systematic uncertainties on hadronically decaying
tau candidates in the VLL4321 analysis.
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Experimental systematic uncertainties on jets and EF"®

Type Origin Systematics name

Application

Pile-up reweighting

Pile-up reweighting

Jets

Jet Vertex Tagger JVT

Energy Scale Calibration Method JET EffectiveNP Detectorl
JET _EffectiveNP_Mixed|[1,3]

JET _EffectiveNP Modelling|1,4]

JET _EffectiveNP _ Statistical[1,6]

7 inter-calibration JET Etalntercalibration Modelling
JET Etalntercalibration NonClosure
JET Etalntercalibration TotalStat

High pr jets JET SingleParticle HighPt

Pile-Up JET Pileup OffsetNPV
JET Pileup OffsetMu
JET Pileup PtTerm
JET Pileup RhoTopology

Non Closure JET PunchThrough MCI16
Flavour JET Flavor Response

JET BJES Response
JET Flavor Composition

Resolution JET JER
Errrniss
Soft Tracks Terms  Resolution MET SoftTrk ResoPerp
Resolution MET SoftTrk ResoPara
Scale MET SoftTrk Scale

Table 8.13: Summary of experimental systematic uncertainties in the analysis related to
jets and missing transverse energy. Jet systematic uncertainties take into account effects of
jets calibration method (e.g. in situ), n inter-calibration, high pr jets, pile-up, non closure,

flavour response and are diagonalised into effective parameters.



Common methods in multilepton searches

151

Experimental systematics on b-jets

Type Origin Systematics name

b-tagging

FT EFF Eigen_B[0-19]
FT EFF_Eigen C[0-19]

FT EFF_ Eigen Light[0-19]

Scale Factors ~ DL1r b-tagger eff. on b-originated jets  weight bTagSF DLI1r Continuous
DL1r b-tagger eff. on c-originated jets  weight bTagSF DL1r Continuous

DL1r b-tagger eff. on light-flavoured jets weight bTagSF DL1r Continuous

High-pr Extrapolation of b- and c-jets PCBT extrapolation unc bc
extrapolation
uncertainties Extrapolation of light-jets PCBT extrapolation unc 1

Table 8.14: Summary of experimental systematic uncertainties in the analysis related to b-
tagged jets, using the DL1r tagging algorithm. In the g2HDM analysis, PCBT extrapolation
uncertainties are estimated using an in-house recipe due to the absence of official ATLAS

recommendations at the time.

The implementation of JES uncertainties uses the Category Reduction scheme while
the Full JER scheme is used for JER uncertainties. The uncertainty in the luminosity
measurement is 1.7% in the g2HDM analyses and the re-processed value of 0.83% was used
in the VLL analyses. This uncertainty is used as an independent nuisance parameter in the

fit. Uncertainties related to m,,q are included only in the fits performed in the VLLL4321

analyses and are listed in Table 8.12.
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8.5.2 Theoretical uncertainties

Theoretical uncertainties common to all analyses are shown in Table 8.15. Systematic
uncertainties in the signal modelling, background corrections and fake estimation specific
to an analysis are described in the dedicated chapters. For the dominant background
processes where there is an alternative MC sample available, the 2-point systematic built
from the comparison between the nominal and the alternative MC samples is taken as a
nuisance parameter. This is the case for ttW, ttZ, ttH, tt, and tttt. For ttH, ttW, ttZ, and
V'V, variations of the re-normalisation and factorisation scale by by a factor of 0.5 and 2,
available via internal weights are taken as additional modelling uncertainties. Uncertainties
due to PDF effects are estimated by taking the differences with respect to alternative
PDF sets where available. Normalisation uncertainties are included for all processes whose
normalisation is not obtained from the likelihood fit: 20% [139], 11% [140] and 5% [141]
respectively on the titt, ttH and tZ simulations. Finally, as a conservative estimate, a
50% cross section uncertainty is assigned to small backgrounds like VH, tWZ, tW H, tHbj,
HUWH, ttHH, ttZZ, ttWW and triboson backgrounds. In the VLL analyses where prompt
tt is a leading background, additional uncertainties are applied due to iterative reweighting
of events at the next-to-next-to leading order theory predictions in terms of top quark pr,
prai, and myz [142]. In the same analysis, Z+jets is also a dominant background in some
channels, and dedicated uncertainties in the re-summation and CKKW merging scale are

derived and used. A detailed description of these uncertainties is described in Section 10.4.
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Theory systematic uncertainties
Systematics name Analysis
2HDM | VLLs

tt systematic uncertainties
Parton shower and hadronisation
Matrix element and parton shower matching
FSR ppR
Pythia8 A14 Var3c
Matrix element pup
Matrix element pp

tt NNLO iterative reweighting
tt t

M4 4 A
o

(scaling of top p, m*'", and ptTt; pr and pp variations of top pr; pr and pup

variations of m;z)

Single top systematic uncertainties
tW diagrams removal vs subtraction |
Z+jets systematic uncertainties

Z+jets CKKW
Z+jets QSF
Z+jets alternative LO-EW matching weight
ttZ systematic uncertainties

ttZ generator and shower
ttZ pp variation
ttZ pp variation

ttW systematic uncertainties

ttW generator and shower
ttW p R variation
ttW pp variation

ttH systematic uncertainties
ttH cross-section normalisation (11%)
ttH generator acceptance
ttH parton shower
ttH ppg variation
ttH pp variation

Diboson systematic uncertainties
V'V cross-section normalisation (3% in the 2HDM analysis)
V'V ug, variation
VV pup, variations

Four top systematic uncertainties
tttt cross-section normalisation (20% in 2HDM and 29% in VLL analyses)
tttt generator

Other rare processes systematic uncertainties
tZ cross-section normalisation (5%)
V' H cross-section normalisation (50%)
tW Z cross-section normalisation (50%)
tW H cross-section normalisation (50%)
tHbj cross-section normalisation (50%)
VVV cross-section normalisation (50%)
ttW W cross-section normalisation (50%)
ttt cross-section normalisation (50%)
ttZZ, ttHH, ttW H cross-section normalisation (50%)

R B I I I B I I IO B IO I PR I
M ] ][] [ ] ] ][] [

Table 8.15: Summary of common theoretical systematic uncertainties in the analysis from
the background modelling. Y (X) indicates that the corresponding systematic is (not)
included in the fit model of the analysis.
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8.6 Statistical analysis

The final state of a particle collision can be compatible with a multitude of theoretical
frameworks, each known to limited precision due to computational and practical reasons.
Further, the number of collision events recorded and the reconstruction of the final state of
these events is affected by our understanding of detector response. Due to these limitations,
experimental results in particle physics need to be interpreted within a statistical framework
which takes into account these theoretical and experimental uncertainties in order to reach
a robust conclusion. This section discusses briefly some of the theoretical and practical tools
used for statistical analyses of datasets collected by the ATLAS experiment. A frequentist’s
approach to probability is going to form the basis of the discussion that is about to follow:
given n independent experiments that make n independent observations of a property of
the event, the probability of the event is understood as the fraction of favorable outcomes

in the total number of repetitions of an experiment.

8.6.1 Constructing the likelihood function

The recorded properties of a collision event may include information about the number
and properties of jets, leptons, missing transverse energy and other complex variables.
Mathematically, this information can be encoded in a vector of length n associated with
each event: 7 = (1,xs....x,). The probability distribution function (pdf), denoted by
f( ]5), describes the likelihood of observing the data Z given a physics model with a set of
parameters 0= (01,05....0,).

The goal of a physics analysis is to estimate the most probable values of ) given the
measured variables Z. The likelihood function, denoted by L(6|7), evaluates how likely it
is for the observed data 7 have originated from a model with parameters 0. Maximizing
the likelihood function provides the set of parameters that make the observed data ¥ most
probable. In Run 2, the ATLAS experiment recorded an estimated 100 million ¢ events.
tt is one of the major backgrounds in the VLL analyses and reduces by about a factor of
ten after preselection. Such a large number of events makes computation of the likelihood
function and its maximization an expensive problem. The solution is to store the variables
in histograms and use the number of events to construct an approximate likelihood. The
expected number of events in each bin, n;, is assumed to be Poisson distributed, so the

likelihood function for the observed data to be produced by the model becomes:
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o T Hi0) e
L(0]7) = ]} T (8.1)
where z; is the observed number of events in bin ¢ and nzg is the expected number of events
in that bin according to the model parameters 0.

The expected number of events in each bin comes with an associated uncertainty, arising
from both statistical and systematic sources. Statistical uncertainties arise due to the finite
number of events in each bin, while systematic uncertainties arise from our modeling of the
detector response, the background processes, etc. The effect of systematic uncertainties
can be included in the likelihood function through the use of nuisance parameters (NPs).
These NPs can be modeled through pdfs called priors, denoted as p(#), that penalize the
likelihood function and are estimated by auxiliary measurements. Depending on the NP,

the pdf can assume different forms, shown in Figure 8.3:

e Gaussian prior, used for most systematic uncertainties that change the shape of the

final discriminant, such as the jet energy scale.
e Log-normal prior, for normalization uncertainties.

e Gamma prior, used for statistical uncertainties associated with the number of selected

MC events per bin.

The full likelihood can then be written as:

M P~ ) Nnp
L(0|%) = | | pi0)"er ™ )n" X | | p(OF), (8.2)
i=1 v k=1

—

where p;(0) is the expected number of events in bin 4, n; is the observed number of events

in bin i and 63" represents the nuisance parameters, each with its own prior p(63F).

8.6.2 Hypothesis testing

The discovery of a new particle involves testing the new BSM theory against the existing
hypothesis, the SM. This comparison allows to assess the level of compatibility of the
data with each hypothesis. Based on this comparison, statements about the existence or

exclusion of a certain BSM theory can be made.
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Figure 8.3: Comparison of Gaussian (blue), Log Normal (red), and Gamma (green) proba-
bility density functions. Each distribution is defined with parameters: Gaussian (mean = 0,
std = 1), Log Normal (mean = 0, std = 1), and Gamma (shape = 2, rate = 1).

Traditionally, two hypotheses are defined as follows:

e H, or the null hypothesis, which corresponds to the SM hypothesis. This is also called
the background-only (B-only) hypothesis.

e M, or the alternative hypothesis, which corresponds to the new signal model together
with the SM hypothesis. This is also called the signal plus background (S+B)
hypothesis.

The two hypotheses can be accommodated in the likelihood function (Equation 8.2) by
introducing a signal strength parameter p that modifies the number of expected events in a
bin ¢ as:

—

wi(0) = ps; + b;. (8.3)

In terms of the NPs, the expected number of events b; (or s;) get modified as:

bi = b)(1+ Y AbG"), (8.4)
k

where 0? is the expected number of background events in bin i without considering any
systematic uncertainties and Ab; represents the relative change in the expected number of

events in bin i due to the k™ nuisance parameter 63°.
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The B-only hypothesis is recovered for =0 while p > 1 is the S+B hypothesis. The

full likelihood can then be written as:

M Nnp
= ,usz+b ”16“5“’)
L(Zp,0) =[] x T p(62"). (8.5)
k=1

=1

To simplify comparison with prefit values, NPs are redefined to be centered at 0 with
unit width. This redefinition makes it easier to interpret the results of the fit in terms of

pulls and constraints:

e Pulls: A fitted NP centered at a value different from 0 indicates a pull, meaning
that the nominal background prediction has been modified by the fit, often using
additional information from CRs or other constraints in the data. This suggests that
the data provide evidence for a shift in the expected background relative to the prefit

prediction.

e Constraints: A fitted NP with an uncertainty significantly smaller than 1 indicates
a constraint. This means that the prefit uncertainty assigned to this NP has been
reduced by the fit, implying that the observed data provided enough statistical power

to constrain the NP more tightly than initially assumed.

This, if a fitted NP is centered at 0 with an error close to 1, it indicates that the fit
did not have enough statistical power to significantly pull this NP or reduce its prefit
uncertainty. In contrast, a post-fit constraint on an NP indicates that the prefit uncertainty
was likely too large and has been refined using the observed data.

The compatibility of the observed data with a given hypothesis is tested using a test
statistic. The most commonly used test statistic is called g, computed from the likelihood

function as:

gy = —2In \(p) = —21nL(L(—é(é‘;)), (8.6)

where L(ji, §) denotes the unconditional maximum likelihood and L(u,6(y)) is the condi-
tional maximum likelihood computed for a fixed value of pu.

From the test statistic, a p-value can be computed as:

o

Pp = f(QM|/~L) d%u (8'7)

data
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where f(g,|p) is the pdf of g, under the hypothesis p1 and the integral is taken from
the observed value of the test statistic to positive infinity. This integral represents the
probability of obtaining a test statistic at least as extreme as the one observed, assuming
the hypothesis u is true.

If the p-value computed for the test hypothesis is lower than a predefined threshold, the
hypothesis is excluded at a certain confidence level (CL). In particle physics, this threshold
is typically set to 0.05, which corresponds to a 95% CL exclusion. This means that if the
p-value is below 0.05, the hypothesis i is rejected with 95% confidence. The test statistic
used for discovery in particle physics often focuses on estimating the probability to reject the
background-only hypothesis (denoted as Hy) if it is true. This specific p-value, referred to as
po, measures the significance of the observed excess over the expected background. Very low
values of pg suggest that the background-only hypothesis is unlikely, which could indicate
the presence of new physics. When py is sufficiently low, it signals potential discovery, as
the data significantly deviate from what is expected under the background-only scenario.

The p-value can be converted to the corresponding Gaussian significance denoted by Z,
defined as:

Z =27 (1~ po) (8.8)

Here, @~ is the inverse of the cumulative distribution function of the Gaussian distribu-
tion. The quantity, Z, measures the number of standard deviations that correspond to an
upper-tail probability of p, for a Gaussian distributed variable. The following thresholds

are commonly used in particle physics:

e FExclusion of a physics process occurs for values of Z below 1.68 (p = 0.05). This is
referred to as the 95% Confidence Limit (CL).

e FEvidence of a physics process is claimed at Z = 3 (p = 0.0027).

e Discovery of a physics process is claimed at Z = 5 (p = 2.7 x 1077).

The pdf f(g,|p) is typically computed using pseudo-experiments and can be compu-
tationally expensive. For large statistics, assuming data to be distributed according to a

strength parameter i, Wald’s approximation [143] can be used to write:

A

gy = —2In \() = (“;—2“)2 +O(1/VN). (8.9)

Here, [ is the fitted signal strength that follows a Gaussian distribution with mean g’ and

standard deviation o and N is the total number of events in the sample. The value of ¢ is
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estimated from an artificial dataset called the Asimov dataset, defined as the one where
the pseudo-data is equal to the sum of background predictions.
The pdf f(q,|pn) simplifies to:

1 1
25 \2r

o) = o (3 VAP +o (v - VA?) ] (510

on ignoring the O(1/v/N) term and the parameter A is defined as:

n\2

(b —R)
This is known as the asymptotic approximation [143] and is used in this dissertation to

compute the relevant p-values.

8.6.3 The CL; method

In the event of a downward fluctuation in the observed number of events due to a lack of
statistics, the p-value discussed in the previous section may lead to accidental exclusions of
hypotheses. Essentially, the statistical fluctuation might suggest a false signal or deviation
from the background-only hypothesis, which can lead to misleading conclusions if the
fluctuation is interpreted as significant when it is actually a random fluctuation rather than
a genuine effect. To resolve this issue, the CL; method [144] is used, with a figure of merit
defined as:

_ CLS-‘rb . Ds+b

CL, = ,
CLy 1—ps

(8.12)
with

o0

Ps+b = P(Q,u > Qu,obs|H1) = f(Q,ulHl)dqW

4u,0bs

Gu,obs
Py = P(Qu S Q,u,,obslHO) = / f(qM|HO>dqlr
0

A value of p is excluded at > 95% confidence level (CL) if the CL; value is < 0.05.
The highest value of i that can be excluded according to this criterion is known as the
upper limit on p and is denoted by f,,. The upper limit computed from simulated data is

referred to as the expected upper limit, while the upper limit computed from observed data
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is called the observed upper limit. For simulated data, the confidence intervals associated
with g, are determined by considering all potential values of y,, that could be obtained

if the experiment were repeated. These intervals reflect the range of p,, values for which

+lo
up

found at the 10 and +20 significance points of the f(uup|Ho) distribution and reported

the null hypothesis Hy cannot be rejected. The boundaries of the Cls, p2 7 and ufg" are

for all signal mass points in a search.

8.6.4 TRExFitter framework

Statistical analysis is performed using the TRExFitter framework [127,128], which builds
statistical models in the HistFactory format [145]. In all analyses, profile-likelihood fits
are conducted using all bins of the signal and control regions, incorporating systematic
uncertainties to extract the signal strength and normalisation factors for major background
processes. The test statistic is evaluated with the RooFit package [146,147|. Upper limits
are derived using the CLg method on the test statistic g,, implemented in the RooFit
package. The Asimov dataset is used to estimate the expected sensitivity. The significance

is obtained from the test statistic using the asymptotic formula [143].



Chapter 9

Search for heavy Higgs bosons from a
g2HDM in multilepton plus b-jets final

states

The chapter presents the first-ever search for a general two Higgs doublet model (g2HDM)
with flavor changing neutral currents (FCNC) in the extended Higgs sector. Section 9.1
provides an introduction to the g2HDM and discusses the specific g22HDM model that forms
the content of this analysis. The following sections discuss the analysis strategy, estimation
of SM backgrounds, systematic uncertainties and concludes with presenting the results
of the analysis in Section 9.5. The search is also used to set limits on R-parity violating
supersymmetric models, motivated by flavor anomalies. These results are discussed in
Section 9.6.

9.1 Simplified model

A g2HDM is an extension of the SM consisting of two complex Higgs doublets, ®; and ®,:

oF ¢3
@1 = <v1+¢?+i771 > @2 = v2+¢8+i772 . (91)
V2 V2

where ¢{ (#9) and 7, (12) denote the real parts and imaginary components and v; (vs)
denote the VEV of the Higgs field(s). This extension results in eight degrees of freedom
in the model, reduced to five after electroweak symmetry breaking as three of the modes

are absorbed by the W*, W~ and Z bosons. The remaining five degrees of freedom
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corresponding to five physical Higgs states: two CP-even neutral scalars (h, H), one CP-odd
neutral scalar (A), and two charged scalars (H*). The CP-even Higgs mass eigenstates, h

and H, are related to the gauge eigenstates, ¢? and ¢9, by a mixing angle «:

h\ _ C‘OS a —sina) [¢? ' 9.2)
H sina  cosa o
The angle [ is defined with the ratio of the VEVs of the two Higgs doublets as:

v
tan f = —. (9.3)

U1
Generally, a discrete Z, symmetry is imposed on the Lagrangian to prevent tree-level

flavor-changing neutral currents (FCNCs), defined as:
@1 — q)l and (I)Q — —(I)Q.

The alignment limit is a special case in the g2HDM where the Zs symmetry is dropped
and one of the CP-even Higgs bosons, typically the lighter one h, has SM-like couplings to
the gauge bosons and fermions [148]. This occurs when the mixing angle « in the CP-even

Higgs sector aligns in such a way that:
cos(f —a) — 0. (9.4)

In this limit, the couplings of h to the gauge bosons (W= and Z) and fermions match
those of the SM Higgs boson, making it phenomenologically indistinguishable from the
Higgs boson observed at the LHC, thus, consistent with current experimental data. The
other CP-even scalar H and the other Higgs bosons (A and H*) can still have different
properties, potentially leading to new physics signals. This the kind of g2HDM model,
explored in this chapter, with extra top Yukawa couplings is phenomenologically interesting
since they can explain the generation of the baryon asymmetry in the universe [149].

The production and decay modes of the BSM Higgs are shown in Figure 9.1. Only
couplings involving top-quarks, namely py, pi and py, (collectively termed py,) are considered
and no distinction is made between p;, and pg. This search targets two same-sign tops
(Figures 9.1a and 9.1b), three-tops (Figures 9.1c and 9.1d) and four-tops (Figure 9.1¢),
producing multiple light leptons and b-jets in the final state. Many of the production modes

are expected to be charge-asymmetric: processes initiated by uu or ug (Figure 9.1a-9.1c)
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have a much larger cross-section due to a much larger PDF for the valence quarks compared

to sea anti-quark PDFs (discussed in Figure 6.2).

Figure 9.1: Illustrative Feynman diagrams for the dominant production and decay modes
of the BSM Higgs scalar, H, considered in the analysis.

This analysis is the first to target the g2HDM model, and BSM production leading to
three-top final states which has been highlighted as a sensitive probe of new physics [150-153].
The production of four-tops in the SM or via heavy scalars has been targeted previously by
ATLAS [154-157] and CMS [158-162].

A benchmark of py = 0.4 and p;; = 0.20 with mpy = 400 GeV is chosen for analysis
design and optimisation. The values are chosen so that the signal would be responsible
for the higher ttW and titt yields observed in ATLAS analyses: the ttH /ttWW analyses in
ATLAS fit a normalization of the ttWW background about 60% above the next-to-leading
order (NLO) prediction [163-165] while several four-top measurements fit a normalization
of the tttt process a factor two above the NLO prediction [154,166,167]. Further limits on
the couplings can be derived from LHC Higgs measurements and B physics [168], leading
to pu < 2 and p. < 1.06. Additional constraints can be obtained from K-K mixing and
D-D mixing: |pepr,| < 0.01 assuming a negligible p,; [169]. These constraints are derived

assuming m(H) =~ m(H") = 500 GeV, and become weaker for higher masses.
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9.2 Datasets, trigger and object definition

The full Run 2 dataset, corresponding to an integrated luminosity of 139 fb~' with an
uncertainty of 1.7%, at the centre-of-mass energy /s = 13 TeV is used for this search.
Events with two or more light leptons are pre-selected using using a logical OR of single
and di-lepton triggers (SLT OR DLT). Details about these triggers are summarised in
Table 8.2. Physics objects are reconstructed using the definitions established in Chapter 8
and Ty,,q candidates are vetoed from the search. Events are separated into channels with
two same-sign (2¢SS), three (3¢) and four (4¢) light leptons using the loose light lepton
definitions established in Chapter 8. For electrons (muons), the TightLH (Medium) ID
and FCLoose isolation WP is used to pre-select events. PLIV cuts are used to suppress
non-prompt leptons from heavy flavor decays. A hybrid b-jet tagging criteria, using the
60% and 77% WP is developed in the analysis, discussed more in detail in Section 9.3.2.
Signal samples were generated at leading order (LO) with MADGRAPH v2.9.3 with
NNPDF23LO. PyTHIA 8.245 with the A14 tune was used as the showing algorithm.
Signal events were generated for masses in the range of 200 GeV to 1 TeV with a 100 GeV
step, with the set of couplings p; = ps; = 0.1 and re-weighted to obtain the corresponding
cross-sections and branching ratios per production and decay mode for different values of
the couplings. Approximately 500k MC signal events were generated for each campaign
(mcl6a, mel6d, mel6e) and each mass point. The NLO generator cross-section was used
for the normalisation of the signals. Detector level effects were incorporated using ATLAS

Fast Simulation as described in Chapter 6.

9.3 Analysis strategy

The presence of two same-sign top quarks (Figures 9.1a and 9.1b) or three or more top
quarks (Figures 9.1¢-9.1e) in the signal processes lead to final states with two same-sign
(2¢SS), three (3¢) or four (4¢) leptons. Thus, the search is structured in the 2SS, 3¢, and
40 channels, defined in terms of the loose light lepton multiplicity after overlap removal
discussed in Chapter 8. Additionally, events are required to have at least one b-jet tagged at
the 60% WP or at least two b-jets tagged at the 77% WP to suppress diboson backgrounds
that rarely contain b-tagged jets. If events contain pairs of opposite-sign charge and same-
flavour leptons (OSSF), as in the 3¢ and 4¢ channels, all pairs are required to satisfy a mass

requirement on the dilepton system mass of meof(;SF > 12 GeVand |m?+S[,SF —mg| > 10
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GeV, to further suppress SM backgrounds from WZ and ZZ processes in the respective
channels.

Events are categorised into orthogonal signal regions (SRs) targeting the different decay
modes in Figure 9.1 using the number of leptons, total lepton charge ()) and a multi-output
deep neural network classifier to distinguish between various signal processes. A second
deep neural network is trained in each of the SRs to discriminate the signal from the
backgrounds. Orthogonal control regions (CRs) are defined in order to fit the normalisation
of the main backgrounds and a maximum-likelihood fit is performed across categories in

order to test for a possible signal and constrain the leading backgrounds simultaneously.

9.3.1 Signal region definition

SRs targeting the different decay modes in Figure 9.1, i.e sstt, ttq, ttt, tttq, tttt, are defined
using a signal-vs-signal categorisation deep neural network (DN N¢*'). This network is
trained separately for the 2¢SS and 3¢ channels because different signal processes contribute
to each of these channels. In contrast, the 4¢ channel does not require a DNN since only a
single signal diagram contributes to it.

The training is done using the KERAS library [137] with TENSORFLOW as a backend [138]
and Adam optimiser [136]. Hyperparameters are optimised with the TALOS library [170].
The architecture of this DNN is shown in Figure 9.2a. The network is trained with batch size
of 2000 and up to 100 epochs, using all the available signal mass points using cross-training.
The input variables used in training are summarised in Table 9.1. The output categories

correspond to the 5 (3) top quark topologies expected to populate the 2¢SS (3¢) channel.

Variable DNN | DNNSB
Number of jets (Njets)

Sum of pseudo-continuous b-tagging scores of jets (sumPCB)
Pseudo-continuous b-tagging score of 1%, 274, 314 Jeading jet in pr
Sum of pr of the jets and leptons (Hr jets, Hr,iep)

Angular distance of leptons, dR(l,1)

Missing transverse energy (FMiss)

Leading pr of jet

Invariant mass of leading lepton and missing transverse energy (MT (lep, E2ss)) -
Di/tri/quad-lepton type variable (associated to the number of electrons/muons in event) -

o L

S e

Table 9.1: Input variables for training of the DN N and DN N®B classifiers. Y indicates
that the variable was used in the training.
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Hidden Layer Hidden Layer
[33 nodes] (33 nodes)

> %% . 3 FR
Input Layer ’?ﬁ %%
" " Output Layer
[9 nodes] ® . R [5(3) nodes]
s <
Softmax
k < 0/
{ / /
/
ReLU activation RelLU activation
Dropout: 20%
(a)
Hidden Layer Hidden Layer
[36 nodes] [48 nodes]
Input Layer Output Layer
[12 nodes] [2 nodes]

Sigmoid activation Sigmoid activation

Dropout: 40%
(b)

Figure 9.2: (a) Architecture of the DN N classifiers trained separately separately for
2/SS and 3¢ channels. The output categories correspond to the 5 (3) decay modes in the
2(SS (3¢) channel. (b) Architecture of the DN NSB classifiers trained in each SR.



The g2HDM search 167

The distributions of the signal and background shapes in the training variables used in

the NNs is shown in Appendix A, for signal processes from the benchmark set of couplings,

i.e, pi = 0.4 and pyy = 0.20 with my = 400 GeV. The performance of the DN N classifiers

in 2¢SS and 3/ is evaluated using a confusion matrix: each row of the matrix represents the

instances in an actual class while each column represents the instances in a predicted class.

The diagonal entries can be interpreted as the probability of correctly classifying a labelled
event. Figure 9.3 shows the performance of the network in validation data for 2/SS and 3¢

channels, respectively.

S. Epari, PhD Thesis S. Epari, PhD Thesis

0.07 0.02 0.00
sstt 0.7
ttt
0.6
ttq 4 014 015 0.02
- 0.5 _
® 0.13 0.15 0.18 0.11 % r
o titg O : : : - 0.4 o tta
2 2
- 0.3 .
teg{ 002 013 010 BGEEES 0.20 -
F0.2
tttt
& &> & & & & & &
Predicted label Predicted label

Figure 9.3: Normalised confusion matrices for DN N classifiers trained in the (a) 2¢SS
and (b) 3¢ channel.

To exploit the charge-asymmetric nature of the probed signal processes, all the 2¢SS
and 3¢ SRs are further split into two categories using total lepton charge: ‘++’ or ‘— — .
However, training of the DNN classifiers is done inclusively over charge, so that the DNN
shape is not biased when categorizing events by total charge. The selections used to define
SRs is summarised in Table 9.2. A total of 17 SRs (10 in 2¢0S, 6 in 3¢ and 1 in 4¢) are
defined in the analysis.

Figures 9.4a and 9.4b show the normalized distributions of the target signals from a

scalar mass of 400 GeV or 1000 GeV, compared to the expected background distribution
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Lepton category

208S

| 3¢ | A¢

Lepton definition

Lepton pr [GeV]
mes 5 [GeV]
mi5 5 —mz| [GeV]
Njets

Npjets

(T,T) with > 1 67 ||
(T, M) with > 2 p%
(20, 20)

(L, T, M) with > 1 b77% ||
(L, M, M) with > 2 p3%
(10, 20, 20)
>12
>10

(L,L,L,L)

(10, 10, 10, 10)

> 2
> 1b77% || > 2b85%

Region split

(sstt, ttq, ttt, tttq, tttt) x (QTT, Q™)

(ttt, tttq, tttt) x (QT, Q) -

Region naming

20SS ++ CAT sstt
20SS ++ CAT ttq
2(SS ++ CAT ttt
2SS ++ CAT tttq
20SS ++ CAT tttt
20SS —— CAT sstt
20SS —— CAT ttq
20SS —— CAT ttt
20SS —— CAT tttq
20SS —— CAT tttt

30 4+ CAT ttt 40
30 ++4 CAT tttq
30 ++ CAT tttt

3¢ —— CAT ttt
3¢ —— CAT tttq
3¢ —— CAT tttt

Table 9.2: Event selection summary in the SRs. Light leptons definitions from Table 8.6 are
used. Leptons are ordered by pr in the 2/SS and 44 regions. In the 3¢ regions the lepton
with opposite-sign charge is taken first, followed by the two same-sign leptons in pr order.
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across the various categories described in Table 9.2. At high signal mass, a strong migration
is observed from the ¢t to the tttg category due to the high probability of additional
radiation.

A DNN®B classifier is trained in each SR to separate the targeted signal from the
sum of backgrounds. The architecture of this DNN is shown in Figure 9.2b and Table 9.1
summarises the input variables used for training. Good sensitivity over the large range of
signal masses is ensured by de-correlating the output of the classifier from the signal mass by
introducing an additional term to the loss function via distance correlation [172,173|. The
same DN N®B is used in both positive- and negative-charge regions. The performance of
the DN N®B classifiers is evaluated using Receiver Operating Characteristic (ROC) curves,

shown in Figure 9.5.
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Figure 9.4: Distributions for each signal process category compared to the total expected
background, for (a) my = 400 GeV and (b) my = 1000 GeV. All distributions are normalised
to unity. Figures taken from Ref. [171].
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Figure 9.5: ROC curves with area under curve values per categories for each DN NSP

classifier.

Figure 9.6 shows the DN NP distribution of the targeted signal, total signal and sum

of SM background in each signal-enriched category.
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Figure 9.6: Comparison of the DN N8 distribution of the targeted signal (solid line), the
total signal (dashed line) and the background (filled grey area) in the (a) 2¢SS CAT sstt,
(b) 2SS CAT ttq, (c) 3¢ CAT ttt, (d) 3¢ CAT tttq, (e) 3¢ CAT tttt, and (f) 4¢ categories,
for an assumed mpy = 400 GeV (pink) and my = 800 GeV (violet), with couplings py = 0.4
and p, = 0.2. All distributions are normalised to unity. Figures taken from Ref. [171].
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9.3.2 Control regions

Figure 9.7 highlights the main SM backgrounds expected in the SRs. The main prompt-
lepton backgrounds originate from ttW, ¢ttt and téy* production, followed by V'V (in
particular W~*) and ¢t H production, and have final states and kinematic properties similar
to the g2HDM signal. Smaller contributions originate from the following rare processes: tZ,
tWtW Z, ttWW and VVV production. Fake-lepton backgrounds come from a mixture of
semi-leptonic b-decays (HFe or HF ), material conversions and charge mis-identification
(QMisID). Dedicated CRs are defined to estimate major backgrounds common to the SRs,

summarised in Table 9.3.

i i tiw it mtiz/y)
S. Epari, PhD Thesis Etty*(low mass) []QMisID] Other
I Mat Conv EmHFel EHFp
I Four top Il Fakes m Diboson

21SS++ CATsstt 21SS++ CATitg 21SS++ CATHt 21SS++ CATitlq 21SS++ CATIttt
3l++ CATItt 3l++ CATHIt 3l++ CATIttg 21S5-- CATsstt 21SS-- CATtig 2ISS-- CATHit
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¥
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T
‘v
5
&

Figure 9.7: Background composition in the g2HDM SRs.

Except for the QMisID background, all other backgrounds are estimated using the
simulated samples described in Section 8.5.2. Event kinematics of the simulated ¢t and
V'V backgrounds require dedicated corrections to better describe the data, described in
this section. Yields of ttW, ttZ, V'V and non-prompt-lepton backgrounds, are adjusted via
normalisation factors that are determined by performing a likelihood fit to data across all

event categories, shown in Section 9.5.
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Control regions ‘ WZ ttz Conversions HF non-prompt

Niets 2or 3 >4 >0 >2

Nojets > 1577% || > 2 b 0 b35% 1 p%5%

Lepton requirement 3¢ e’ 2(SS

Lepton definition (L,M,M) (T, Mex) || (Mex, T) || (Mex, Mex)

Lepton pr [GeV] (10, 20, 20) (20, 20)

mes 5 [GeV] >12 >12 -

|m@S 5" —my| [GeV] <10 >10 -

|meee — mz| [GeV] <10

mr(fy, ER) [GeV| - < 250

Region split - - internal / material subleading e/p X [(T, Mex), (Mex, T), (Mex, Mex)]

Region naming 3VV 3UttZ 3(IntC 20t6(e) (1, Mex)» 2068(€) (M, 7) s 2068(€) (M, M)
3(MatC 2066(10) (7, M) > 2068 (18) (M, )5 2068 (1) (Mo, M)

Table 9.3: Event selection summary in the CRs. Light leptons definitions from Table 8.6 are
used. The notation e* is used to denote material conversion or internal conversion candidates.
In the HF non-prompt lepton region naming, “2¢SStt(e)” (“2¢SStt(u)”) refer to the CRs
enriched in non-prompt electrons (muons) from semi-leptonic b-decays originating mostly
from tf and with the lepton flavours for the leading and subleading leptons corresponding
to “ee, ue” (“pp, ep’). The additional (T, Mey), (Mex, T'), and (Mey, Mcx) subscripts refer
to the lepton definitions required for the leading and subleading leptons in each region.
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Diboson background

The main SM background in the 3¢ region is W~* (instead of W Z because of the Z veto).
To check the modelling of this background, a VR enriched in W Z events is defined by
inverting the Z veto in the 3¢ channel. The selection for this VR, called 3¢VVO0b, is defined
in Table 9.3, with the additional requirement of zero b-jets (at the 85% WP) to suppress
the ttZ background in the region. Figure 9.8a shows the jet multiplicity distribution
in the 3¢(VV0Ob VR, with a disagreement of up to 30% at high jet multiplicity. A data-
driven correction is derived from this VR to correct this mis-modelling, as the ratio of the
diboson contribution to the data (subtracted by the non-diboson backgrounds), fitted with

a polynomial of the form:

b
fla)=a+— (9.5)
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Figure 9.8: Comparison between data and the background prediction for the distribution of
the number of jets in the (a) 3¢VVOb region before the V'V jet multiplicity correction and
(b) 3¢ region with at least one jet and exactly one b-jet defined with the 60% WP after the
V'V jet multiplicity correction. Figures taken from Ref. [171].

The following parameters are determined from the fit:

a=—0.693£0.012,b = —0.563 £ 0.014, ¢ = 0.246 + 0.018.
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After the correction is applied to V'V, the good modelling is observed in the jet
multiplicity distribution in an inclusive 3¢ VR enriched in both W Z and ttZ, as shown in
Figure 9.8b. The modelling of V'V and ttZ is checked for different variables in dedicated
CRs (defined in Table 9.3), shown in Figures 9.9 and 9.10. A systematic uncertainty
derived for the V'V correction is included in the search as a nuisance parameter, described

in Section 9.4.

S. Epari, PhD Thesis +S. Epari, PhD Thesis +S. Epari, PhD Thesis
a 10 a 10 o 10°E
§ ¢ Data [l Diboson § ¢ Data [l Diboson § E ¢ Data [l Diboson
G sl s =13Tev, 140 o ! @t@y) [@H G sl s =13Tev, 140 o ! @t@y) @H G sl s =13Tev, 140 o ! @ty") @H
g2HDM Otw @t g2HDM Otw @t E g2HDM Otw @t
. 3¢WZ []Others 7 Uncertainty . 3¢WZ []Others 7 Uncertainty . 3¢WZ []Others 7 Uncertainty
10°E" Pre-Fit 10°E" Pre-Fit 10%E" Pre-Fit
10° 10° 10°s
10% = 102 102
10 = 105 = 10 =
1= 5 1= 5 L 3
I P O T P R N PR B e N T Y T F T e | I N I T Y T FP T e
5 E x3indi=5.4/2 y2prob = 0.07 5 E 22/ndi=5.1/1 yprob = 0.02 5 E 22/ndi=65/9 y?prob = 0.69
% E & 125F & 125F
3 . Y 3 i e 3 i $. .0 8. . 8.8 . 'y + 'y
8 o5t 4 8 o7t 4 8 o7t E
"2 22 24 26 28 3 32 34 36 38 4 08 4iTT2 15 14 15 16 17 16 18 2 0% 700 200 300 400 500 600 700 800 00 1000
News Nijets HT

Figure 9.9: Comparison between data and the background prediction for the distribution of
the number of jets, b-tagged jets and HT (defined as the sum of pr of jets and leptons) in
the W Z control region after the V'V jet multiplicity correction.
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Figure 9.10: Comparison between data and the background prediction for the distribution
of the number of jets, b-tagged jets, HT (defined as the sum of pr of jets and leptons) in
the ttZ control region after the V'V jet multiplicity correction.
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Estimation of events with charge-misassigned leptons

QMisID electrons arise predominantly from ¢t production, with one electron having under-
gone a hard bremsstrahlung as well as an asymmetric conversion (et — efy* — efete™)
or a mis-measured track curvature. These events usually populate channels with ee or eu.
Events with QMisID electrons surviving the ECIDS criteria mentioned in Chapter 8 are
estimated in data using samples of Z — eTe™ events. These rates are derived as a function
of electron pr and |n|, for electrons in the internal and material conversion CRs and in SRs
using the TightLH electron definition. The fraction of events with charge-flipped muon
candidates is negligible in the pr range of the analysis.

The QMisID rates for the leading and subleading pr electron (¢; and €; respectively)

are estimated using the fraction of 2¢0S events reconstructed as same-sign:
Ez(l — Ej) + Ej(l — Gi) = € + Ej — 261'6]" (96)

These rates are used to compute the expected number of events with misidentified

same-sign leptons (Ngg) from the total number of observed opposite-sign events (Nog):

€;

i i — 2€€5
€ + € €€} Nos and Nsg —

Neo —
58 1-— (Gi + Ej — 261'6]‘) 1-— €;

Nos, (9.7)

for the ee and eu channel respectively. The QMisID rates are estimated from the fraction
of Z — ee events reconstructed as same-sign pairs (Néjs) around the Z boson peak, given

the total number of electron pairs N¥ as:

Neb(er &) = N¥ (e + ¢ = 2eiey). (6:8)

This rate can be estimated as the mean of the Poisson distribution:
i | [Nsi,]é]Néée_Nég
POV s ) = 5

This expression is integrated into a likelihood formalism:

L(eINss) = [ [ F(N&|Nss(es, ),
.7
which is maximised to obtain the rates that best describe the data. The QMisID rate,

for electrons in the internal and material conversion CRs and in SRs using the TightLH
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electron definition, parameterized in the electron pr and 7 is illustrated in Figure 9.11 and
varies from about 1075 for low-pr electrons (17 < pr < 50 GeV) with || < 1.37, to about
3 x 107* for high-pr electrons (pr > 100 GeV) with 1.52 < || < 2.
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Figure 9.11: Electron QMisID rates derived from the data with the likelihood method for
the Tight electron definition and the VeryTight PLIV WP. The rates are presented as a

function of |n| and pr of the electron for (a) internal conversion (b) material conversion
and (c) candidates passing the TightLH WP in the SRs.

The total systematic uncertainty in the estimation of QMislID rates is defined in a single

nuisance parameter, calculated as the quadratic sum of the following contributions:

e The statistical uncertainty from the likelihood maximization, which depends on the

sample size in the regions where the rates are extracted.

e The difference between the rates measured using the likelihood method and those

obtained through truth-matching with simulated Z — ee events.

e The variation of the rates based on the Z mass window.

e The difference in QMisID rates between electrons and positrons.
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Fake-lepton background estimation

The non-prompt light lepton background in the 2¢SS, 3¢, and 4¢ channels comprises of a
mixture of non-prompt leptons originating from semi-leptonic heavy flavour (HF) decays,
photon conversions and charge mis-identified leptons. The main contribution to non-prompt
lepton background comes from tt, followed by a much smaller contribution from V' + jets
and single top.

The template fit method is a semi-data-driven method that uses Monte Carlo events to
model major non-prompt backgrounds and adjusts their normalisation to data together
with that from other major prompt backgrounds. Based on the truth classification of
events containing a non-prompt lepton [174,175], the following main contributions are
distinguished and one or more free-floating normalisation factors (/N F') are assigned to each
of them:

e \F#CO0: normalisation factor applied to events with one electron from a material

(photon) conversion. These electrons have a truth origin 5 and decay radius above 20

min.

MCO: normalisation factor applied to events with internal conversions (y* — ££).

These electrons have a truth origin 5 and decay radius below 20mm.

MIE: normalisation factor applied to events with one non-prompt electron from b- or

c-hadron decays. The NF is further decorrelated for different PLIV WPs. Non-prompt
leptons from b-hadron decays have truth origin = 26, 29 or 33 and those from c-hadron
decay have truth origin = 25, 27, 28 or 32.

° )\f F: normalisation factor applied to events with one non-prompt muon from b- or
c-hadron decays. The NF is further decorrelated for different PLIV WPs. Non-prompt
leptons from b-hadron decays have truth origin = 26, 29 or 33 and those from c-hadron
decays have truth origin = 25, 27, 28 or 32.

Dedicated regions targeting each kind of non-prompt leptons are defined and shown in
Table 9.3. The 2¢SS/OS heavy-flavor fake-enriched CRs are defined with one or more leptons
that do not pass the VeryTight PromptLeptonImprovedVeto (PLIV) isolation requirement,
but do pass the Tight one (denoted by M). These CRs are orthogonal to the SRs, where
both leptons are required to pass the VeryTight PLIV WP (denoted by T'). The lepton pr

of the fake candidate lepton is used as discriminating variable in all fake related CRs. The
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fake lepton is assumed to be the subleading lepton except for the MT region, where the
leading lepton is assumed to be the fake one. Additional cuts, such as requiring exactly 1
b-tagged jet (77% WP) and an upper bound to the transverse mass My (leading £, E¥s) <
250 GeV are used to reduce ttWW contamination in these CRs.

Internal conversion and material conversion CRs are defined based on electron variables
defined in Chapter 8. The background contribution with charge-misidentified electrons is
estimated with a dedicated data-driven method, as explained in Section 9.3.2. Two CRs
enriched in t¢Z and V'V, shown in Table 9.3, are built to constrain the normalisation factors
of ttZ and V'V respectively. Pre-fit distributions of the template fit regions are shown in
Figure 9.12.
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Figure 9.12: Comparison between data and the background prediction for the control region
variables used in the template fit (pre-fit). The blue hashed band includes both statistical
and systematic uncertainties.
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Non-prompt lepton and tt corrections

Additional corrections are applied to correct the modelling of extra heavy flavor jets in
the non-prompt ¢ background in 2¢SS. The ¢t +> 1b jets contribution to the fake-lepton
background is scaled by a factor of 1.3 and then a bin-by-bin correction is applied to correct
the modelling of the number of b-tagged jets in HF' CRs by requiring the sub-leading lepton
to be Loose. Figure 9.13 shows the per-bin correction for the electron and muon channels
separately. The statistical uncertainty associated with this correction is added as a nuisance

parameter in the final fit.
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Figure 9.13: Data-driven correction for fakes as a function of Nj_jes bin, derived in the (a)

TL HFe VR and (b) TL HFy VR. .

ttW background

The ttW background represents the leading background in several event categories and is
estimated from simulation with a dedicated normalisation factor from the low score bins of
the DN N®B discriminant in the SRs. Signal processes initiated by uu or ug interactions
are more charge-asymmetric than the t£1V background. Therefore, categorizing SRs by the
total charge of light leptons provides additional separation between the tt1¥ background

and the signal processes.
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9.3.3 Summary of analysis regions

A summary of the analysis regions defined in the analysis, emphasizing the orthogonality
selections, is illustrated in Figure 9.14. A total of 17 SRs (Table 9.2) and 10 CRs (Table 9.3)

are defined in the analysis.
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Figure 9.14: Tllustrative sketch of regions defined in the g2HDM analysis.
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9.4 Systematic uncertainties

This section describes the systematic uncertainties considered in the fit to data, in addition

to the experimental and theoretical uncertainties defined in Section 8.

b-tagging systematics

The flavour-tagging calibration uncertainties for pseudo-continuous b-tagging for light jets
with pr > 300 GeV, b-jets with pr > 400 GeV and c-jets with pr > 250 GeV were not
available by the ATLAS performance group and thus derived in-house. These uncertainties

were derived for each flavor, pr and WP bin are shown as a function of the b-tagging WP in
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Figure 9.15, considering effects from various sources of tracking or calorimetry performance.

Signal modelling

The uncertainties in the modelling of the signal samples are evaluated through independent
variations of the factorisation and re-normalisation scales by a factor two up and down
with respect to the nominal values. Additional uncertainties due to PDF effects are
estimated by taking the difference to alternative PDF sets. These uncertainties are estimated
independently for each mass point at the benchmark coupling and have a negligible impact

on the sensitivity of the search.

Non-prompt lepton modelling uncertainties

The following uncertainties are applied to various non-prompt lepton corrections:

e Shape-only systematic uncertainties to cover residual disagreements between data
and MC of the PLIV input variables.

e Since the HF non-prompt normalisation factor is correlated between T" and M leptons,
a Medium-to-Tight extrapolation uncertainty of 20% is derived comparing the nominal
tt MC (POWHEG+PYTHIA 8) vs an alternative tt MC (POWHEG+HERWIG 7.1.3)

and used as a nuisance parameter in the fit.

e 50% normalisation uncertainty de-correlated between the tf +b and tt +c background

processes.

e Uncertainties in electron conversions extrapolation from Z-enriched to tt-enriched

regions, of 50% and 10% on internal and material conversion respectively.

e Uncertainties in QMisID estimation from a quadratic sum of uncertainties from the
statistical size of the sample, difference from truth-level rates and variation of the

rates with the m, window.
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Figure 9.15: High-py PCBT extrapolation uncertainties for each jet flavour: b-jets (top),
c-jets (middle), light-jets (bottom), shown as a function of the b-tagging WP.



186 9.4. Systematic uncertainties

Diboson re-weighting uncertainty

Systematic variations about the nominal fit function are calculated by varying the eigen
function characterizations of Equation 10.1, taking into account correlations between the
fit parameters. The shape-only effect of a 30 variation of largest eigen function is used
as the systematic uncertainty for the diboson re-weighting, correlated between light and
heavy flavour. This envelope covers the variations at high jet multiplicity, as shown in
Figure 10.18.
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Figure 9.16: Ratio of data to V'V MC in the jet multiplicity bins of the 3¢VV0b VR, fitted
with a polynomial (red). The 1o variation of the largest eigen function is shown in brown,
while the corresponding 3¢ variation is shown in green. The 30 variation is chosen as the
systematic uncertainty because it covers the variations at high jet multiplicity.
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Summary of systematic uncertainties

A summary of all systematic uncertainties included in the analysis is given in Table 9.4. A
total of 207 systematics, including experimental and theoretical uncertainties are considered

in the analysis.

Systematic uncertainty Components  Systematic uncertainty Components

Signal modelling Luminosity 1
Cross section (N) 1 Pileup re-weighting 1

ttW modelling Physics objects
QCD scale 3 Electron 6
Generator 2 Muon 15
Electroweak cross section 1 Electron Non-prompt BDT 14
Additional heavy-flavour 1 Muon Non-prompt BDT 20

ttZ/~* (high mass) modelling Jet energy scale 30
QCD scale 2 Jet energy resolution 12
Generator 2 Jet vertex fraction 1
Additional heavy-flavour 1 Jet flavour tagging 62

ttH modelling Emiss 3
Cross section (N) 1 Total (Experimental) 165
Parton shower and hadronization model 1 Data-driven reducible background estimates
Generator 1 Material conversions modelling 1
QCD scale 1 Internal conversions modelling 1
Additional heavy-flavour 1 Charge misassignment 1

W Z modelling HF non-prompt 8
QCD scale 1 tt additional heavy-flavour 2
Cross section (N> 1 Total (Data-driven reducible background) 13

t;%‘t&]gzﬁggccm“ 1 Total (Overall) 207
Generator 1
Cross section (N) 1

Other background modelling
Cross section (N) 6

Total (Signal and background modelling) 29

Table 9.4: Summary of systematic uncertainties considered in the analysis. N means that
the uncertainty is taken as normalisation-only for all processes and channels affected. Some
of the systematic uncertainties are split into several components, as indicated by the number
in the rightmost column.
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9.5 Results

Separate maximum likelihood fits are performed to data in the various 10 CRs and 17
SRs defined in the Tables 9.2 and 9.3 under the background-only hypothesis (B-only),
and the signal plus background (S+B) hypothesis considering signals from models with all
possible allowed couplings and masses. In these fits, the normalisation of ttW, ttZ, V'V,
conversions (internal and material) and non-prompt leptons (HFe, HF ) is estimated with
dedicated factors. In the S+B fits, in addition to the above, the g2ZHDM signal strength
is free-floated. Figure 9.17 shows the normalisation factors (NFs) measured between the
B-only fit and S+B fit for the benchmark signal hypothesis (py = 0.4, py, = 0.20 and mpy =
400 GeV). In both fits, the normalisation factor of t¢WW is measured higher than unity, while
those of other backgrounds are measured to be compatible with unity. In the S+B fit, the
g2HDM signal strength is measured compatible with zero, implying failure to reject the
B-only hypothesis for the benchmark signal. The nuisance parameters (NPs) measured
in the B-only fit, together with correlations above 20%, between various NFs and NPs, is

shown in Figure 9.18, with small pulls and constraints, consistent with the expectation.
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Figure 9.17: Fitted NFs from the (a) B-only and (b) S+B fit for the benchmark signal
hypothesis.



The g2HDM search

189

Norm_WV_HF

Norm_ExtConv

Norm_fake_HF el Tand

Norm_fake_HF_mu_Tandld

Norm_IntCony.

()

Norm_tZ_LF

ATLAS_JES_Flavor_Comp

ATLAS_TRIG_MU_SYST

Int Conv Extrap

FakesE PLIV PiFrac

FakesMu PLIV RelCaloCluster

WIZ x-section

HWHF xsection

W modeling (generator) LF

NZ4HF xesection

Z modeling (generator) LF

AZvarRF LF

2jinci_1b_IowMITIopET bin_0

2lincl_1b_lowMTIeoMET_bin_0

2linc_1b_lowMTIepMET_bin_1

stat_ZExt_31_bin 0

stat_ZInt_31_bin_ 0

Figure 9.18: NPs measured
NPs and NFs

S. Epari, PhD Thesis

S. Epari. PhD Thesis

fibar + = 12 X5
itar + = 10 XS

Z varRF LF

Z varRF HF

IZ Feoseing (gonerstos) LF
NZ Freoseing (generstes) HF
HZoHF x-saction

il

W madaiig (genarator LF
W madsing (genaratan HE
W x-sction swa

W x-saction

WHF x-ssction

1iH varAF

1H modsiing (parion showes)

e

W varF HF

PLIV Muan Statisical (M)
FLIV Muan Probe Gusity

FLIV Eieciron Statsiical M)
PLIV Elecctron Plaup [T]
PLIV Elwcction Plaup [M]
LY

PLIV Eioci
Fakoslu PLIV S¥LongSign!
Fiksabhu PLIV i CaloCiustr
Fakgshlu Mo T axrap
FakgsEl PLIV S¥LongSigni
FakesEl PLIV PtFrac
FakesEl MHo-T extrap

Mat Coen Ext

Il Corve Exvap.

ATLAS lami
ATLAS TRIG MU_SYST
ATLAS PRIN_ DATASF
ATLAS MU_SCALE

| ATLAS_ MU_AESBIAS
ATLAS MM

| ATLAS MU_ID_SYST_LOWPT
| ATLAS Mu_ID_s¥ST

| ATLAS_M_ID

| ATLAS_MET_Scale

ATLAS MET_Parp

ATLAS MET_Para

ATLAS VT
ATLAS JES PU_fike
ATLAS_JES_PU_PITeem

| ATLAS_JES NP_Stats
ATLAS JES NP_Slal5
| ATLAS_JES NP_Stata
| ATLAS_JES _NP_Staiz
ATLAS_JES_NP_Stall
ATLAS_JES_NF_Med3

o
des] 03| 72 |988 2ue 0o s | ss | 98 WMl 20 18 m2| 43 |20 25 19| 13| o8 | an

| ATLAS FTAG L2
| ATLAS FTAG L13

ATLAS_FTAG_L12
ATLAS FTAG L1
| ATLAS FTAG L1D

ATLAS FTAG C7

| ATLAS FTAG CB
| ATLAS FTAG C5

| ATLAS FTAG Ca

- c s isie sielsicieiele el e

n(ew)

Norm_VV_HF
Norm_IntGony.
Norm_tZ_LF

Norm_ExConv

Norm_fake_HF_el_TandM

Norm_fake_HF_mu_TandM

above 20%.

3

tavor_Comy

ATLAS_TRIG_MU_SYST

g
4
k|
g

g 8§ 5 & 5 4w § & o ] ATLAS_FTAG_Bi1
i E 2 § 8 3 & 3z &t 2 9 5 5 | ATLAS FTAG_B10
: = % x &£ s ¥ § & 5 5 5 @& 3§ | ATLAS_FTAG_B1
K R § LI E‘ E‘ E § oz | ATLAS FTAG_Ba
g 2 g & 8 & T 3 5 9
g 3 R [
&z 3 2 H 3
: g T 3 3
R
3 H E ER

in the B-only fit together with correlations between various



190 9.5. Results

A 4-dimensional scan was performed over allowed choices of masses and couplings to
determine the most significant excess. Figure 9.19 shows the local significance as a function
of the three couplings normalised to the sum of the couplings for my = 400, 700, 1000 and
1300 GeV.
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ATLAS ATLAS
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my = 400 GeV my =700 GeV

Observed significance [o]
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Figure 9.19: Observed significance for a heavy scalar with a mass of (a) 400 GeV (b) 700
GeV (c) 1000 GeV and (d) 1300 GeV as a function of the three couplings normalised to the
sum of the couplings. The star indicates the coupling configuration leading to the highest
observed significance for the given mass. Figures taken from Ref. [171].
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A local significance of 2.81 standard deviations is observed when assuming a signal with
my = 900 GeV and p;=0.32, p;=0.05 and p;,,=0.85. The signal cross section resulting from
the fit to data for this g2HDM signal hypothesis is 138 fb, with fractional contributions of
1% ttq, 20% sstt, and 9% ttt. Comparisons between data and the background prediction
for the DN N®B distributions used in the different SRs for this set of parameters is shown
in Figures 9.20 and 9.21. The corresponding post-fit yields for the SRs can be found in
Tables 9.5, 9.6, and 9.7 for the 2¢SS positively-charged, 2¢SS negatively-charged, and 3¢
and 4/ SRs, respectively.
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Figure 9.20: Comparison between data and prediction for the DN NSP distribution used
in different signal region categories of the 2¢SS channel: (a) 2(SS —— CAT sstt, (b)
208S —— CAT ttq, (c) 20SS —— CAT ttt, (d) 2SS —— CAT tttq, (e) 2SS —— CAT tttt,
(f) 2SS ++ CAT sstt, (g) 2¢SS ++ CAT ttq, (h) 2SS ++ CAT ttt, (i) 26SS ++ CAT tttq,
and (j) 2¢SS ++ CAT tttt. The expected signal for my = 900 GeV and p;;=0.32, p;.=0.05,
and p;,=0.85 as well as the background contributions are shown after the likelihood fit
to data under the S+B hypothesis. The size of the combined statistical and systematic

uncertainty in the S+B prediction is indicated by the blue hatched band. Figures taken
from Ref. [171].
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Figure 9.21: Comparison between data and prediction for the DN NSB distribution used
in different signal region categories of the 3¢ and 4¢ channels: (a) 3¢ —— CAT ttt, (b)
30 —— CAT tttq, (¢) 3¢ —— CAT tttt, (d) 3¢ ++ CAT ttt, (e) 3¢ ++ CAT tttq, (f)
30 ++ CAT tttt, and (g) 4¢. The expected signal for my = 900 GeV and py=0.32, pi.=0.05,
and p;,=0.85 as well as the background contributions are shown after the likelihood fit
to data under the S+B hypothesis. The size of the combined statistical and systematic
uncertainty in the S+B prediction is indicated by the blue hatched band. Figures taken
from Ref. [171].



194 9.5. Results

20SS ++4 CAT sstt  208S ++4 CAT ttq  20SS ++4 CAT ttt  208S ++ CAT tttq  20SS ++4 CAT tttt

Signal 8 +4 16 +£7 3.8 £1.7 23 £10 4.2 £1.9
titt 0.2 +£0.1 0.4 +0.1 2.3 £0.5 4.6 £0.9 7.8 £1.4
W 231 £19 139 £10 219 +16 68 £7 15 +2
ttH 17 £3 15 £+2 37 £5 14 +3 6.1 +£1.4
tE(Z [y*) 43 £5 24 £3 53 £5 14 +1 5.5 0.8
tiy+ (low mass) 5.3 £3.0 4.0 £2.4 4.9 £2.8 1.3 £0.8 0.6 £0.4
Vv 22 £7 11 +4 5.2 +1.9 2.2 0.9 0.2 £0.1
tZ 24 £1 9.3 +£0.6 5.2 +£0.4 0.7 £0.1 0.01 £0.01
Non-prompt £ 45 £17 20 £7 19 +6 4.2 £1.9 0.8 £0.7
Mat Conv 19 £5 5.9 +1.6 7.2 +£2.1 1.7 £0.7 0.9 +£0.2
QMisID 7.4 £2.7 1.7 £0.6 1.4 £0.5 0.2 £0.1 0.02 £0.01
Other 5.8 £2.0 4.0 £1.3 8.0 +£2.2 6.1 £1.9 2.4 £0.6
Total 428 £15 250 +9 367 £12 141 £9 43 £3
Data 434 261 342 138 46

Table 9.5: Post-fit yields of the 2¢SS (++) SRs. The best-fit signal for my = 900 GeV
and (py;=0.32, pi=0.05, and py,—0.85) is shown for a g = 1.8 + 0.8. Tables taken from
Ref. [171].

208S —— CAT sstt 2SS —— CAT ttq 20SS —— CAT ttt  20SS —— CAT tttq 26SS —— CAT tttt

Signal 1.0 £0.4 2.1 £1.0 0.5 +0.2 3.0 +1.3 0.6 +0.3
titt 0.2 £0.1 0.5 £0.1 2.4 £0.6 4.7 £0.9 7.8 £1.4
W 115 £+9 72 +5 126 £+9 37 +4 9.4 +1.4
ttH 17 £3 15 £2 38 +6 15 £3 6.1 £1.4
ttZ v+ 42 +5 23 +3 53 +5 14 £2 5.5 0.8
tty+ (low mass) 9 +5 3.3 +£1.9 6.2 +3.5 1.4 £0.9 0.3 +£0.3
Vv 21 +6 7.7 £2.7 3.9 £1.5 1.4 £0.5 0.1 +0.1
tZ 13 +1 5.5 £0.3 3.2 £0.3 0.27 4+0.02 0.04 £0.02
Non-prompt £ 54 +16 23 +8 25 48 2.6 £0.8 0.8 £0.5
Mat Conv 16 +4 3.9 +1.1 6.7 £1.8 0.8 +£0.5 1.4 £0.6
QMisID 7.4 £2.7 1.7 £0.6 1.4 £0.5 0.2 +0.1 0.02 £0.01
Other 6.4 +£2.1 3.8 +1.2 7.7 £2.3 5.7 £1.8 2.3 0.6
Total 302 £10 161 £5 273 +8 86 +4 34 +2
Data 296 158 282 78 35

Table 9.6: Post-fit yields of the 2SS (- —) SRs. The best-fit signal for my = 900 GeV
and (p;=0.32, pi=0.05, and py,—0.85) is shown for a p = 1.8 + 0.8. Tables taken from
Ref. [171].
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30 ++ CAT tttt 3¢ ++ CAT ttt 3¢ ++ CAT tttq 3¢ —— CAT tttt 3¢ —— CAT ttt 3¢ —— CAT tttq a0
Signal 12 0.5 1.6 £0.7 2.9 £1.3 0.2 £0.1 0.2 £0.1 0.4 £0.2 0.05 £0.02
titt 3.7 £0.7 0.8 £0.2 1.7 £0.3 3.7 £0.7 0.9 £0.2 1.7 4£0.3 1.5 +£0.9
W 4.6 £0.6 100 +7 23 +3 2.7 £0.4 55 +4 12 £2 0.5 +£0.1
ttH 4.8 £1.0 23 +3 7.5 £1.5 4.8 £1.0 23 +3 7.6 £1.4 10 £3
tEZ ) v* 11 +1 55 +6 13 £2 11 +1 56 +6 13 £2 24 +3
ttyx (low mass) 0.2 £0.2 2.6 £1.5 0.7 £0.4 0 £0 3.2 £1.8 0.5 +0.3 040
vV 0.5 £0.2 11 +4 2.4 £0.9 0.4 £0.2 7.9 £3.0 2.1 £0.6 3.6 £1.3
tZ 0.27 +0.02 13 +1 2.5 £0.2 0.11 +0.01 7.2 £0.4 1.2 0.1 040
Non-prompt ¢ 0 £0 11 +4 1.9 £0.8 0.2 £0.1 12 46 1.1 +£0.6 2.1 £0.3
Mat Conv 0.2 +0.1 3.2 £1.1 0.5 £0.3 0.1 £0.1 8 £5 0.04 +0.01 040
Other 1.9 0.5 7.4 £2.3 3.3 £1.0 1.8 0.5 5.9 £2.0 3.3 £1.0 2.7 £0.9
Total 28 £2 229 £6 60 £3 25 +2 180 £7 43 £2 45 £3
Data 30 236 53 27 195 47 15

Table 9.7: Post-fit yields of the 3¢ and 4¢ SRs. The best-fit signal for my = 900 GeV
and (py;=0.32, pr=0.05, and py,—0.85) is shown for a p = 1.8 £ 0.8. Tables taken from
Ref. [171].

Figures 9.22a and 9.22b and show the summary of the regions after the profile likelihood
fit, together with the pre-fit background expectation. The SRs with the largest pre-fit
tension between data and the background yields at high values of the DN NP are the tttg,
the tttt, the sstt, and the ttq regions. Within this model, the j\tgw remains higher than
1, as observed by other analyses. However, charge-asymmetric tensions both at low and
high jet and b-jet multiplicities are accommodated by the best fit g2HDM signal, where
the largest signal contributions in the ¢ttg and the ¢ttt regions originate mainly from ttg
and ttt processes (excess at high jet multiplicities), and the largest signal contributions
in the tt and the ttq regions originate mainly from the corresponding targeted signals ¢t
and ttq processes (excess at low jet multiplicities). The systematic uncertainties with the
largest impact on the signal strength originate from the modelling of W with and without
additional heavy flavour jets, ttZ, ttH, and tttt processes. The search is dominated by

statistical uncertainties.
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Figure 9.22: Comparison between data and the background prediction for the event yields
in the (a) 17 SRs and the (b) 10 CRs. The expected signal for my = 900 GeV and (p;;=0.32,
p1=0.05, and p — tu=0.85) as well as the background contributions are shown after the
likelihood fit to data under the S+B hypothesis. The total background prediction before
the likelihood fit to data is shown as a dashed blue histogram in the upper panel. The blue
hatched band includes both statistical and systematic uncertainties. Figures taken from
Ref. [171].
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9.5.1 Expected and observed upper limits

Exclusion limits on the BSM Higgs boson mass are set for different choices of the couplings,
as shown in Figure 9.23. An observed (expected) limit on the Higgs boson mass of 620
(840) GeV is set in the benchmark scenario with couplings py = 0.4 and py, = 0.2. For a
scenario without coupling to two top quarks, i.e py = 0, pre = 0.2, py, = 0.2, an observed
(expected) limit of 350 (580) GeV on the heavy Higgs boson mass is set. No limits can be
set on scenarios without off-diagonal couplings leading only to four-top final states with a
coupling set py = 1, pre = 0, pyy = 0, but the search could have potentially excluded larger
allowed py values (p < 2 is allowed by existing constraints [168]). Broad excesses across
the Higgs boson mass spectrum are observed in all three scenarios. A real signal would also
be expected to lead to such excesses are expected due to the search’s poor mass resolution,
which results from the lack of mass reconstruction variables in the training of the neural
networks. The sensitivity of the analysis on the four-top final state is similar to previous
ATLAS analyses [156]. The excluded mass is also presented as a function of two couplings

under different assumptions, as shown in Figure 9.24.
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Figure 9.23: Observed and expected exclusion limits at 95% confidence level on the heavy
Higgs boson mass for the g2HDM signal model for different couplings choices: (a) py = 0,
pre = 0.2, pr, = 0.2, (b) pyr = 0.4, pre = 0.2, pr,, = 0.2 and (¢) py = 1, pre = 0, p, = 0. The
yellow and green contours of the band around the expected limit are the 10 and +2¢
variations including all uncertainties, respectively. The theoretical prediction for the signal
production cross section is also shown as a red line. The production cross section is the
sum of the five production modes considered in the search. Figures taken from Ref. [171].
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Figure 9.24: Observed (solid line) and expected (dashed line) exclusion limits on the scalar
mass as a function of the coupling under different assumptions: (a) pie = pru, (b) pr = 0,
(¢) pre =0, and (d) py = 0. Figures taken from Ref. [171].
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9.6 Re-interpretation in RPV SUSY models

This search is also used to set limits on RPV SUSY models featuring multiple light leptons
and b-jets in the final state, using the existing DNNs that were trained for the g2HDM model.
The models are motivated by flavour anomalies [176-183] and the (g — 2), anomaly [184]
and can provide a successful explanation with different choices of particles, masses, and
couplings [185-194]. The first model features electroweakino production (wino or Higgsino)
which decays via a lepton-number-violating RPV coupling (N3, with i € 2,3) to a lepton
and third-generation quarks. Relevant diagrams for the production and decay are shown in
Figures 9.25a and 9.25b. The second model features direct smuon production decaying to a
bino-like neutralino, which in turn decays via the same RPV coupling (\53), as shown in
Figure 9.25¢.

Figure 9.25: Feynman diagrams for the RPV SUSY signals used as additional interpretation
in the analysis. The subsequent decay can lead to a final state with high multiplicity of
leptons and b-jets which is targeted by the search

The DNNs trained for the g2HDM model were re-used for the SUSY re-interpretation,
with the distributions of the SUSY signal processes compared to the total expected back-
ground shown in the various DN N categories in Figure 9.26.

Figures 9.27a and 9.27b show the exclusion limits obtained on the higgsino and wino
models respectively. Higgsinos (winos) with masses up to 585 (670) GeV are excluded.
Figure 9.28 shows limits on the smuon-bino model. Smuon masses up to 460 GeV are
excluded, with weaker exclusion limits for small mass splittings between the smuon and the

neutralino.
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Figure 9.26: Distributions for the SUSY signal processes compared to the total expected
background in the DN N categories of the g2HDM search. All distributions are normalised
to unity. Figure taken from Ref. [171].
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Figure 9.27: Expected and observed exclusion limits on the cross section times branching
ratio of electroweakino production in RPV SUSY models as a function of the sparticle
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band around the expected limit are the +10 and £20¢ variations including all uncertainties,
respectively. The theoretical prediction for the signal production cross section is also shown
as a red line. Figures taken from Ref. [171].
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tbl or bbv with equal probability. Figure taken from Ref. [171].
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9.7 Conclusions

This chapter presented the first LHC search for flavour violating heavy Higgs bosons
decaying to multilepton plus multi b-jets final states, performed using the full Run 2 dataset
of proton-proton collisions collected at /s = 13 TeV, corresponding to an integrated
luminosity of 139 fb=!, by the ATLAS experiment. The results are interpreted in terms of
a general two Higgs doublet (g2HDM) model involving an additional scalar with couplings
to the top-quark and the three up-type quarks (py, pic, and py,). The targeted signals lead
to final states with either a same-sign top-quark pair, three top-quarks, or four top-quarks.
Events are categorised depending on the multiplicity of light charged leptons (electrons or
muons), total lepton charge, and a deep-neural-network-based categorisation to enhance
the purity of each of the signals. A broad excess is observed over the Standard Model
expectation corresponding to a maximum local significance of 2.8 standard deviations for a
signal with my = 900 GeV and p;;=0.32, p;—0.05 and p;,=0.85. Exclusion limits at 95%
confidence are set on the mass and couplings of the heavy Higgs boson. An additional
scalar boson with couplings py = 0.3, pi. = 0.15, and py,, = 0.15 is observed (expected) to
be excluded at 95% confidence level for masses up to my = 570 (760) GeV. Additional
interpretations are provided in models of R-parity violating supersymmetry, motivated by
the recent flavour and (g — 2),, anomalies. The results of this search is published at JHEP
12 (2023) 081 [171].



Chapter 10

Search for vector-like light leptons in mul-

tilepton final states

This chapter presents the results of the first direct LHC search for vector-like electrons and
muons, collectively termed vector-like light leptons (VLLs). Section 10.1 provides a brief
introduction to the simplified models containing VLLs, motivation for these particles and
highlights the challenging nature of this search. The analysis strategy is discussed in the

subsequent sections and the chapter concludes presenting results of this search.

10.1 Simplified model

Vector-like fermions are hypothetical particles whose left- and right-handed chiral com-
ponents have the same transformation properties under the weak-isospin SU(2) gauge
group [195-199|. These particles are expected to be sub-TeV in mass and arise in many
BSM models, such as composite Higgs models [200,201], models with extra spatial dimen-
sions [202,203], supersymmetric models [204,205], and grand unified theories [206-208].
These fermions are expected to mix with SM fermions and provide an explanation to the
flavour puzzle [209,210], or even a dark matter candidate [211-214]. A broad search program
has been developed for vector-like quarks or particles with color charge, produced via the
strong interaction (see e.g. Section 6.2 of Ref. [215]). On the other hand, VLLs are only
recently gaining interest. Compared to VLQ)s, these searches are challenging because VLLs
are expected to be produced via the electroweak interaction and thus, have much lower
production cross-sections. Models containing these particles might explain the observed

tensions between the measured and predicted values of the anomalous moment of the

204
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muon [216,217] and the electron [218-220] and the Cabibbo angle anomaly [221-223|.

The simplest extension of the SM includes VLLs occurring either as an SU(2) doublet
or an SU(2) singlet. The production and decay modes for VLLs depend on the assumed
SU(2) representation and are shown in Figure 10.1 [224,225].

Figure 10.1: Feynman diagrams illustrating the pair production and decay of vector-like
leptons from (a-c) the SU(2) doublet and (d) SU(2) singlet models.

The SU(2) doublet model consists of one electrically charged (L*) and one electrically
neutral (N°) VLL. They can be produced either together or in pairs via a virtual W, Z or
photon exchange and decay to a charged SM lepton and a weak (W/Z) or Higgs boson,
conserving lepton flavor, total charge and other quantum numbers. The SU(2) singlet
model, on the other hand, consist of just the charged VLLs (L*), with additional couplings
that allow decays to SM neutrinos, in addition to charged leptons. Lepton flavor and other
quantum numbers are conserved in these decays. Figure 10.2 shows the total production
cross sections (assuming all modes), calculated at next-to-leading order, for VLLs from
both the doublet and singlet models. The charged and the neutral VLL from the doublet
model have been assumed to be mass-degenerate. The production cross-sections for the
doublet model are enhanced by the W-mediated production modes, which have a much

larger cross-section than those mediated by Z/v*.
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Figure 10.2: Total production cross-sections for vector-like leptons from the SU(2) singlet
(blue) and SU(2) doublet (red) model, calculated at next-to-leading order, as a function of
VLL mass (mvyry).

As shown in Figure 10.3, the branching ratio of the charged VLL from the doublet
model to either the Higgs or Z boson become equal and plateau at high VLL masses,
following the Goldstone boson equivalence theorem [226]. Further, decays to the Z boson
are kinematically favorable at low VLL mass. On the other hand, in the singlet model, the
additional W decay mode is always higher in branching ratio than the decay modes to the
Higgs or Z boson.

Searches at the LEP collider excluded vector-like leptons with mass less than ~100 GeV
at the 95% confidence level (CL) [227], for both the doublet and singlet models. At the
LHC, using a data sample of pp collisions at a centre-of-mass energy of /s = 8 TeV
corresponding to an integrated luminosity of 20.3 fb=!, the ATLAS Collaboration excluded
vector-like electrons (muons) in the mass range 129-176 GeV (114-168 GeV), except for
144-163 GeV (153-160 GeV), in the doublet scenario [228]. Both the ATLAS and CMS
Collaborations searched for vector-like 7-leptons using the full LHC Run 2 dataset at
Vs = 13 TeV, corresponding to about 140 fb~!. Assuming the doublet scenario, the ATLAS
search excluded vector-like 7-leptons in the mass range of 130-900 GeV [229]. The CMS
search considered both the doublet and singlet scenarios, excluding vector-like 7-leptons in
the mass ranges of 100-1045 GeV and 125-150 GeV, respectively [230].
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Figure 10.3: Branching ratios for a VLL from an SU(2) singlet (left) and mass-degenerate
VLLs from an SU(2) doublet (right) as a function of the VLL mass. Figure adapted from
Ref [224].

10.2 Datasets, trigger and object definition

The full Run 2 dataset, corresponding to an integrated luminosity of 140 fb™! with an
uncertainty of 0.83%, at a centre-of-mass energy /s = 13 TeV is used for this search.
Events with two or more light leptons are pre-selected using using a logical OR. of single
and di-lepton triggers (SLT OR DLT). Details about these triggers are summarised in
Table 8.2. Physics objects are reconstructed using the definitions established in Chapter 8
and Ty,q candidates are vetoed from the search. Events are separated into channels with
two opposite-sign (200S), three (3¢) and four (4¢) light leptons using the loose light lepton
definitions established in Chapter 8. For electrons (muons), the TightLH (Medium) ID and
FCLoose isolation WP is used used to pre-select events. B-jets are tagged at the 77% DL1r
WP.

Signal samples for vector-like electrons (VLLe) and vector-like muons (VLLpu) from
SU(2) singlet and doublet models were generated using MADGRAPH v2.9.5 at NLO with
NNPDF30 nlo as 0118 and PyTHIA 8.245 with the A14 tune for modelling the parton
shower. The mass values of these VLLs were chosen to be in [150, 200, 300, 400, ...,
1300] GeV. For each model (VLLe singlet, VLLe doublet, VLLyu singlet, VLLyu doublet),
approximately 300k events were generated for each campaign (mcl6a, mcl6d, mcl6e) and

mass point. The NLO generator cross-section was used for the normalisation of the signals.
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Detector level effects were incorporated using ATLAS Fast Simulation, as described in
Chapter 6

10.3 Analysis strategy

The search targets VLLe and VLLy from both the models separately in channels with at
least two light leptons by placing requirements on the flavor of the leptons entering the
channel. Channels with at least two opposite sign electrons are used to target VLLe while
those with at least two opposite sign muons are used to target VLLu. These channels, also
termed multilepton channels, are defined with up to four light leptons, and have backgrounds
that are easy to model and suppress. Thus, the 2¢0OS, 3¢, and 4¢ channels are defined in
terms of loose light lepton multiplicity after overlap removal as explained in Section 8. This
ensures orthogonality of events entering the various channels. The 4¢ channel with two
opposite sign electrons and muons is assigned to be a VLLe channel if the sum of transverse
momentum of the electrons is greater than that of the muons, and a VLLyu channel if the
opposite is true.

Signal regions (SRs) targeting distinct signal topologies or SM background are defined
in the 2/0S and 3¢ depending on the number of hadronically or leptonically decaying
h/W /Z and leptons using dedicated signal-vs-signal-vs-background categorisation deep
neural networks (CAT DNN). PromptLeptonImprovedVeto (PLIV) is used to suppress fakes
from heavy flavor decays in the 3¢ channel and electron conversions are suppressed in all
channels using a derivation-level flag to veto objects that resemble those originating from
a conversion. Leptonically decaying Z — [l candidates, reconstructed within a 10 GeV
window around the Z mass, are vetoed from the 2¢OS and 3¢ channels. Orthogonal control
regions (CRs) are defined in order to accurately estimate the normalisation of the main
backgrounds in the SRs, described in Section 10.3.2. Finally, a maximum-likelihood fit is
performed across event categories, separately for each model, in order to test for a possible

signal.

10.3.1 Signal region definition

Distinct signal topologies can be defined in each channel (2¢0S and 3¢) depending on the
kinds of SM boson decays expected to populate these final states. VLLs from the SU(2)
doublet have two charged leptons originating from the VLL and any missing transverse

energy (EM%) can only come from boson decays. Thus, these topologies are expected
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to have lower EX5. On the other hand, VLLs from the SU(2) singlet can have much
larger EX* due to at least one possible neutrino from the VLL in the final state, and the
branching ratio to this state being higher than to the charged lepton states. In the 2¢0S

channel, three low EX5 and two high EX topologies can be defined, sensitive to both

VLL models:

((HH: low EI topology targeting two hadronic Higgs boson candidates. Charac-
terised by a high number of b-jets.

e ((HV: low EX topology targeting a hadronic Higgs boson candidate and a hadronic
W/Z boson candidate. Characterised by a high number of a mix of light and heavy-

flavour (b- or ¢-) jets.

e ((VV: low ERs topology targeting two hadronic W/Z boson candidates. Charac-
terised by a high number of light-flavour jets.

e (VHW: high EX topology targeting a hadronic Higgs boson candidate and a leptonic

W boson candidate. Characterised by heavy-flavour jets.

e (vWZ: high EX topology targeting a hadronic Z boson candidate and a leptonic
W boson candidate. Characterised by light-flavour jets.

Each of the above topologies have their own unique ad-mixture of heavy flavor jets.
An additional SM-like category is defined to capture events which fall into none of the
above topologies. This category is expected to be low in signal but capture a lot of the SM
background.

A similar exercise is repeated in the 3¢ channel, merging topologies that are theoretically
or experimentally harder to distinguish, and the following topologies were defined in addition

to the background SM-like category:

e /(HH + HW: low ER topology targeting a hadronic Higgs boson candidate and a
leptonic W boson candidate (prompt or from the other Higgs boson decay). Charac-
terised by a high number of b-jets.

e ((HV + VV: low EI* topology targeting a Higgs boson H — WW candidate, with
one of the W bosons decaying into a lepton and a neutrino, and a hadronic W/Z

boson candidate. Characterised by a high number of light-flavour jets.
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e (VHV: high EX topology targeting a Higgs boson H — WW candidate, with both
W bosons decaying into a lepton and a neutrino, and a hadronic W/Z boson candidate.

Characterised by a high number of light-flavour jets.

The advantage of defining the above topologies is to design SRs sensitive to not only the
VLL models, but also any similar non-VLL like topology that falls into one of the above
categories. In the absence of an overall excess in the search, this categorisation is valuable
to possibly pin-point the features of a different BSM signal by looking at the topologies
which show the most disagreement with data, as input to future studies. The analysis uses
a multi-class deep neural network (DNN), trained separately in the 2/OS and 3¢ channels
to classify events into one of the signal categories or background. The variables listed in
Table 10.1 are used to discriminate between the categories. These variables are independent
of lepton flavor and independent of the mass of the VLL, ensuring the same training can be
used for both VLLe and VLLpu, for all mass points.

Signal categorisation neural network input variables
Number of jets (Njets)

Sum of pseudo-continuous b-tagging scores of jets (sumPCB)
Number of hadronic W or Z bosons (nWZyaq)
Number of hadronic h bosons (Nj_)

Missing transverse energy (EMss)

Table 10.1: Input variables for categorisation neural network for the 2¢0S and 3¢ channels.

The shapes of these variables for signal topologies defined in the 2/OS channels is shown
in Figure 10.4. A powerful variable counting the weighted sum of the number of light and
heavy flavor jets in an event, called the sum of pseudo-continuous b-tagging scores of jets
(sumPCB), is created. Distributions of /HH and ¢/HV in the topologies show separation in
sumPCB and Njes, from the rest of the topologies which have either lower jet multiplicity
or light flavor jets. The EX distribution is useful in separating out most events in the
topologies with neutrinos in the final state. The algorithm for reconstructing the number
of h — bb candidates searches for a single b-tagged jet with mass in the window 90-140
GeV (for reconstructing boosted h — bb candidates), and in the absence of such a jet,
looks for two b-tagged jets with an invariant mass in the said mass window (to target
reconstructing resolved h — bb candidates). Similarly, W — qq or Z — qq candidates
are reconstructed by first searching for a non-b-tagged jet in the mass window 60-110

GeV (for reconstructing boosted W/Z — ¢q candidates), and in the absence of such a jet,
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looks for two non-b-tagged jets with an invariant mass in the said mass window (to target
reconstructing resolved W/Z — qq candidates). No distinction is made between a W — ¢q
and Z — ¢q candidate due to similar masses of the two resonances. These algorithms have
efficiencies up to about 80% for events with two leptons. Similarly, the shapes of the DNN
training variables for signal topologies defined in the 3¢ channel is shown in Figure 10.5.
The ¢/HH 4+ HW topology, with a high number of b-tagged jets is separated well from the
remaining topologies and the SM background by the sumPCB variable.
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Figure 10.4: DNN training variables for the 2¢OS channel, defined in Table 10.1. All
distributions are normalised to unity except for the B distribution.
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Figure 10.5: DNN training variables for the 3¢ channel, defined in Table 10.1. All distribu-
tions are normalised to unity except for the ERS distribution.
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The training of the DNN classifiers is done using the KERAS library [137] with TEN-
SORFLOW as a backend [138], combining all signal masses from both models. A similar
architecture is used for both 2/0S and 3¢ channels, differing in the number of output cate-
gories, shown in Figure 10.6. SM backgrounds are weighted according to their production
cross-section. The output categories of the classifier correspond to the six (four) modes
relevant to 2¢0S (3¢) channel and the predicted class for each event is interpreted as the
highest amongst the class probability assigned to it. The network is trained with batch size

of 2000 and up to 100 epochs, using all the available signal mass points using cross-training.
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Figure 10.6: DNN architectures.

The performance of the neural network classifiers is presented as a confusion matrix:
each row of the matrix represents the instances in an actual class while each column
represents the instances in a predicted class. The diagonal entries can be interpreted as the
probability of correctly classifying a labelled event. Figure 10.7 shows the performance of
the network in validation data for 2¢0OS and 3¢ channels, respectively.

In the 2/0S channel, the confusion between the two categories with a high number of
heavy flavor (b-, c-) jets, namely //HH and ¢/HV, is limited by the efficiency for correctly
identifying such jets. In the 3¢ channel, confusion between the /vHV and ¢/HV 4+ VV
topology is expected to arise due to roughly similar ET (a peak difference of about
200 GeV between the two categories), in addition to the requirement of a hadronically

decaying Higgs and similar jet multiplicities in both topologies. Both classifiers have about
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Figure 10.7: Normalised confusion matrices for 2¢0S (left) and 3¢ (right). Each row of
the matrix represents the instances in an actual class while each column represents the
instances in a predicted class. Along the diagonal is the percentage of events predicted into
the correct class by the NN. About 60% (65%) of SM background is correctly removed into
the SM-like class in the 2¢0S (3¢) NNs.

60% efficiency in correctly classifying the SM background, with about 15% probability of
confusing a signal event with that from the SM.

In the 44 channel, a simple cut-and-count analysis is performed, looking for signal
topologies with up to a single leptonically decaying Z candidate (Zjep). The algorithm for
identifying such candidates is designed to look for two leptons with an invariant mass in
the Z window, i.e, in 60-100 GeV. For final states with more than two leptons, the number
of such pairs are counted.

The selections used to define SRs in the 2/0S, 3¢ and 4¢ channels is summarised in
Table 10.2. A total of 10 SRs (5 in 2¢0S, 3 in 3¢ and 2 in 4/) are defined in each of the
VLLe and VLLy channels. The sum of transverse momentum of the leptons (Hr ep) and
missing transverse energy (ER) is expected to be sensitive to the mass of the VLL and is
chosen as the discriminating variable in each signal region, to extract the signal strength

separately for each mass point.
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10.3.

Analysis strategy

Lepton category 2008 30 40
Lepton flavour e: (ee) e: (2elp + 3e) e: (2e2p + 3elp + 4e)

e (pupe) e (2ule + 3p) e (2u2e 4+ 3ple +4p)
Lepton definition (L*,L*) (L*, M, M) (L*, L*, L*,L*)
Lepton pr [GeV] (20, 20) (10, 20, 20) (10, 10, 10, 10)
mOS S [GeV] > 15 -
[mES=SF — my| [GeV] > 10 > 10 < 10 (10SSF or 20SSF)
Niets >2 >1 0 (1OSSF)

1 (20SSF)

Other AR((,0) > 1 Total lepton charge = +1 Total lepton charge = 0

Region split

(CeHH, (lHV, UVV, tvHW , bW Z) x (e, i)

(WHH + HV, (HV + VV, (vHV) % (e, 1)

(10SSF, 20SSF) x (e, p)

Region naming

20(e)0(HH, 2¢(yp)¢¢HH
20(e)llHV, 2((p)etHV
20(e)lN'V, 26(p)etvv
20(e)tvHW, 20(p)vHW
20(e) W, 20(11) W7

3¢(e)CCHH + HW, 30(40)((HH + HW
30(e) 0TV + VV, 30(u)LHV + VV
3l(e)vHV, 30(p)(vHV

40(e)1OSSF, 46(11)10SSF
40(e)20SSF, 46(11)208SF

Table 10.2: Event selection summary in the SRs. Light leptons definitions from Table 8.6
are used. Leptons are ordered by pr in the 2/0S and 4/ regions. In the 3¢ regions the
lepton with opposite-sign charge is taken first, followed by the two same-sign leptons in pr

order.

10.3.2 Control regions

Figure 10.8 (10.9) summarises the main SM backgrounds expected in the VLLe (VLLu)
SRs. The main prompt backgrounds originate from ¢t and Z+jets in the 2/0OS and from

V'V and ttZ in the 3¢ and 4¢ SRs. Backgrounds from semi-leptonic b-decays are sub-leading

in all SRs. Fake leptons from material or internal conversions form a negligible fraction of
the total background.
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Figure 10.8: Background composition in the VLLe SRs.
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Figure 10.9: Background composition in the VLLu SRs.
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The normalisation of major backgrounds common to the SRs is estimated in the
likelihood fit to data from dedicated CRs, summarised in Table 10.3. A single 3¢ CR
requiring with at least one Zj., candidate is used to estimate the WZ and ¢tZ background
in the 3¢ SRs. A separate 4¢ CR requiring exactly two Zj, candidates is defined to model
the ZZ background in the 4¢ SRs. The ¢t CR is introduced because this is a leading
background in the 2¢SS CRs that aid in estimation of backgrounds with leptons from

semi-leptonic b-decays.

Control regions ‘ tHW ‘ WZ and ttZ 77 Conversions HF non-prompt

Niets >2 >0 =2

No—jess >9pT% | > 1 pTT% >0 pTT% 0 b7T% 1 7%

Lepton requirement 20SS 30 2e2u, 4e, 4p e 20SS

Lepton definition (T,T) | (L*,M,M) | (L*,L*,L*, L*) (L*, M, M) (T, M), (T, L*)

Lepton pr [GeV] (20, 20) | (10, 20, 20) | (10, 10, 10, 10) (10, 20, 20) (20, 20)

mee 5 [GeV] > 15 -

Im@35 — my| [GeV] - <10 > 10 -

|mee — mz| [GeV] - <10 -

Region split - - - internal / material | subleading e/p X (T, Mex)

Region naming 2066W | 3IVVHtZ 4077 3¢IntC 20tt(e) (1, M), 20tt(e)(7,L4)
3¢MatC 2066(p0) (7, 0)» 2068 (1) (7, 1)

Table 10.3: Event selection summary in the CRs. Light leptons definitions from Table 8.6
are used. The notation e* is used to denote material conversion or internal conversion
candidates. In the HF non-prompt lepton region naming, “2¢SStt(e)” (“2¢SStt(u)”) refers
to the control region enriched in non-prompt electrons (muons) from semileptonic b-decays
originating mostly from #t.

Theory and data-driven corrections are introduced or estimated for the tf, Z+jets and
WZ (with additional light flavor jets) in inclusive validation regions (VRs), summarised in
Table 10.4. These corrections are described in greater detail in this section. Normalisation
factors are introduced for these backgrounds in the likelihood fit to data to account for

possible normalisation effects introduced while categorising events using classifiers.
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Validation / correction regions tt Z+jets wW*Z
Lepton flavour 200S eu | 2008 ee, up 30
Lepton definition (L*, L*) (L*,L*) | (L*,T,T)
Lepton pr [GeV] (20, 20) (10, 20, 20)
my+o- [GeV] > 15 (0S) | > 15 (OSSF) -
|myg+- — my| [GeV] > 10 (0S) < 10 (OSSF)

Niets > 2 > 1
Nojets > 0 pTT% 0 p¥%

Table 10.4: Event selection summary in the regions used for deriving data-driven corrections
and for validation of the ¢, Z-+jets and WZ background processes. Light leptons definitions
from Table 8.6 are used. Leptons are ordered by pr in the 2¢OS and 4/¢ regions. In the 3¢
regions the lepton with opposite-sign charge is taken first, followed by the two same-sign
leptons in pr order.

Diboson background

The known mis-modelling in the jet multiplicity of the W Z MC (with additional light flavor
jets) is corrected to data in a similar procedure to that described in Section 9.3.2. The ttZ
background is suppressed by requiring events with no b-tagged jets at the 85% working
point. Instead of a polynomial fit, the MC in each jet multiplicity bin is re-scaled to match
data, in a dedicated VR defined in Table 10.4. The magnitude of this re-scaling factor
ranges from about 20% at 0 jets and up to 30% at 6 jets. This correction is applied to the
V'V MC prediction in the entire phase space and assumed to be equally applicable to the
MC with additional heavy flavor jets. The effect of this correction on the number of b-jets
in the 3¢(VV-+ttZ CR is shown in Figure 10.10. The first bin of this distribution, enriched
in W Z with additional light flavor jets, is the bin that shows the maximum improvement
upon application of the correction. Up to 25% disagreement remains in the 3 b-jet bin of
this distribution, driven by the modelling of the t£Z background, to be controlled using a
dedicated normalisation factor in the maximum likelihood fit. A systematic uncertainty in
the V'V correction is derived using a polynomial fit to data which accounts for the effect of

any bin-to-bin migration of events, described in Section 10.4.
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Figure 10.10: Distribution of b-jet multiplicity in the 3¢VV-+ttZ control region defined
in Table 10.3 (a) before and (b) after the jet multiplicity correction to the diboson MC

prediction.

tt background

The tt background dominates in the 2¢0S SRs, with up to a million events in many regions

after categorisation using the deep neural network classifiers. To check and correct the

modelling of this background, a t¢ VR was created using eju events passing the 2/0S signal

region selection, as described in Table 10.4. The modelling of variables related to the top

pr, jet multiplicity and multiplicity of additional heavy flavor jets is shown in Figure 10.11.
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Figure 10.11: Pre-fit agreement in distributions of kinematic variables in the ¢t VR before
any corrections are applied.

The modelling of these variables is corrected using a sequence of theory-based and
data-driven corrections. Previous studies have shown that the top-quark pair pr and
differential distributions predicted from the latest theoretical predictions at next-to-next-to-
leading order in QCD (NNLO-QCD) and next-to-leading order in electroweak (NLO-EW)
are significantly softer than the spectrum from the nominal and alternative MC samples
considered in this analysis. An iterative recursive re-weighting procedure [142] was used to
correct the parton level distributions of top-pr, anti-top pr, m(tt) and pr (tt) in each of
the MC samples. The corrections improve the modelling of kinematic variables related to
the top pr, in-particular for the sum of the jet pr in the event (HTjes), sum of total lepton
pr (Hriep) and ERSS,

Next, a series of iterative data-driven corrections are derived to correct the modelling
of the inclusive jet multiplicity and fractions of additional light or heavy flavor jets in
the tt MC to ensure good modelling in all SRs, which cover different multiplicities and
ad-mixtures of jet flavors. These steps are illustrated in Figure 10.12.

First, corrections to the fractions of additional light or heavy flavor jets in the ¢t MC are
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Figure 10.12: Sequential steps for data-driven corrections to the multiplicity of additional
light flavor, b- or ¢ jets and inclusive jet multiplicity in ¢t.

estimated by fitting the sumPCB distribution to data with dedicated NFs. These factors
are used to correct the t¢ MC. Next, an inclusive correction to the total jet multiplicity of ¢
is derived as a bin-by-bin re-scaling factor. While the jet multiplicity in bulk of the t MC
is well-modelled, disagreements of up to 30% have been observed at high jet multiplicities
in events with high EX*. This mis-modelling has the potential to affect sensitivity to the
high EXss VLL signal topologies. Thus, an elaborate correction is warranted to ensure good
modelling of the MC in all SRs. These bin-to-bin scaling factors for the jet multiplicity
distribution are derived in coarse ER'* bins, namely 0-100 GeV, 100-200 GeV, 200-300
GeV, > 300 GeV, ensuring enough statistics in each bin. After correcting for the number
of jets, a fit to the sumPCB is repeated to check that the best-fit values are not affected.
These steps are repeated till a stable estimation for the fractions of additional light or heavy
flavor jets in the t# MC. These numbers are determined to be: ¢t +LF: 0.98 (£0.01); ¢t +b:
1.3 (£0.04) and ¢t +¢: 1.4 (£0.05). Kinematic distributions in the ¢¢ VR, after applying all
corrections mentioned above is shown in Figure 10.13. Good agreement is observed across

all distributions.
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Figure 10.13: Pre-fit agreement in distributions of kinematic variables in the ¢t VR after all
tt corrections are applied.

Z+jets background

Z+jets is the other dominant background in the 2¢OS SRs. To check and correct the
modelling of this background, a Z+jets VR was created using events passing the 208 signal
region selection but with dilepton invariant mass around the Z boson window, described in
Table 10.4. Leptons are required to have an angular separation (ARy;) greater than unity to
suppress boosted Z/~*+jets. Kinematic distributions of events in the Z+jets VR is shown
in Figure 10.14.

While the jet multiplicity is well-modelled in the bulk of the distribution, disagreements
with data of up to 25% are seen at high jet multiplicities. To improve this, a data-driven
correction is derived per bin in the distribution of the number of jets. Further, the
distribution of ARy shows up to 25% disagreement in the highest bin. To correct this, a
bin-by-bin correction is derived to the ARy distribution, as a function of jet multiplicity.
Since this is an ad-hoc correction, a systematic uncertainty of the size of the correction

is introduced as an additional degree of freedom in the fit, correlated among all regions,
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Figure 10.14: Pre-fit agreement in distributions of kinematic variables in the Z-+jets VR
prior to the application of any corrections. Leptons are required to have an angular
separation (ARy;) greater than unity to suppress boosted Z/~v*+jets.
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allowing the fit to undo the correction if warranted.

Kinematic distributions in the Z-+jets VR, after applying all corrections mentioned

above is shown in Figure 10.15.

Good agreement is observed across all distributions.
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Figure 10.15: Pre-fit agreement in distributions of kinematic variables in the Z-+jets VR
after all corrections are applied. Leptons are required to have an angular separation (ARy;)

greater than unity to suppress boosted Z/v*-+jets.
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Fake-lepton estimation

Various sources of fake-leptons in the SRs are classified using an Isolation and Fakes Forum
(IFF)-based scheme, based on MC truth information. There are eleven truth categories
defined in the IFF scheme:

1. Prompt electrons and muons are identified from truth information for the respective
lepton. These correspond to IFF class 2. In the case of electrons, converted electrons
originating from an FSR photon or bremsstrahlung are also included. Electrons and

muons from leptonic 7 decays are included in this category.

2. Charge-flip electrons belong to IFF class 3 and are identified if the charge of the first
non-parent particle is different from the reconstruction-level charge of the electron.

Electrons originating from FSR are excluded from this category.

3. Photon conversions correspond to IFF class 5 and are identified as electrons originating
from a photon conversion or an electromagnetic process. Additionally, electrons with
a truth type of an isolated/background photon (= 14/16) and an origin as a prompt
photon conversion or an unhadronized photon also fall into this category. Background
electrons from photon conversions with a PDG ID of a photon or an electron are

included in this category as well.

4. Electrons from muons belong to IFF class 6 and are identified if the truth type of
the electron corresponds to a non-isolated electron or photon and its truth origin is a
muon. The contribution of this category is expected to be negligible as an overlap

removal between electrons and muons is applied.

5. Tau decays are counted in IFF class 7, and consider non-isolated electrons or muons
from hadronic 7 decays. 7 leptons radiating a photon which subsequently converts

into an electron-positron pair also enters this category.

6. b-hadron (IFF class 8) and c-hadron (IFF class 9) decays consists of electrons and
muons originating from heavy-flavour decays, and are identified using their truth

origin.

7. Light-flavour decays are counted in IFF class 10 and correspond to leptons having the
truth type of a hadron (= 17). Background electrons with an intermediate photon

conversion (e.g. m — 7y, v — ee) and Dalitz decays are also included in this category.
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8. Charge-flip muons correspond to IFF class 11 and are identified as muons with a

mis-match between their reconstruction level and truth. charge. This effect is expected
to be extremely small compared to electrons and is not expected to have a sizable

impact on physics analyses.

KnownUnknown leptons are those that cannot be classified in to any of the above
classes due to missing truth information. These are counted under IFF class 1. Further,
leptons failing the selection criteria of the above categories are called Unknown leptons

and are counted under IFF class 0.

Events with at least two fake leptons in which the individual fake-leptons are identified

as having a different source according to the above scheme will be excluded from the

individual categories and instead categorised in the multiple fakes category. The proportion

of events falling into this category is less than 1% in the regions considered in the analysis.

Using information from the IFF classes, dedicated CRs are identified for estimating fake-

leptons from different non-prompt sources, shown in Table 10.3. The normalisation of these

fake-leptons is estimated together with those from dominant prompt backgrounds in a
template fit to data:

1. )\EthO ()\IntCO)

, applied to events with at least one electron from material (internal)

photon conversion.

MIF applied to events with at least one non-prompt electron from b- or c-hadron

decay, dominated by the former. A is further de-correlated in to two separate
normalisation factors, termed Hle/ * and HEF3¢ HFgl/ 3 targets heavy flavor non-
prompt leptons in 2/0S and 4¢ SR, where leptons are required to pass just the
FCLoose isolation selection. HF?, on the other hand, targets heavy flavor non-prompt

leptons in 3¢ regions where additional PLIV cuts are imposed.

ATE applied to events with at least one non-prompt muon from b- or c-hadron
decay, dominated by the former. )\fF is further de-correlated in to two separate
normalisation factors, termed HFil/ % and HFig, targeting the 20S/4¢ and 3¢ SRs

respectively.

The background contribution from charge-misidentified electrons is negligible in the 2¢0S

and 4/ channels and estimated through MC simulation. The background contribution from

light flavor decays is also negligible in the phase space of the analysis and is estimated from

MC simulation. Pre-fit distributions of the template fit regions are shown in Figure 10.16.
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Figure 10.16: Pre-fit agreement in the template fit regions.
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10.3.3 Summary of analysis regions

The summary of regions defined in Tables 10.2, 10.3 and 10.4 is illustrated in Figure 10.17.
Orthogonality is maintained between the CRs/VRs and SRs by inverting either the flavor

or quality requirements of the leptons or the number of leptonically decaying Z — [l
candidates. A total of 10 VLLe SRs, 10 VLLu SRs and 9 CRs are defined in the analysis.

Control
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Figure 10.17: Illustrative sketch of the definition of the signal, control and validation regions

in the analysis.



The VLLe/p search 231

10.4 Systematic uncertainties

Systematics considered in the fit in addition to the experimental and theoretical ones defined

in Section 8, are described in this section.

Signal modelling uncertainties

The uncertainties in the modelling of the signal samples are evaluated through indepen-
dent variations of the factorisation and renormalisation scales by a factor two. Addi-
tional uncertainties due to PDF effects are estimated taking the difference of the nom-
inal (NNPDF30 nlo as 0118) to alternative PDF sets (MMHT2014nlo68clas118 and
NNPDF30 nlo as 0119, taken from internal weights “25200” and “266000” respectively).

Modelling systematics for tt

A systematic model for ¢t is developed following recommendations from the ATLAS Physics

Modelling Group, described in this section.

e Parton Shower (PS) and Hadronisation: this uncertainty affects the choice of PS and
hadronisation model and is estimated by comparing the nominal POWHEG-+PYTHIAS
prediction with POWHEG+HERWIG?T.

e Matrix Element(ME)-PS matching: this uncertainty is used to asses the effect of the
choice of matching scheme between the ME and PS. It is estimated by comparing the
nominal POWHEG+PYTHIAS prediction with aMCNLO-+PYTHIAS.

e Initial State Radiation (ISR) Agamp: this uncertainty controls the amount of ISR
handled by the ME or PS part of the simulation and is derived by comparing the
nominal sample with one that doubles the hqam, in POWHEG.

e 1 and pp: these uncertainties are accessed via internal weights in POWHEG+PYTHIAS8
and are derived by varying the QCD renormalisation and factorisation scales in the

ME calculation by a factor of two up and down relative to the nominal value.

e ISR A14: this uncertainty is accessed by internal weights in POWHEG+PYTHIAS
and corresponds to a variation of the A14 tune (Var3c), which affects the renormali-

sation scale variations in the ISR parton shower.
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e Final State Radiation (FSR): this uncertainty is accessed by internal weights in
POWHEG+PYTHIAS and corresponds to a factor two up and down variations of

the renormalisation scale in the FSR parton shower.

e Additional uncertainties due to PDF effects are estimated taking the difference of the
nominal (NNPDF30 nlo as 0118) to alternative PDF sets (MMHT2014nlo68clas118
and NNPDF30 nlo as 0119, taken from internal weights “25200” and “266000”

respectively).

Uncertainties related to the NNLO theory re-weighting are also included as recom-
mended [142], including QCD scale variations on parton level kinematics, effects of addi-
tional electroweak corrections, comparison between nominal reweighting and reweighting
with inverted order between variables and additional QCD emissions. The effect of these
uncertainties is seen to be around 0.1% or less.

Dedicated NNLO theory re-weighting is applied and data-driven corrections derived for
the alternative ¢t samples, rescaling them to that of the corrected nominal sample. The
scaling factors for the additional light or heavy flavor jets are summarised in Table 10.5 and
are seen to vary up to 20% relative to those required by the nominal sample. Corrections
to the inclusive jet multiplicity distributions are summarised in Table 10.6 and are <1%
for at low jet multiplicities and go up to 16% at 6 jets. No jet multiplicity corrections are
derived for the ISR and FSR uncertainties: for these samples, the nominal rescaling is used
as a conservative estimate of the uncertainty. All uncertainties are taken to be shape-only,
correlated amongst the fit regions. Statistical uncertainty related to re-weighting the jet
multiplicity distribution is expected to be very small due to the large statistics of ¢ in the

region and is not considered.

Modelling systematics for Z-+jets

Systematic uncertainties derived from variations of the re-normalisation and factorisation
scale available via internal weights is considered in the search, together with dedicated
corrections jet multiplicity and ARy corrections. The magnitude of these corrections is

summarised in Tables 10.7 and 10.8 respectively.
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Systematic LF LF (%) b b(%) ¢ ¢ (%)
PS & Hadronisation 0.99 -2.94% 146 11.54% 2.05 20.59%
ME-PS matching 1.006 -1.37% 1.34 3.08% 1.72 1.18%
ISR hdamp 1.021 -0.1% 1.29  -0.77% 1.68 -1.18%

ISR Al14 (up variation) 1.023  0.29% 1.26  -2.7% 1.66 -2.94%
ISR Al4 (down variation) 1.021  -0.1% .32 1.54% 1.72 1.18%

ISR muR (up variation) 1137 11.47% 144 10.77% 1.89 11.76%
ISR muR (down variation) 0.92  -9.8%  1.16 11.08% 1.52 -10.59%
ISR muF (up variation) 1.04  196% 131 0.77% 1.72 1.18%

ISR muF (down variation) 0.998 -2.16%  1.27  231% 1.65 -2.94%
FSR (up variation) 1.006 -1.37% 1425 9.62% 1.92 11.76%
FSR (down variation) 1.05  294% 116 -10.77% 1.42 -16.47%

Table 10.5: The magnitude of the correction for multiplicity of extra jets of light flavor, b-
and c-tagged jets for the alternative ¢t samples used in the analysis. The first column for
each flavor shows the absolute scaling required. The percentage in the following column
is calculated with respect to the scaling applied to the nominal ¢¢ sample (LF: 0.98; b:1.3;
c:1.4).

Systematic 1 jet 2 jets 3 jets 4 jets 5 jets 6 jets 7 jets 8 jets > 9 jets

PS & Hadronisation -0.58%  +6.76% -2.04% -9.26% -12.36% -11.73%  -5.31%  +10.21% +47.91%
ME-PS matching +0.59% -2.10% -4.28% +2.66% +11.65% +16.72% +19.84% +22.07% +45.47%
ISR hdamp -0.49%  +0.60% -0.49% -0.42%  -0.20%  +0.72%  +5.51% +15.09% +43.13%

Table 10.6: The magnitude of the correction for each jet multiplicity for the alternative ¢t
samples used in the analysis. A x% correction means that the sample needs to be reweighted
up by x% with respect to the nominal ¢t sample.

In addition, the following set of systematic uncertainties are assigned to the Z-jets MC:

e Uncertainties based on the difference between re-weighted and un-reweighted ARy,
distributions (binned in ARy;). The size of this uncertainty is equal to the size of the
correction. It is correlated amongst the regions, allowing the fit an additional degree

of freedom to undo the applied correction.

e Uncertainty related to the upper cut-off of perturbative calculations for parton shower
evolution is known as the re-summation scale (QSF). This uncertainty is evaluated at
truth level by varying the nominal value of 2 GeV by a factor of 4 up and 1/4 down,
denoted as QSF4 and QSF025, in a phase space close to that used at reconstruction
level in the SRs where Z+jets is a dominant background. Finally, the jet multiplicity

distribution of the uncertainty is reweighted to match that of the nominal and
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Systematic 2 jets 3 jets 4 jets 5 jets 6 jets 7 jets 8 jets
varR (up variation) 11.67% 19.07% 28.362% 34.525% 29.622% 22.21% 10.422% 8.587%
varR (down variation) -13.39% -19.60% -24.63% -30.24% -38.83% -45.13% -51.91% -52.52%
varF (up variation) 0.729% 2477% 5.136% 5.124%  -2.34% -10.12% -20.51% -22.31%
varF (down variation) 0.093% -3.10%  -4.57%  -7.96% -16.79% -24.61% -33.62% -36.39%

Table 10.7: The magnitude of the correction for each jet multiplicity for the alternative
Z+jets samples used in the analysis. A x% correction means that the sample needs to be
reweighted up by x% with respect to the nominal sample.

Systematic Njets AR”I[LQ) ARZZZ[2,3) ARUS[3,4) AR”IZ 4

2 14.38% -1.21% -9.51% -29.33%

varR (up variation) 3 7.59% -1.42% -9.32%  -40.89%
4 4.18% -1.21% -7.667% -
>5 4.18% -1.21% -7.67% -

2 9.61% -2.01% -4.19% -17.49%

varR (down variation) 3 4.05% -1.83% -2.30%  -15.34%
4 1.55% -1.37% 0.09% -
>5 1.55% -1.37% 0.08% -

2 10.79% -1.34% -6.66% -24.42%

varF (up variation) 3 5.25% -1.35% -5.81%  -31.71%
4 2.56% -1.04% -4.03% -
>5 2.56% -1.04% -4.03% -

2 12.44% -2.19% -5.97% -16.25%

varF (down variation) 3 5.87% -2.14% -4.58%  -22.714%
4 2.61% -1.77% -1.64% -
>5 0.65% -0.83% 0.51% -

Table 10.8: The magnitude of the ARy, correction for each jet multiplicity for the alternative
Z+jets samples used in the analysis. A x% correction means that the sample needs to be
reweighted up by x% with respect to the nominal Z+jets sample.
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; 3 miss
parameterized as a function of Hry e, + E7

e Uncertainty related to the choice of the scale for calculating the overlap between jets
from the matrix element and the parton shower, called the CKKW merging scale, is
derived similarly. The nominal value of 20 GeV is varied down to 15 GeV (CKKW15)
and up to 30 GeV (CKKW30) and differences with respect to the nominal distribution
are evaluated at truth level. Finally, the jet multiplicity distribution of the uncertainty
is reweighted to match that of the nominal and parameterized as a function of Hr jep
+ E3ss. These effect of the QSF and CKKW uncertainties evaluated as a function of

the fitting variable are summarised in Table 10.9.

e A 30% uncertainty is assigned to the Z+jets background in the ¢/HH, ¢/HV and
(vHW SRs.

The statistical uncertainty related to re-weighting the jet multiplicity distribution is

expected to be very small due to the large statistics of Z-jets in the region, and is not

considered.
Re-summation and merging scale systematic uncertainties
Hr jop+ B35S [GeV]
Variation 0-200  200-400 400-600 600-800 800-1000 1000-2000
CKKW15 [%] | 0.13 0.10 2.54 9.60 8.94 44.76
CKKW30 [%] | 0.35 2.55 8.35 6.39 28.40 0.52
QSF025 [%)] 0.17 0.87 3.00 17.95 5.29 30.50
QSF4 [%)] 0.42 0.23 0.21 4.16 4.22 40.32

Table 10.9: Theoretical uncertainties (shown in %) on the Z+jets yields calculated using
dedicated variation samples related to the choice of re-summation and merging scales (QSF
& CKKW).
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Diboson reweighting uncertainty

A systematic uncertainty in the bin-by-bin re-weighting of the jet multiplicity in the V'V
MC is calculated by fitting the data to MC ratio to a polynomial, to account for correlations

between the different jet multiplicity bins:
f(zx) :a+$_ (10.1)

This fit is performed starting at one jet because the polynomial has a pole at zero
jets. Further, the large statistics in the O bin ensures a low uncertainty in this bin
and thus, this uncertainty is not considered. The fit parameters are determined to be
a = —0.604,b = —0.469, c = 0.265.

Systematic variations around the nominal values are determined by adjusting the
eigenfunction parameterizations in Equation 10.1. This accounts for correlations between
the fit parameters. Figure 10.18 shows the polynomial fit to the data to MC ratio (red), a
lo variation of the largest eigen function about the nominal (brown) and the 3o effect of
the same (green). The 3¢ variation covers fluctuations in the nominal data to MC ratio at
high jet multiplicity, and is taken as the final uncertainty in this fit. This shape effect of

this uncertainty is applied to the V'V sample, correlated amongst all the regions.
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Figure 10.18: Data to MC ratio in the jet multiplicity bins of the W*Z VR, fitted with a
polynomial (red). The 1o variation of the largest eigenfunction is shown in brown, while the
corresponding 3o variation is shown in green. The 3¢ variation is chosen as the systematic
uncertainty because it covers the variations at high jet multiplicity.
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Non-prompt lepton modelling uncertainties

Backgrounds related to charge mis-identified electrons are below 1% in the phase space of
this analysis and estimated through MC simulation. These backgrounds are assigned a
flat 20% uncertainty in their measurement. Further, backgrounds from fake leptons from

light-flavor hadrons are also sub-leading in the search and assigned a 30% prior uncertainty.

Summary of systematic uncertainties

A summary of all systematic uncertainties included in the analysis is given in Table 10.10.
A total of 120 systematic uncertainties, including experimental and theoretical uncertainties

are considered in the analysis.

Systematic uncertainty Components  Systematic uncertainty Components
Luminosity 1 VLL modelling
Pileup re-weighting 1 QCD scale (g, i) 1
Physics Objects Parton shower 1
Electron 5 as,+PDFs 1
Muon 10 ttH modelling
Jet energy scale and resolution 31 Cross section (N) 1
Jet vertex fraction 1 Parton shower and hadronisation model 1
Jet flavour tagging 15 ttW modelling
s 3 Generator 1
Total (Experimental) 67 QCD scale 1
Data-driven background estimates ttZ modelling
tt modelling 14 Cross section (N) 1
Z-+jets modelling Matrix-element MC generator 1
VV modelling 1 tt modelling
Total (Data-driven reducible background) 22 Radiation
Parton shower and hadronisation model 1
Generator 1
WZ modelling
Cross section (N) 1
Heavy flavour composition (N) 1
Other background modelling
Cross section (N) 16
Total (Signal and background modelling) 31
Total (Overall) 120

Table 10.10: Sources of systematic uncertainty considered in the analysis. N means that the
uncertainty is taken as normalisation-only for all processes and channels affected. Some of
the systematic uncertainties are split into several components, as indicated by the number
in the rightmost column.
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10.5 Results

Separate maximum likelihood fits are performed for the VLLe and VLLu models, introducing
either the 10 VLLe SRs or 10 VLLu SRs described in Table 10.2, fitted simultaneously
with the 9 CRs (Table 10.3) to data. Background-only (B-only) fits measure normalisation
for ttW, ttZ, W Z (separately for light flavor and heavy flavor), ZZ, conversions (internal
and material) and non-prompt leptons (HFe, HF 1), assuming there is no BSM processes in
the regions. For the 2¢OS regions populated with unique ad-mixtures of light and heavy
flavor jets from tf with varying amounts of EXS namely ¢/HH, (/HV and (vHW, are
assigned dedicated normalisation factors. Similarly, the Z+jets background in 2¢0S regions
where this is a dominant background, namely /vVV and ¢/VV, are assigned two separate
NFs in the fit. These target the modelling of Z+jets events with high BT and low FEiss
respectively. In these regions, tt is a sub-leading background and is measured with a single
NF.

Maximum likelihood fits performed by free-floating the VLL signal strength in addition
to the background NFs of the B-only fit are termed signal-plus-background fits (S+B fits).
These fits are performed for each VLLe or VLLu model considering all mass points, to test
the presence of a BSM signal. The results from the B-only and S+B fits for the VLLe
(VLLpu) models are discussed in Section 10.5.1 (Section 10.5.2).

10.5.1 Template fit to data (VLLe models)

Figure 10.19 shows the fitted NFs for the B-only fit to CRs and VLLe SRs, S+B fit
considering a VLLe signal of 600 GeV from the doublet model and S+B fit considering a
VLLe signal of 200 GeV from the singlet model.
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In all fits, the ¢t and Z+jets NFs show good compatibility with unity, indicating that the
inclusive calibrations made to the respective backgrounds are preserved after categorisation
by the DNN classifier. A powerful validation of the ¢ background is done by checking the
post-fit distributions of the t¢ VR selected by the 2¢0S DNN classifier, in Hr jep + 35,
shown in Figure 10.20 for the B-only fit.

The normalisation of t¢Z and ttWW backgrounds are measured higher than unity, com-
patible with the measurement from other analyses in similar phase space. All other NFs
are measured compatible with unity. The fitted signal strength for VLLe signals across all
mass hypotheses from both the doublet and singlet models is measured to be compatible
with zero. This means that the analyses fails to reject the B-only hypothesis for this set
of couplings and masses. The nuisance parameters from the B-only fit, together with the
measured correlations between various NFs and NPs is shown in Figure 10.21.

Correlations between the NFs measuring the t¢ background in the 2¢OS regions is
introduced by the PDF (var 252) uncertainty. This uncertainty is of the order of 3-4%.
The uncertainties in the re-summation and merging scales of Z+jets (CKKW and QSF),
estimated at truth level, introduce further correlations between the Z-jets NFs. Systematics
on B affect the normalisation of the ZZ process. The behaviour of NPs from the three
fits is consistent. The local significance from similar S+ B fits performed for the other mass
points from both models is found to be lower than unity. Figure 10.22 shows the post-fit
SR distributions of the VLLe SRs, showing the 600 GeV signal from the doublet model. No
significant excess is seen in any of the SR bins, with large statistical errors in the extreme
ends of the distributions expected to be populated by signal events from either model.

Table 10.11 shows the summary of yields in the 10 VLLe SRs after the B-only fit.
Figures 10.23a and 10.23b and show the summary of the regions after the profile likelihood
fit, together with the pre-fit background expectation.
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Figure 10.20: Post-fit agreement in the t¢ VR distributions after a B-only fit to data in the
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blue hashed band includes statistical and systematic uncertainties.



The VLLe/u search 243

S. Epari, PhD Thesi:

g Ylle DEOD - ViLe 5200
Lo x-paction

=
—_——
==
——
=
—
==
fl oy
=
=
=
=
—
=
——
=
b
-
—
=
—
=
—r—
= Pveded
=
——
==
=
=
—
==
——
=
—
=
——
——
=
——
=
——
=
——
=
W

e tap wsacticn
four on w-omction
# x-omction

ME PE match [2Aalfu] #al fall U

ME-PE match (2falfa] s fall W]
ME-P malch (2écbin] fsd + HV)
ME PE match (2fall] fa + WV

oo POF vzt

Ao v LT P

Wiabght nets

wDAte

2 mosaing
modaing (414 varations|
mogeing (goneraior) LF
mogeing (ganeraior) HE

fgurTop medeling {generator)

2t e e
2ty CHKW
Zuus QEF
Zots DAL
Zoss vt
m—
[ATLAS PRUN_DATASFE
5 T

S. Epari, PhD Thesis

-

[ATLAS FTAG estmp b &
ATLAS_FTAG nstrmp_c_0
TLAE |

_FU_Rho
[ATLAS 5 _PunznThrough
ATLAS R 41

ATLAS MET Fusp
[ATLAS MET_Porm
[ ATLAS MET Scale

(b)

Figure 10.21: (a) The correlation matrix corresponding to a fit under the B-only hypothesis
to the CRs and VLLe SRs. (b) Overlay of pulls and constraints on the nuisance parameters
from the B-only fit, S+B fit considering a VLLe signal of 600 GeV from the doublet model
and S+ B fit considering a VLLe signal of 200 GeV from the singlet model.

"
"

- raese




244 10.5. Results

S. Epari, PhD Thesis . Epari, PhD Thesis
T T

. Epari, PhD Thesis
T

S. Epari, PhD Thesis
(ARARRRARRRRY:

g T T T T T g T T T T T g T T T T E| .2 T T T T T
S 4ok # Data vLLPe00t ] s 4 #Data --VLLD60O* ] S 40 S o7k ¢ Data viLPeoo ]
o (s=13Tev, 140 0" WVV [l w [tz w is=13TeV, 140 o™ o Vs=13TeV, 140 10" @VV  [@tizy)
10° VLlen [tH Ctw - 10° VLlen iw - 10° Vilen 4 105k VLlen mtH Ctw -
2¢(e)feHH mt W Z+jets 2¢(e)teHV W Z+jets 2¢(e)¢vHV mt W Z+jets 2¢(e)evWV [T W Z+jets
108 Post-Fit [[HFe  []Others 4 105 Post-Fit [[]Others 4 105k Post-Fit 108 Post-Fit [[HFe  [Others -
Unc. - Pre-FitB. - Pre-FitB. Unc. - Pre-FitB.
10
.......... 10°
107
10
1
. . . P P P (i |
- 2 2 o #2Indf=291/9 b
& & & & 125 I l H
2 2 2 2 N 7
g E ] 8 - i 2 :
i k] 8 8 o7 L + ! =
0% 200 400 600 800 1000 120014001600 18002000 0% 200 400 600 800 1000 120014001600 18002000 0% 200 400 600 800 1000 1200 1400 1600 1800 2000 0% 200 400 600 800 1000 12001400 1600 18002000
HI+E7™ [GeV] HIPAED™ [GeV] HIP+ED™ [GeV] HIP+E7™ [GeV]
S. Epari, PhD Thesis , S. Epari, PhD Thesis , S. Epari, PhD Thesis , S. Epari, PhD Thesis
2 LR R R R I S e T B Ll B B B B I A L S R T L - e R R RS A RAR AR AR RS A B L o A AR AR AR RS RERE RS SR
5 107 ¢ Data - VLLP600" ] eData - VLLJB0O" § VLL2600* ] eData - VLLD600"
o (s=13Tev, 140" WV [tiZH") @ (5=13Tev, 140" MV EH(ZA) & (5=13Tev, 140" VWV EHiZA) R s=13Tev, 140 10" WVV  EH(ZA")
4 o OfH W mfH W e COfw
10°f- VLlew OiH - Ciiw - 107 VU CIHFe  EIHFL E 107 Vilen CHFe  EIHFu e 107 Vilew OHFe  EHFu -
20(e)eeVV Wi WZ+ets 3¢(e)¢(HH+HW  FOthers ~ Uno. 3¢(e)/6VV+HZ  FOthers  Une. 3 3¢(e)eVHW [0thers ~ Unc.
105 Post-Fit [[HFe [Others 4 Post-Fit - Pre-FitB. Post-Fit - Pre-Fit B. 3 Post-Fit - Pre-FitB.
Unc. - Pre-FitB.
10°E 107 3
| | J | -1 -1
@ o 10 o 10 3
@ @ 125 3 125 £
s s s g Kl
8 i 8 ors & orsi ] ; 1 8 ombg 2
0% 200 400 600 800 1000 120014001600 18002000 0% 200 400 600 800 1000 1200 14001600 18002000 0% 200 400 600 800 1000 1200 14001600 18002000 0% 200 400 600 800 1000 1200 1400 160018002000
HP4ET™ [GeV] HP4ET™ [GeV] HP4ET* [GeV] HP4ET™ [GeV]
S. Epari, PhD Thesis , . Epari, PhD Thesis
g2 1 T T T T T T T T T 2 10° T T T T T T T T
3 e Data - VLLD600" g e Data - VLL?600"
w . /s =13TeV, 140 fb' @VV mtzy) o Vs=13TeV, 140" @V  Wtizy")
10°E ViLen [JfH  [JHFe El 0%k Vilen [fiH  [EIHFe 4
4¢(e)10SSF [IHFe  [JOthers 4¢(e)208SF [IHFu  [JOthers
Lol PostFt Unc. - Pre-Fit. | Post-Fit Unc. - Pre-FitB.
107 E!
1 (T I
o 10 ihdi=24)4 -4
@ 125 T< @
8 1 1
8 o7 : 8
0% 200 400 600 800 1000 120014001600 18002000 0% 200 400 600 800 1000 120014001600 1800 2000
HI4ED™ (GeV] HI"+ET™ [GeV]

Figure 10.22: Post-fit agreement in the VLLe SR distributions used in a S+B fit to data in
the CRs and the VLLe SRs, considering a VLLe signal of mass 600 GeV from the doublet
model. The signal is shown as a red dashed line, normalised to the total background yield.
The pre-fit background is shown as a blue dashed line in all plots. The blue hashed band
includes statistical and systematic uncertainties.
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2((e)¢/HH 20(e)lHV  20(e)t¢VV  2l(e)(vHW  2{(e)lvVV

4% 593.5 £ 8.4 98 £ 18 1124 £ 72 148 £ 11 2336 £ 54
tt7 165 = 93 182 £ 92 o4 £ 26 59 £ 42 30 £ 21
ttH 106 £ 15 06.5 £84 1241 £2.07 149+£19 549 £0.85
ttw 119 £ 16 140 £ 17 39.6 £ 6.3 57.5 £ 5.9 298 £ 4.3
tt 27629 £ 678 25527 £ 724 8971 £ 510 19458 £ 344 13356 £ 377

Z+jets 2158 £ 639 3410 £ 722 27070 £ 558 101 £ 34 7259 + 355
HFe 156.6 £+ 6.0 377 £ 14 356 + 14 777 £ 3.0 269 + 10

HFu - -
Others 770 &+ 167 885 + 168 654 + 69 1105 + 321 1618 + 177

Total 31157 £ 179 30674 £ 187 38277 £ 210 21022 £+ 146 24901 £ 159

Data 31162 30677 38279 21022 24890

30(e)((HH-HW 30(e)0lNV+HZ  30(e)lvHIW  40(e)IOSSF  46(e)20SSF

4% 10.65 £ 1.06 106.8 £+ 3.3 45.2 + 2.5 2.1-.19 174.8 £ 6.9
tz 26.8 + 3.2 74+ 1.5 1.28 £ 0.19 547 4+ 0.60 27.7 + 2.8
ttH 13.8 £ 1.9 2.7-.49 0.578 £ 0.087 1.75 £ 0.24  2.95 + 0.42
tw 32.9 + 3.1 4.99 + 0.71 3.1-.37 — —

tt - — - - -
Z+jets - - - - -
HFe 54 £ 1.7 2.871 + 0.902 118 £ 037 389 +0.29 3.11 £0.13
HFpu 2.33 £ 0.27 225 +0.26  0.727 £0.084  1.33-.096  2.641 + 0.089
Others 17.6 £ 4.9 89+ 19 6.7+ 1.4 1.94 +£ 0.35 10.3 £+ 2.3
Total 109.2 + 5.3 1354 + 4.2 58.46 + 3.05 16.42 £1.09 2212473
Data 122 114 58 16 213

Table 10.11: Summary of observed and predicted yields in the 10 VLLe SRs. The background
prediction is shown after the combined likelihood fit to data under the B-only hypothesis
across all CR and SR categories. The uncertainties correspond to the combined statistical
and systematic uncertainties in the predicted yields. Dashes refer to components that are
negligible or not applicable.
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Figure 10.23: Comparison between data and the background prediction for the event
yields in the (a) 10 VLLe SRs and the (b) 9 CRs. The expected signal from a VLLe of
mass 600 GeV from the doublet model (normalised to the total background) as well as
the background contributions are shown after the likelihood fit to data under the S+B
hypothesis. The total background prediction before the likelihood fit to data is shown as a
dashed blue histogram in the upper panel. The blue hatched band includes both statistical
and systematic uncertainties.
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10.5.2 Template fit to data (VLLy models)

Figure 10.24 shows the fitted NFs for the B-only fit to CRs and VLLu SRs, S+B fit
considering a VLLy signal of 600 GeV from the doublet model and S+B fit considering a
VLLu signal of 200 GeV from the singlet model.

In all fits, the ¢t and Z+jets NFs show good compatibility with unity, indicating that the
inclusive calibrations made to the respective backgrounds are preserved after categorisation
by the DNN classifier. A powerful validation of the ¢ background is done by checking the
post-fit distributions of the t¢ VR selected by the 20S DNN classifier, in Hr e, + E3SS,
shown in Figure 10.25 for the B-only fit.

The normalisation of t£Z and ttW backgrounds are measured higher than unity, com-
patible with the measurement from other analyses in similar phase space. All other NFs are
measured compatible with unity. Compared to the VLLe fit, the normalisation of V'V (HF)
is measured to be slightly different, but compatible with unity. The fitted signal strength
for VLLu signals across all mass hypotheses from both the doublet and singlet models
is measured to be compatible with zero. This means that the analyses fails to reject the
B-only hypothesis for this set of couplings and masses. The nuisance parameters from the
B-only fit, together with the measured correlations between various NFs and NPs is shown
in Figure 10.26. Correlations between the NFs measuring the tf background in the 2¢0S
regions is introduced by the PDF (var 252) uncertainty as in the VLLe fits. This uncertainty
is of the order of 3-4%. Additional correlations between these parameters, unique to this
fit, arise from the ¢ FSR uncertainty. Further, an anti-correlation of about 50% is seen
between the Z+jets cross-section in the //HH SR and the ¢ ME-PS matching systematic.
A possible source of this anti-correlation comes from the large statistical uncertainty in
the last bin of this region, populated by both ¢t and Z+jets. The uncertainties in the
re-summation and merging scales of Z+jets (CKKW and QSF), estimated at truth level,
introduce further correlations between the Z+jets NFs. Systematics on EX' affect the
normalisation of the ZZ process. The behaviour of NPs from the three fits is consistent.
The local significance from similar S+B fits performed for the other mass points from both
models is found to be lower than unity. Figure 10.27 show the post-fit SR distributions
of the VLLu SRs, showing the 600 GeV signal from the doublet model. No significant
excess is seen in any of the SR bins, with large statistical errors in the extreme ends of the

distributions expected to be populated by signal events from either model.
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Figure 10.24: Fitted normalisation factors from the (a) B-only fit to CRs and VLLu SRs,

(b) S+B fit considering a VLLy signal of 600 GeV from the doublet model and, (¢) S+B fit

considering a VLLpu signal of 200 GeV from the singlet model.
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Figure 10.25: Post-fit agreement in the t¢ VR distributions after a B-only fit to data in the
CRs and the VLLu SRs. The pre-fit background is shown as a dashed line in all plots. The
blue hashed band includes statistical and systematic uncertainties.
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Figure 10.26: (a) The correlation matrix corresponding to a fit under the B-only hypothesis
to the CRs and VLLyu SRs. (b) Overlay of pulls and constraints on the nuisance parameters
from the B-only fit, S+B fit considering a VLLu signal of 600 GeV from the doublet model
and S+B fit considering a VLLy signal of 200 GeV from the singlet model.
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Figure 10.27: Post-fit agreement in the VLLyu SR distributions used in a S+ B fit to data in
the CRs and the VLLu SRs, considering a VLLp signal of mass 600 GeV from the doublet
model. The signal is shown as a red dashed line, normalised to the total background yield.
The pre-fit background is shown as a blue dashed line in all plots. The blue hashed band
includes statistical and systematic uncertainties.
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Table 10.12 shows the summary of yields in the 10 VLLu SRs after the B-only fit.
Figures 10.28a and 10.28b and show the summary of the regions after the profile likelihood
fit, together with the pre-fit background expectation.

20(p)0¢(HH 20(p)ClHV 20(p)eeVV  20(p)lvHW  20(pu)lvV'V

VvV 69 + 10 124 £+ 22 1578 + 114 230 + 17 3941 £ 115
ttz 245 £+ 159 248 £+ 137 75 £ 43 77 £ 60 39 £ 29
ttH 159 £ 21 86 + 12 18.47 £ 3.07 199 + 2.5 74 +£1.1
ttw 178 £ 25 215 £ 28 o8 £ 11 77.0 £8.1 40.2 £ 6.4
tt 43844 £ 922 40598 + 1013 15741 £ 742 32351 £ 539 22525 +£ 506
Z+jets 4339 £ 911 7755 £ 1002 57003 £ 802 282 £ 88 18913 £ 476
HFe - - - - -
HFm 377 £ 11 765 + 23 725 + 21 1814 £ 54 637 + 19
Others 968 + 229 1179 £ 249 801 £ 113 1392 £ 455 2162 £ 260
Total 50175 £ 240 50966 £ 256 75990 + 325 34607 £ 193 48260 + 227
Data 50178 50968 75976 34605 48276

30(p)((HH+HW  30(p)lVV+HZ  3¢(pu)lvHW  40(1)20SSF - 4¢(11)10SSF
VvV 23.0 £ 1.9 235.0 £ 6.8 979 + 4.2 326 £ 11 3.75 £ 0.27
ttZ 45.2 + 4.6 12,5 £ 2.2 1.88 £0.27 40.7 £4.0 9.45 £ 1.04
ttH 214 £ 2.8 4.2 £ 0.89 0.77 £0.11 3.73 £0.49 2.9-.44
ttW 50.5 £ 4.7 74+£13 4.22 + 0.69 - -
tt - - - - -
Z+jets - - - - -
HFe 2.76 + 0.88 0.94 + 0.30 0.39 £ 0.13 4.39 £ 0.17 2.87 £ 0.20
HFm 126 £ 14 6.61 = 0.75 1.97 £0.23 398 £0.12 5.24 £ 0.27
Others 29.2 £ 3.3 19.9 £ 3.2 123 +£23 174+£38 435 +£0.51
Total 183.0 £ 6.0 2839 £ 7.2 1175 £ 5.0 395 £ 11 28 £ 1.6
Data 177 297 123 420 25

Table 10.12: Summary of observed and predicted yields in the 10 VLLu SRs. The background
prediction is shown after the combined likelihood fit to data under the B-only hypothesis
across all CR and SR categories. The uncertainties correspond to the combined statistical
and systematic uncertainties in the predicted yields. Dashes refer to components that are
negligible or not applicable.
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Figure 10.28: Comparison between data and the background prediction for the event
yields in the (a) 10 VLLu SRs and the (b) 9 CRs. The expected signal from a VLLpy of
mass 600 GeV from the doublet model (normalised to the total background) as well as
the background contributions are shown after the likelihood fit to data under the S+B
hypothesis. The total background prediction before the likelihood fit to data is shown as a
dashed blue histogram in the upper panel. The blue hatched band includes both statistical
and systematic uncertainties.
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10.5.3 Expected and observed upper limits

No significant excess is observed over the SM expectation value after the likelihood fit to
data in any of the SRs, for any of the models under study. Figure 10.29 (10.30) show the
95% confidence level (CL) expected limits on the cross-section of both the VLLe (VLLpu)
singlet and doublet as a function of the mass of the VLL, calculated using a S+B fit to
data in all the CRs and VLLe (VLLu) SRs. The VLL, singlet is observed (expected) to be
excluded at 95% confidence level for masses up to 320 (300) GeV while the VLL, doublet is
observed (expected) to be excluded at 95% confidence level for masses up to 1220 (1230)
GeV. The VLL,, singlet is observed (expected) to be excluded at 95% confidence level for
masses up to 400 (330) GeV while the VLL,, doublet is observed (expected) to be excluded
at 95% confidence level for masses up to 1270 (1250) GeV.
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Figure 10.29: 95% CL expected and observed limits on the cross-section of a VLLe singlet
and doublet as a function of the mass of the VLL.



The VLLe/u search 255

S. Epari, PhD Thesis S. Epari, PhD Thesis
1Errrprrorr T T T T T

I N e | I T T L B L B e
= El g 7
o Prediction o 10 E Prediction
o s =13 TeV, 140 fb” Observed limit (4] E Is =13 TeV, 140 fb” Observed limit
>b( 95% C.L.limts ... Expected limit g 95% C.L.limits ... Expected limit

Vilep Expected limit =10 1= Vilen Expected limit =10

10— Expected limit +20 F Expected limit +20

B
Fa00
VLL mass [GeV] VLLD mass [GeV]

P IR B |0
200 300 400

M |
500

L o1 d " \ M
10 1200

L e e b e L
600 700 800 200 400 600 800 1000

Figure 10.30: 95% CL expected and observed limits on the cross-section of a VLLu singlet
and doublet as a function of the mass of the VLL.

Figures 10.31 and 10.32 show the contributions of individual analysis channels (2¢0S,
3¢, 4¢) to the 95% CL expected limits on the cross-section of a VLLu doublet and singlet
respectively, as a function of the mass of the VLLyu. In the singlet models, the main
sensitivity at low masses comes from 4¢ channel and from the 2¢0S channel at high masses.
In the doublet models, the 3¢ channel is most sensitive to the VLL signal, expected due to a
larger signal yield from additional the neutral VLL modes present in the model. The 2¢0S
channel providing better sensitivity for VLLs with masses greater than 1 TeV. Overall, the
exclusion on the singlet cross-sections are expected to be worse than that from the doublet
due to much lower signal production cross-sections, in addition to more challenging signal

topologies from the large E¥s* expected from the signal.
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Figure 10.31: 95% CL expected and observed limits on the cross-section of a VLLu singlet
and doublet as a function of the mass of the VLL, overlaid with the contribution from each
analysis channel (200S, 3¢, 4¢), along with the combination.
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10.6 Conclusions

This chapter presented the first direct LHC search for a doublet or singlet vector-like
lepton coupling to first and second generation Standard Model leptons. The search is
based on a dataset of proton-proton collisions at /s = 13 TeV recorded with the ATLAS
detector during Run 2 of the LHC, corresponding to an integrated luminosity of 140 fb=!.
The search is performed in the multilepton (two, three, and four light leptons) final state.
A deep-neural-network-based categorisation is performed to enhance the purity of the
various signal types and to discriminate signal against the SM background. The dominant
backgrounds originate from tt, Z +jets, ttW, ttZ, and V'V, and are estimated from MC
simulation and normalised to data in a simultaneous fit of the signal and control regions.
No significant excess is observed over the SM expectation value for any of the models under
study. The VLL, singlet is observed (expected) to be excluded at 95% confidence level for
masses up to 320 (300) GeV while the VLL, doublet is observed (expected) to be excluded
at 95% confidence level for masses up to 1220 (1230) GeV. The VLL,, singlet is observed
(expected) to be excluded at 95% confidence level for masses up to 400 (330) GeV while the
VLL,, doublet is observed (expected) to be excluded at 95% confidence level for masses up
to 1270 (1250) GeV. A paper summarising the results presented in this chapter is in the

process of publication.



Chapter 11

Search for vector-like leptons from the
4321 model in multilepton plus b-jets final

states

This chapter presents a search for pair-produced vector-like leptons (VLL) from a 4321
model [231], preferentially coupling to third generation SM fermions. The search is structured
in two complementary sets of channels: the first set of channels target VLLs in final states
with multiple light leptons, b-jets and hadronically decaying 7-leptons (Thaq), while the
second set of channels targets VLLs in final states with only 7,,q and no light leptons. The
focus of this chapter is the former, presenting a preliminary study not yet unblinded by
ATLAS. The chapter concludes with a brief discussion on public results from the latter

channels in Section 11.8.

11.1 Simplified model

The 4321 model is a UV-complete model built from the larger gauge group SU(4) x SU(3) x
SU(2) x U(1). This model has three heavy gauge bosons: a color octet (G'), a weak isospin-
singlet vector leptoquark (Uj, electric charge 2/3e) and a color singlet Z’. Additionally, the
model features generations of vector-like fermions: vector-like quarks (VLQ), U/D, C/S,
T/B and VLLs, N,/Ey, Ny/Es, N3/E5;. While the model allows for all three generations
of VLLs, for simplicity, the search assumes the presence of only one generation of VLLs.
These VLLs are assumed to couple preferentially to SM 7-leptons and are considered to be

from an SU(2) doublet, with the charged and neutral VLLs being mass-degenerate.
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This search targets electroweak pair-production of VLLs via off-shell decays of the SM
W boson or Z/v. Production modes mediated by Z  are suppressed by decoupling this
particle from the model and setting its mass to 100 TeV. Similarly, processes mediated by
G’ exchange are suppressed by setting its mass to 5 TeV. Finally, masses of the VLQs are
set to 3.5 TeV. As shown in Ref. [232], to accommodate flavor anomalies, the model favors
VLLs decays to the vector leptoquark U; and SM 7-leptons. Thus, to ensure a realistic
model, the decay width of U; is constrained to 500 GeV, while the mass is set to 3.5 TeV
to allow for off-shell decays. Two scenarios, without and with right-handed currents are
possible, leading to similar kinematics and the former is chosen for this study. The VLLs are
normalised to the next-to-leading order production cross-sections shown in Figure 10.2. The
various production and decay modes for these VLLs are shown in Figure 11.1, producing

final states with multiple 7, b-jets and missing transverse energy.

Figure 11.1: Feynman diagrams for production and decay of vector-like leptons from the
4321 model (a) pp — EN, (b) pp — ETE~, (¢) pp — NN.

The 4321 model can accommodate for current experimental anomalies in low energy
fermionic processes like B-meson decays and (g — 2),, while remaining consistent with
electroweak precision measurements [232-234]. A search for VLLs from the 4321 model was
performed by the CMS collaboration using the 96.5 fb~! dataset collected in 2017 and 2018,
and a 2.80 local deviation between fit to the signal4+background model as compared to
background-only model, almost irrespective of the VLL mass (in targeted range 500 - 1050
GeV), was reported [235]. Final states with >3 b-jets, split according to the multiplicity of
Thad Were considered and the highest excluded observed (expected) VLL mass is around 500
(650) GeV, as shown in Figure 11.2.
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Figure 11.2: Expected and observed 95% CL upper limits on the product of the VLL pair
production cross section and the branching fraction to third generation quarks and leptons,
combining the 2017 and 2018 data and all 7,4 channels. The theoretical prediction from
the 4321 model for electroweak production of VLLs at leading order is shown in the red
line. Figure taken from Ref. [235].
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11.2 Datasets, triggers and object definitions

The full Run 2 dataset, corresponding to an integrated luminosity of 140 fb™! with an
uncertainty of 0.83%, at the centre-of-mass energy /s = 13 TeV is used for this search.

Events with two or more light leptons and Em < 200 GeV are pre-selected using using
a logical OR of single and di-lepton triggers (SLT OR DLT). To allow full trigger efficiency,
events with EI < 200 GeV are pre-selected using the EXS trigger. Details about these
triggers are summarised in Tables 8.2 and 8.3 respectively.

Physics objects are reconstructed using the definitions established in Chapter 8. Events
are separated into channels with two same-sign (2¢SS), opposite-sign (2¢0S) and 3¢/4/¢
leptons with various 7,,q multiplicities using the loose light lepton definitions established in
Chapter 8. For electrons (muons), the TightLH (Medium) ID and FCLoose isolation WP is
used used to pre-select events. However, PLIV isolation cuts for both electrons and muons
are dropped to improve signal acceptance in these channels. This strategy is discussed in
more detail in Section 11.3. B-jets are tagged at the 85% DLI1r WP. 7,4 candidates are
reconstructed using the Loose RNN WP, as described in Table 8.9.

Signal samples were generated at next-to-leading order using MADGRAPHS AMCQNLO
[85] with NNPDF23LO. PyTHIA8.186 with the Al4 tune was used as the showing al-
gorithm. The matrix element was calculated at LO in QCD, with emission of up to two
additional partons. Detector level effects were incorporated using ATLAS Fast Simulation,
as described in Chapter 6. Signal events were generated for VLL masses in the range of 200
GeV to 1500 GeV with the 100 GeV spacing. The NLO generator cross-section was used for

the normalisation of the signals.

11.3 Analysis strategy

The search considers two sets of complementary channels to search for VLLs from the 4321

model:

e Th.q-only channels, consisting of at least one 7,,q candidate. These channels are split
according to the multiplicity of 7,.q as in the CMS search, except the 0m,,q plus multi
b-jet channel is not considered in the search due to low sensitivity because of the large

multi-jet background.

e Channels with at least two light leptons including both hadronic and leptonic 7
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decays. These channels are termed multilepton (ML) channels and serve as a powerful

validation to the observations from the 7,,4-only channels.

In both cases, all channels are required to have at least three b-jets and are split into
signal regions (SRs) depending on the number of light-leptons and 7,4 to maximise the
signal sensitivity. Dedicated mass-parameterised signal versus background neural networks
(NNs) are trained against the standard model background in each SR and output score
of the NNs are considered as discriminating variables for the SRs in the simultaneous
profile-likelihood fit for the signal and background. Data-driven techniques to estimate
the major backgrounds, such as tt-+jets with real or fake 7,,q, V'V, W/Z+jets and QCD
multi-jets (7paq-only channels).

The work detailed in this dissertation is a preliminary study of the ML channels. The
work on the m,q-only channels is now a public result [236] and is discussed briefly in
Section 11.8.

11.3.1 Signal regions

The ML channel is divided into four SRs depending on the multiplicity of light leptons and
Thad, defined in Table 11.1.

Dedicated mass-parameterised deep neural network (DNN) classifiers are trained against
the total background, separately for the sum of the 20SS+07y,,q, 20SS+>17,.q and 3¢/4¢ +
>0Tpaq regions, as well as for the 200S+>17,,q region. A single training for the 20SS/3¢/4¢
channels is preferred because these channels have similar background compositions, different
from those in the 2/0S channel. This strategy, thus, ensures optimal background discrimi-
nation in all channels. The score of the DNN classifiers is used as discriminating variables
in the likelihood fit. The DNN classifiers are trained using the MVAtoolkit [237,238| that
interfaces to the KERAS library [137] with TENSORFLOW as a backend [138]. The same
architecture was used for both classifiers, differing only in the training variables shown in
Table 11.2, optimised to target the expected backgrounds in the respective channels. A
sketch of the architecture of the classifiers is shown in Figure 11.3. Binary cross-entropy
is used as the loss metric and the Adam optimization algorithm [136] is used for training
optimisation. The DNN classifier is trained with batch size of 1000 and learning rate
0.0001, with a maximum number of epochs set to a large number of O(120), and the model

evaluated in the last epoch is chosen.
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2055+0Thaq | 205S+>1Thaq | 200S+>1Thaq 30/40 + >0Thaa
Number of e/ 2 2 >3
Total e/p charge +2 0 30 £1

40: 0
e charge mis-ID veto yes yes
Minimum p/* [GeV] (20,20,20) 3¢: (10, 20, 20)
4¢: (10, 10, 10, 10)

Minimum p7. [GeV] > 20 ‘
mg(OSSF pair) [GeV] > 12 30: > 12
|mee — myz| |GeV] <10 —

Table 11.1: Summary of SRs defined in the multilepton (ML) channels. Light leptons
definitions from Table 8.6 are used. All channels are required to have at least three b-jets
tagged at the 85% DL1r working point. Electrons (muons) are selected using the TightLH
(Medium) identification and FCLoose isolation working points. The Loose RNN working
point is used to reconstruct 7,4 candidates.
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[35 nodes] [35 nodes]

S OIS Output Layer
Input Layer 2, } [2 nodes]
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—/ —/
ReLU activation ReLU activation
Dropout: 30% Dropout: 20%

Figure 11.3: Architecture of the mass-parameterised DNN trained against the total back-
ground separately for the sum of 20SS+07,,q, 20SS+>1mqand 3¢/4¢ + >07,,qregions and
for the 200S+>17,.q region.
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Variable 205S5/3¢/4¢ DNN | 20S+>1mhaqa DNN
Number of jets (Njets) Y Y
Number of hadronic tau candidates (N;) Y -
Type of di-leptonic event (ee, ey or ) Y Y
Type of tri-leptonic event (eee, eep, e or i) Y -
Total number of light leptons Y -
Total charge of all leptons (including hadronic taus) (sumQ) Y Y
pr sum of all light leptons (Hr jep) Y Y
pr sum of all jets (Hr jets) Y Y
pr sum of all hadronically decaying taus (Hr tau) Y Y
Missing transverse energy (EMss) Y Y
Sum of pseudo-continuous b-tagging scores of jets (sumPCB) Y Y
Sum of pseudo-continuous tau tagging WPs (sumPCT) Y Y
Sum of pseudo-continuous PLIV WPs (sumPLIV) Y -
Invariant mass of two closest b-jets in AR (miinAR) - Y
Average AR between two b-jets (ARpp) - Y
Minimum of invariant mass of light-lepton and Thaq pairs (miin) - Y

Table 11.2: Input variables for mass-parameterized signal versus background neural net-
works.

In contrast to the g2HDM and VLLe/u analyses, PLIV cuts on light leptons are dropped
in this analysis to increase signal acceptance. Instead, powerful fake light lepton rejection
is provided by constructing a new variable called the sum of pseudo-continuous PLIV
(sumPLIV). This variable is constructed using the PLIV working point (WP) passed by
each light lepton in the event:

e A weight of 2 is assigned to a light lepton if it passes both the Tight and VeryTight
PLIV WP.

e A light lepton receives a weight of 1 if it passes the Tight PLIV WP but not the
VeryTight WP.

e No weight is assigned to the light lepton if it passes only the Medium PLIV WP.

These weights are then scaled by predefined factors to emphasize the contribution of light
lepton in different positions: the first light lepton is scaled by 27, the second by 9, the third
by 3, and the fourth by 1. Similarly, the RNN WPs for 7,4 identification are used to create
the sum of pseudo-continuous tau tagging (sumPCT). Figure 11.4 shows the difference
in shape of these variables for the signal and background, in an inclusive region used for
training the NN against the sum of backgrounds in the 20SS+07,.4, 20SS+>17,,4 and
30/40 + >07haa SRs. The signal MC peaks towards the higher (lower) end of the sumPLIV
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(sumPCT) distributions. This approach ensures optimal separation of fake light leptons
from the signal without the need to exclude these from the phase space, which may have a

non-negligible impact on signal acceptance in the region.
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Figure 11.4: Scaled distributions of (a) Sum of pseudo-continuous PLIV WPs (sumPLIV)
and (b) Sum of pseudo-continuous 7 tagging WPs (sumPCT) in an inclusive region used for
training the DNN against the sum of the events passing the 20SS+07j,.q, 20SS+>17,.4 and
30 /4l + >0Tyaq selections. The signal MC corresponds to a VLL of 500 GeV and is shown
in blue, while the sum of backgrounds is indicated in red.

The distributions of the score of the DNN classifiers for a 500 GeV VLL, shown in
Figure 11.5, show good discrimination between the signal and background distributions.

The performance of the DNN classifiers is evaluated using Receiver Operating Character-
istic (ROC) curves, shown in Figure 11.6. The distributions of the signal and background
shapes in the training variables used in the NNs is shown in Appendix B, for a 500 GeV
VLL.
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Figure 11.5: Scaled distributions of DNN classifier scores for (a) the sum of the events
passing the 20SS+07aq, 20SS+>174,q and 3¢/40 + >07,.q selections and (b) events passing

the 200S+>17,,q selection. The signal MC corresponds to a VLL of 500 GeV and is shown
in blue while the sum of backgrounds is indicated in red.
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Figure 11.6: Area under the receiver operating characteristic (ROC) curve for the NN
performance for various mass points. The training is performed for (a) the sum of the
events passing the 20SS+07,,q, 20SS+>17,,q and 3¢/4¢ + >07,.q selections and (b) events
passing the 200S+>17,,q selection.
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11.3.2 Blinding strategy

The lowest excluded VLL mass from the CMS search is at 500 GeV. The event yield from
this signal is used for blinding bins with signal over background over 5% to avoid bias while

estimated SM backgrounds in a background-only fit.

11.3.3 Control regions

Figure 11.7 highlights the main SM backgrounds expected in the SRs. Major prompt
backgrounds originate from ttW, ¢ttt and tty* production, with smaller contributions from
V'V in the 3¢ and 4¢ channels. Non-prompt light lepton backgrounds originate mainly from
semi-leptonic b-decays and populate the 2¢SS channels. Backgrounds from mis-identified
Thad, Mainly from ¢t and Z + jets, dominate in the 2SS+ > 17,,q4 SRs. Dedicated CRs
are defined to estimate or correct major backgrounds common to the SRs, summarised in
Table 11.3.
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Figure 11.7: Background composition in the SRs.

All backgrounds are estimated using simulated samples described in Section 8.5.2. Event
kinematics of the simulated ¢, Z+jets and V'V backgrounds require dedicated corrections
to better describe the data, borrowed from Chapter 10. Yields of ttW, ttZ, VV and
non-prompt-lepton backgrounds from semi-leptonic b-decays, are adjusted via normalisation
factors that are determined by performing a likelihood fit to data across all event categories,
shown in Section 9.5. Estimation of the fake 7,,q background from ¢t and Z-jets is described
in Section 11.3.3.
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11.3. Analysis strategy

Control regions WZ+ttZ ttW HF non-prompt
Niets > 2

Nojets > 1p85% OpE5% 1b35%
Lepton requirement 30 20SS

Lepton definition (L, M, M) (T, T) (T, Moy )
Lepton pr |GeV] (10, 20, 20) (20, 20) (20, 20)
mps > [GeV] > 12 -

Imgs 5" —my| [GeV| <10 -

Region split

subleading e/p X [(T, Mex)]

Region naming

30 WZ+41Z 2(SS/0S tTW 208t (e) (701,

206t (1) (7, Mo)

Table 11.3: Event selection summary in the CRs. Light leptons definitions from Table 8.6 are
used. In the HF non-prompt lepton region naming, “2¢SStt(e)” (“2¢SStt(u)”) refer to the CRs
enriched in non-prompt electrons (muons) from semi-leptonic b-decays originating mostly
from ¢t and with the lepton flavours for the leading and subleading leptons corresponding

to “667,[1,6” (“u,u, B,M”).



VLLs from the 4321 model 269

Estimation of fake 7,,q background

The dominant fake 7,,4 background comes from ¢t or Z + jets events where a jet is misiden-
tified as a 7,,q candidate. This background is estimated using a semi-data-driven approach,
where the predictions from MC simulations are taken as the baseline and data-to-MC scale
factors (SFs) are derived as a function of the pr of the reconstructed m,,q and multiplicity
of associated charged tracks, using a region enriched in tf events with at least one recon-
structed (fake) Thaq. Uncertainties in the SFs are evaluated in an alternative control region
dominated by the Z -+ jets events with at least one reconstructed (fake) 7,,4. The SFs
(flake) are determined for three exclusive identification working points: Loose-not-Medium,

Medium-not-Tight and Tight, as shown in Equation 11.1.

Ndata _ NMC
f7f_ake — T real 7 (111>
N

where N9 is the number of Ty.q reconstructed in data, and NM¢ and NMC are the
number of real and mis-identified 7,,q in MC simulation respectively. Figure 11.8 shows the
distributions of fiake obtained from tt +17y,q and Z + jets +17,,q Tegions, as a function of
Thada PT and number of tracks. The largest difference between the two estimates is in the
case of the Loose-not-Medium WP for 3-prong taus. These SFs are applied to fake 7.9

events in all processes and in each region.
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factors (ff*k°) are derived from tf + 17,4 (pink) and

Z +jets + 1mhaq (purple) regions for 1-prong 7,4 in various working points: (a) Loose-not-
Medium WP, (b) Medium-not-Tight WP, and (c¢) Tight WP. Similarly, for 3-prong 74,
the working points are: (d) Loose-not-Medium WP, (e) Medium-not-Tight WP, and (f)
Tight WP. The shaded bands represent the statistical uncertainties.
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Estimation of light-lepton fake background

The template fit method, described in detail in Chapter 10, is used to estimate the
normalisation of ¢tW, V'V (heavy flavor), ttZ and non-prompt electrons and muons from
semi-leptonic b-decays. These selections used to create these regions are described in
Table 11.3. The number of events in the ¢/ and HF non-prompt CRs are used to estimate
the normalisation of the respective background. On the other hand, the b-jet multiplicity
in the WZ+ttZ CR is used to provide a good separation between the WZ (dominant at
Npjets = 1) and ttZ backgrounds (dominant at Npjes > 1). Pre-fit distributions of these
CRs are shown in Figure 11.9.
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Figure 11.9: Pre-fit comparison between data and the background prediction for the CR
variables used in a template fit to data. The blue hashed band includes both statistical and
systematic uncertainties.
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11.3.4 Summary of analysis regions

The summary of regions defined in analysis is illustrated in Figure 11.10. A total of 4 SRs
(Table 11.1) and 4 CRs (Table 11.3) are defined.
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Figure 11.10: Illustrative sketch of multilepton regions defined in the 4321 analysis.

11.4 Systematic uncertainties

All systematic uncertainties listed in Chapter 8, except those on JER, JES, and EX5 are
included in the systematic model built for the analysis. These missing uncertainties, together
with the models built for tf and Z + jets in Chapter 10, and systematic uncertainties in
the signal MC and 7,4 (described in Section 11.3.3) are expected to be included in the fit
to data, including the SRs. Table 11.4 shows a summary of the systematic model. The

components yet to be included are marked in gray.
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Systematic uncertainty Components  Systematic uncertainty Components
Luminosity 1 VLL modelling
Pileup reweighting 1 QCD scale (up, pr) 1
Physics Objects Parton shower 1

Electron 5 as+PDFs 1
Muon 10 ttH modelling
Tau 21 Cross section (N) 1
Jet energy scale and resolution 31 Parton shower and hadronisation model 1
Jet vertex fraction 1 ttW modelling
Jet flavour tagging 15 Generator 1
Episs 3 QCD scale 1
Total (Experimental) 88 ttZ modelling
Data-driven background estimates Cross section (N) 1
£ NNLO/NNLL(QCD)+NLO(EW) theory reweighting 2 Matrix-element MC generator 1
Fake 7y.q estimates 14 tt modelling
Mat. Conv. modelling 1 Cross section (N) 1
Int. Conv. modelling 1 Radiation 2
Total (Data-driven reducible background) 18 Parton shower and hadronisation model 1
Generator 1
‘WZ modelling
Cross section (N) 1
Heavy flavour composition (N) 1
Other background modelling
Cross section (N) 10
Total (Signal and background modelling) 26
Total (Overall) 134

Table 11.4: Sources of systematic uncertainty considered in the analysis. N means that the

uncertainty is taken as normalisation-only for all processes and channels affected. Some of
the systematic uncertainties are split into several components, as indicated by the number
in the rightmost column.
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11.5 Results

This section discusses the results of a control region only (CR-only) fit performed to validate
the modelling of all major SM backgrounds. This fit, also called the template fit, includes
the 4 CRs defined in Table 11.3 and fits normalisation factors for ttW, ttZ, VV and
non-prompt leptons (HFe, HF ). All systematic uncertainties discussed in Section 11.4 are
included in the fit except those for ¢t and Z + jets, which are sub-leading backgrounds in
these regions.

The results of this fit are discussed in Section 11.6. Preliminary sensitivity of the
search estimated including statistical uncertainties from the ML channels is discussed in
Section 11.7. This search is expected to be statistically limited and negligible degradation
of sensitivity is expected from considering various systematics uncertainties. The section

concludes with a brief discussion of the results from the 7j,,4-only channels in Section 11.8.

11.6 Background-only fit to data in control regions

A CR-only fit to data, including the 4 CRs defined in Table 11.3, was performed to
fits normalisation factors (NFs) for ¢tW, ttZ, V'V and non-prompt leptons (HFe, HF ),
shown in Figure 11.11b. Figure 11.11a shows the pulls and constraints on the nuisance
parameters, while figure 11.12 shows the correlation matrix between the nuisance parameters
and normalisation factors above a 20% threshold. The NFs for the non-prompt leptons
backgrounds are compatible with those measured in the VLLe/ analysis and slight difference
is expected due to a looser b-tagging WP used in this analysis. Further, the NFs for ¢£7,
ttW and V'V are compatible with the VLLe/u analysis as well. No significant pulls or
constraints are seen in the NPs. Correlations between some two-point systematic NPs and
respective NFs (for example, between the ¢tZ modelling NP and Norm ¢¢{Z and similarly
for ttW) are expected because of the acceptance effect of the NP. Post-fit distributions of
the CRs are shown in Figures 11.13.
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Figure 11.11: Fitted normalisation factors for a C'R-only fit to data. The normalisation
factors for the background components of HF, and HF), as well as WZ (Heavy Flavor),
ttZ and ttW are left free-floating.




276 11.6. Background-only fit to data in control regions

S. Epari, PhD Thesis

Norm_¥V_HF 0.2
Morm_fake_HF_el -30.1
Norm_fake HF_mu 0.0
HittW) 03

Norm_ttZ -0.0
ATLAS_FTAG B0 0.0
ATLAS_FTAG_CO 0.0
ATLAS_FTAG_CE -0.0
ATLAS_FTAG_LO -0.0
ATLAS_TRIG_MU_SYST 0.0
QMisID x-section 0.0

WtZ x-section 0.0

HWHF x-section 0.0

W modeling (generator) LF 0.0
#Z modeling (Shower) | 304 -0.1 | -1.3 | 3.0 04 61 -00 :-32 02 00 : 09 i 07 : 01 0.0

) Stat error bin 0 HFe CR 02 301 00 | 03 [ -00 ;00  -00:-00:-00 00 00 00 00 & 00

t . s 2z 3 ¥ 8 8 8 2 5; 5§ £ 5 w § «

1 w ] = 15 | | { | > g G ° = = o

2 I w = £ o] O] o] Q & b} @ @ = 2 o

B | I 8 < =4 -4 < | @ @ b ] 2 g

! Q | = = = = = = = * * @ 7 T

E = @ w L w . 5 =

5 = = | | i | = o N w g = o

2 { K 2] %) %) [ I > z < I = c

- £ 2 8 5 o9 g : 8 5 s

s E E & E E S g ¢

= o = 1

< o N hod

5 g il

= = @

=

Figure 11.12: Correlation matrix for a CR-only fit to data. Only nuisance parameters and
normalisation factors above a 20% threshold are shown.
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Figure 11.13: Post-fit comparison between data and the background prediction for the
control region variables used in the template fit. The blue hashed band includes both
statistical and systematic uncertainties.
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11.7 Preliminary sensitivity from multilepton channels

Figure 11.14 shows the NN score distributions in the SRs defined in Table 11.1. The t#tt
background dominates at high NN scores in the 2¢SS+07,,q4 SR. The 2/SS+>17,.q and
200S+>17haq SRs are dominated by the fake 7,4 background.
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Figure 11.14: NN score distributions for the SRs defined in Table 11.1.

These distributions are used to estimate the 95% CL expected limits on the cross-section
of the VLL as a function of the VLL mass considering a fully Asimov fit considering
only statistical uncertainties and normalisation factors for the prompt ttZ, ttW and

V'V and for heavy flavor electron and muon backgrounds. The result is shown in Fig-
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ure 11.15. The combined exclusion is around 690 GeV, with maximum sensitivity from
the 20SS+>1m,,4 SR at lower masses and competitive sensitivity from the 20SS+>17j.4,
20SS+0Thaq and 200S+>17,.q9 channels at higher masses. This analysis is statistically
limited and little to slight degradation is expected from adding systematics to the model.
The combined sensitivity at low masses is comparable to that from the CMS analysis

(Figure 11.2).
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Figure 11.15: Statistical-only 95% CL expected limits on the cross-section of the VLL as a
function of the VLL mass for the ML regions.

11.8 Results from 7y,,9-only channels

Events in the 7,,4-only channels were selected with at least 7,,q candidate and at least three
b-jets and no light leptons, to complement the effort from the CMS search. To enhance
signal acceptance in the phase space, events are selected using a trigger bucket strategy,

combining acceptances from the missing transverse energy (MET) trigger, single 7y,,q trigger
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(STT), di-Thaq trigger (DTT) and the b-jet (BJET) trigger in sequential order. Five SRs,
depending on the combination of triggers used, number of 7,4 and b-jets were defined
to maximise sensitivity. The selections used to define the SRs is shown in Table 11.5.

Dedicated mass parameterised NNs were trained to optimally reject background in each of

the SRs.

‘ Signal region ‘ 1730 MST ‘ 17 > 4b MST ‘ 173b BT ‘ 17 > 4b BT ‘ >27>3b
Trigger bucket MET u STT ‘ BJET MET STT ‘ DTT
Number of Taq 1 >2 2 (0S) or >3
Thad 1D Tight > 1 Loose | > 1 Medium ‘ > 2 Medium
Number of b-tags Q77% 3 ‘ >4 ‘ 3 >4 >3
Number of jets >4 >3
NN score category 1r MST ‘ 17 BT > 27

Table 11.5: Summary of the selection cuts for each of the five SRs. The last row refers
to the NN score distributions obtained from the event categories considered for the signal
optimization using the neural networks. Table taken from Ref [236].

Major prompt backgrounds in this phase space include ¢t and Z + jets, corrected using
the procedure described in Chapter 10. Additionally, the QCD multi-jet background was
estimated using a data-driven method. Comparison of data and background Monte Carlo
for each of the 5 SRs is shown in Figure 11.16. In general, good agreement between the
data and predicted background yields is seen across all SRs.

95% CL upper limits are set on the cross section for the VLL pair production as a
function of the assumed myry,. Figures 11.17 shows the 95% CL upper limits on the VLL
pair production cross section as a function of myry,. The observed and expected 95% CL
lower limits on myyy, are 910 GeV and 970 GeV, respectively. This first ATLAS result for
VLL search in the final states with the third generation of SM fermions from VLL decays
through U; rules out the 2.80 excess reported by the CMS collaboration [235]. The search
sensitivity is driven by the > 27 > 3b channel in the targeted mass range. At high mass
(myLr > 700 GeV), the 17 MST channels also reinforce the sensitivity further.
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Figure 11.16: Comparison between data and the background prediction in the 7,,4-only SRs
categories. The blue hatched band shows the combined size of the statistical and systematic
uncertainty. Figures taken from Ref [230].
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Figure 11.17: 95% CL expected limits on the cross-section of the VLL as a function of
the VLL mass for a combination of all 0¢ signal and control regions. Figure taken from
Ref [236].

11.9 Conclusions

This chapter presented the preliminary studies conducted for the search for vector-like
leptons preferentially coupling to third generation SM fermions. VLLs from the 4321 model
couple to a third generation SM quark by exchanging Uy, producing final states with multiple
T, b-jets and missing transverse energy. The 4321 model can accommodate anomalies in
B-meson decays and (g — 2),. A search for VLLs from the 4321 model was performed by
the CMS collaboration using the 96.5 fb~! dataset collected in 2017 and 2018, and a broad
2.80 local deviation in final states with multiple 7,,q candidates, while excluding VLLs up
to 500 GeV (650 GeV expected). This ATLAS search for VLLs from the 4321 model in the
Thaq-only channel disfavors the 2.80 excess reported by the CMS collaboration. Preliminary
sensitivity to the model is estimated from the light lepton channels and is competitive with
the ATLAS 7,.q-only channels and the CMS search at low VLL masses. Despite the lack
of an excess compatible with the model, these channels are interesting in their own right
by being the one of the first analyses to search for new physics in multilepton final states

with at least 3 b-tags and high missing transverse energy. The results from these channels
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will be finalised and combined with those from the 7,,4-only channels in the final ATLAS
publication. In particular, the strategy of using the sum of pseudo-continuous PLIV as an
input to the signal-versus-background neural networks was developed within the context of
this search. This approach ensures optimal separation of fake light leptons from the signal
without the need to exclude these from the phase space, which may have a non-negligible

impact on signal acceptance in the region.



Chapter 12

Conclusions and outlook

Let me tell you a secret.

There is no perfect cookie.

The Standard Model (SM) of particle physics is, to-date, the most well-known, consistent
and well-tested framework for describing matter at its smallest scales. Despite the SM’s
success in explaining observed phenomena, there remain numerous unresolved questions
in particle physics, including the nature of dark matter, the hierarchy problem, and the
matter-antimatter asymmetry in the universe, to name a few. Since the energy scale at
which new physics might emerge is unknown, the LHC’s strategy is to cast a wide net,
searching across a diverse set of final states and models.

The work presented in this dissertation covers three diverse but related aspects of
the ATLAS experiment at CERN. The central idea of this thesis is structured around
searches for new phenomena in final states with two, three or four or more leptons, termed
multilepton final states. These signatures are particularly promising in searches for Beyond
Standard Model (BSM) physics for several reasons. Firstly, they are a feature in decays of
particles from many distinct BSM models, such as those predicting new heavy resonances,
supersymmetry (SUSY), or models involving extended Higgs sectors, making searches in
these states highly versatile. Secondly, multilepton signatures typically have background
contributions from SM processes that are well-understood or easily corrected compared to
other final states, allowing for enhanced sensitivity to potential new physics. Moreover, these
channels often benefit from reduced systematic uncertainties due to their well-understood
background composition and lepton identification efficiencies. Consequently, most searches

in multilepton final states are statistically dominated and will scale effectively with the
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increased integrated luminosity expected in future LHC runs.

Three distinct BSM models, motivated by current experimental tensions, are presented in
this dissertation. These searches use data from proton-proton collisions at a center-of-mass
energy of /s = 13 TeV recorded by the ATLAS detector at the Large Hadron Collider
during Run 2 and explore final states involving multiple light leptons, taus, jets, and missing
transverse energy (ER%) and provide a broad overview of potential new physics scenarios

accessible with multilepton searches at the LHC.

The g2HDM search

The first-ever LHC search for a flavorful general two Higgs doublet model (g2HDM) is
presented in this dissertation. This model is an extension of the SM with an additional
complex Higgs doublet, giving rise to five Higgs bosons: two CP-even scalar fields, one
CP-odd pseudo-scalar and two charged Higgs. In the alignment limit, the target model
allows FCNCs in the heavy Higgs sector while respecting the SM-like nature of the h(125)
particle discovered at the LHC. This model is phenomenologically interesting since it can
explain the generation of the baryon asymmetry in the universe.

The g2HDM model considered in this search has four degrees of freedom: the mass
of the heavy neutral Higgs my and py, (the coupling between the top and up/charm or
another top quark). The various g2HDM signals explored lead to final states with same-sign
tt, ttq, tttq, three top and four top quarks, leading to final states with two same-sign, three
or four light leptons and multiple b-jets. Deep neural networks are trained to create signal
regions targeting these different decay modes since this approach has the potential to allow
sensitivity to other BSM models with similar final states. Finally, dedicated DNNs are then
trained in each signal region to optimally reject SM backgrounds. The major backgrounds
expected in the analyses are from non-prompt leptons from semi-leptonic b-decays from
tt and prompt ttWW. The former are suppressed with requirements on BDT-based lepton
isolation referred to as PLIV. Signal processes initiated by wu or ug interactions are
more charge-asymmetric than the ttW background. Therefore, categorizing signal regions
(SRs) by the total charge of light leptons provides additional separation between the tZW
background and the signal processes.

A maximum-likelihood fit is performed across categories in order to test for a possible
signal and constrain the leading backgrounds simultaneously. A broad excess was observed
in the 4-dimensional parameter space of allowed masses and couplings, with the largest local

significance being 2.8 standard deviations, for a signal with my = 900 GeV and p;=0.32,
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ptc=0.05 and p;,,=0.85. The largest pre-fit tension between data and the background yields
was observed in the sstt, ttq and tttq SRs. The normalisation factor of £/ was measured
higher than unity, compatible with dedicated measurements of the SM ¢t cross-section.
This search was also used to set limits on RPV SUSY models motivated by flavour and
(9 — 2),, anomalies, featuring multiple light leptons and b-jets in the final state, using the
existing DNNs that were trained for the g2HDM model.

This search is dominated by statistical uncertainties and is expected to have a more
sophisticated follow-up by adding in data collected in Run 3. Improvements in the signal
acceptance are expected from relaxing light lepton selections in the signal regions, like
PLIV. This can significantly increasing the signal yield, at the cost of a dramatic increase of
background, particularly from non-prompt leptons. This increase can be compensated for
by a more advanced neural network to reject this background by taking PLIV as an input
training variable (as done in the VLL4321 search Chapter 11), rather than as a per-lepton
selection criterion. Further improvements are expected using a dedicated neural network

training for each mass hypothesis, to be sensitive to the heavy Higgs boson mass.

The VLLep search

This is the first direct LHC search for pair-produced vector-like electrons and muons,
collectively termed vector-like light leptons (VLLs). Compared to the broad LHC search
program for vector-like quarks, VLL searches are only recently gaining interest and are
challenging because VLLs are expected to be produced via the electroweak interaction and
thus, have much lower production cross-sections. Models containing these particles might
explain the observed tensions between the measured and predicted values of the anomalous
moment of the muon and the electron, and the Cabibbo angle anomaly. Simplified models
of VLLe and VLLy, from either an SU(2) doublet or an SU(2) singlet are considered in
this search. Depending on the SU(2) representation, VLLs decay to a SM lepton and a
h/W/Z boson.

The search is structured in channels with two opposite-sign (2¢0S), three (3¢) or four
(4¢) light leptons. Channels with at least two opposite-sign electrons are used to target
VLLe while those with at least two opposite-sign muons are used to target VLLu. Signal
regions targeting distinct signal topologies are defined in the 2¢OS and 3¢ lepton channels
depending on the number of hadronically or leptonically decaying h/W /Z and leptons
using dedicated signal-vs-signal-vs-background categorisation deep neural networks. The

advantage of defining the above topologies is to design signal regions sensitive to not only
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the VLL models, but also any similar non-VLL like topology that falls into one of the above
categories. In the absence of an overall excess in the search, this categorisation is valuable to
possibly pin-point the features of a different BSM signal by looking at the topologies which
show the most disagreement with data, as input to future studies. A single neural network
is used to target both singlet and doublet signatures by using E¥5 as an input variable to
the neural network. A simple cut-and-count search is done in the 4¢ channel where distinct
signal topologies cannot be defined. Sophisticated corrections are developed for improving
the simulation of major backgrounds expected in the 2¢0S channel, namely ¢t and Z-+jets.
Further, the normalisation of these backgrounds, separately in signal regions with unique
ad-mixtures of light and heavy flavor jets from these processes, is estimated in the statistical
fit to data. The normalisation of t¢Z and t{WW backgrounds are measured higher than unity,
compatible with the measurement from other analyses in a similar phase space, and all
other normalisation factors are measured compatible with unity. No significant excess is
observed over the SM expectation value after the likelihood fit to data in any of the SRs,
for any of the models under study. The VLL, singlet is observed (expected) to be excluded
at 95% confidence level for masses up to 320 (300) GeV while the VLL, doublet is observed
(expected) to be excluded at 95% confidence level for masses up to 1220 (1230) GeV. The
VLL,, singlet is observed (expected) to be excluded at 95% confidence level for masses up
to 400 (330) GeV while the VLL,, doublet is observed (expected) to be excluded at 95%
confidence level for masses up to 1270 (1250) GeV. This search is dominated by statistical
uncertainties.

In the doublet models, the 3¢ channel is most sensitive to the VLL signal, with the
2008 channel providing better sensitivity for VLLs with masses greater than 1 TeV. The
increased luminosity and higher center-of-mass energy in Run 3 will further enhance the
sensitivity, particularly at higher VLL masses. For the singlet models, the main sensitivity
at low masses comes from 4¢ channel and from the 2¢OS channel at high masses. While this
search will also benefit from Run 3 data, additional optimizations are necessary to improve
the sensitivity of this search, due to the significantly lower cross-sections of this model. In
particular, sophisticated multi-variate techniques are being developed to reject background

efficiently at at VLL masses, while loosening event selections to improve signal acceptance.

The VLL4321 search

The third search presented in this dissertation is aims to search for pair-produced VLLs from

a ‘4321’ model, preferentially coupling to third generation SM fermions. The ‘4321” model
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is a UV-complete model built from the larger gauge group SU(4) x SU(3) x SU(2) x U(1),
and introduces a host of BSM gauge bosons, VLQs and VLLs. It can accommodate
current experimental anomalies in low energy fermionic processes like B-meson decays,
while remaining consistent with electroweak precision measurements. A search for VLLs
from the 4321 model was performed by the CMS collaboration using the 96.5 fb~! dataset
collected in 2017 and 2018, and a 2.8¢ local deviation between fit to the signal+background
model as compared to background-only model, almost irrespective of the VLL mass was
reported, in final states with >3 b-jets, split according to the multiplicity of 7y,q. This
ATLAS search for VLLs from the 4321 model in similar 7,,4-only channels disfavors the
2.80 excess reported by the CMS collaboration.

The work presented in this dissertation estimates preliminary sensitivity to the model
from the light lepton channels not explored in either the ATLAS or CMS search. Events
are separated into channels with two same-sign (2¢SS), opposite-sign (2¢0S) and 3¢/4¢
leptons with various 7,,q multiplicities. In contrast to the g2HDM and VLLe/u analyses,
PLIV cuts on light leptons are dropped in this search to increase signal acceptance. Instead,
powerful fake light lepton rejection is provided by constructing a new variable called the
sum of pseudo-continuous PLIV (sumPLIV), constructed using the PLIV working point
(WP) passed by each light lepton in the event. This approach ensures optimal separation of
fake light leptons from the signal without the need to exclude these from the phase space,
which may have a non-negligible impact on signal acceptance in the region. Dedicated
mass-parameterised deep neural network (DNN) classifiers are trained against the total
background, separately for the sum of the two same-sign and three or more light lepton
channels and the channel with two opposite-sign leptons, ensures optimal background
discrimination in all channels. The tttt background dominates at high NN scores in the
2055+4-0Thaq SR. The 20SS+>17,.q and 200S+>171,.q4 SRs are dominated by the fake 7j,.q
background.

The preliminary sensitivity to the model is estimated from these light lepton channels
is competitive with the ATLAS m,.q-only channels and the CMS search at low VLL
masses. The combined exclusion is around 690 GeV, with maximum sensitivity from the
20SS+>1mh.qat lower masses and competitive sensitivity from the 20SS+>17,.q, 20SS+0Taq
and 200S+>17,,q4 channels at higher masses. This search is statistically limited and little
to slight degradation is expected from adding systematics to the model. Despite the lack
of an excess compatible with the model, these channels are interesting in their own right

by being the one of the first analyses to search for new physics in multilepton final states
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with at least 3 b-tags and high missing transverse energy. The results from these channels
will be finalised and combined with those from the 7,,4-only channels in the final ATLAS

publication.

Studies with TileCal MinBias data

The work on searching for BSM physics is complemented by the other two topics covered in
this dissertation, on studying the TileCal light yield degradation with the data obtained by
the integrator read-out of the ATLAS TileCal during Run 2 and deriving TileCal-related
uncertainties for the ATLAS luminosity measurement in Run 3.

The former study is the first Run 2 study providing valuable feedback to the TileCal
Phase-II upgrade plans, such as the replacement of the E-cells during the Long Shutdown
2, before the start of Run 3. The results from this study are also essential for re-processing
physics data and affect the determination of jet and missing transverse energy related
uncertainties. Compared to previous studies on the subject, for the first time, the track-
counting luminosity was used as a reference to have a stable measurement over a large
period of time. The study estimated the effect of damage and ageing of the scintillators
and wavelength shifting fibres in TileCal cells to be between 10% to 30% depending on the
location of the cell from the interaction point.

The latter measurement affects counting of the measured number of events of a certain
theoretical process, is used by every ATLAS measurement using the dataset and is a limiting
factor in precision analyses measuring physics cross-sections. The work done on this subject
emphasizes the role of TileCal in the ATLAS luminosity measurement in the 2022 and 2023
data-taking periods in Run 3. The overall uncertainty in the luminosity determination in
2022 was estimated to be 2.19% (1.91% from TileCal) and in 2023 was estimated to be
2.04% (1.2% from TileCal).



Appendix A

Discriminating variables used in the g2HDM

search

The discriminating variables used as input to the signal-versus-signal and signal-versus-
background categorisation neural networks (NN) in the g2HDM search presented in Chap-
ter 9 are shown in Figures A.1-A.7. In each figure, the total SM background is shown in
grey and signal processes from the benchmark set of couplings, i.e, py = 0.4 and p;, = 0.20
with my = 400 GeV, are shown in different colours. In each category, only most relevant
signals are shown, normalised to a cross-section of 12 fb™!. The definitions of the discrimi-
nating variables is summarised in Table 9.1. The following variables, used for training the

signal-versus-signal NNs, are shown:
e Sum of py of the jets (Hr jets)

e Sum of pr of the leptons (Hrep)

Number of jets (Niets)

Sum of pseudo-continuous b-tagging scores of jets (sumPCB)

Pseudo-continuous b-tagging score of 1, 2", 3 leading jet in pr (Npjets)

Angular distance of leptons, dR(l,1)

Missing transverse energy (EMmis®)
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The following variables, used for training the signal-versus-background NNs in addition

to the ones mentioned above, are shown:

e Leading pr of jet

e Invariant mass of leading lepton and
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Figure A.1: Sum of pr of jets for 2¢SS categories sstt, ttq, ttt, tttq and tttt (top)
3¢ categories ttt, tttq and tttt bottom).
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Figure A.4: Pseudo-continuous b-tagging scores for 2/SS categories sstt, ttq, ttt, tttq and
tttt (top), for 3¢ categories ttt, tttq and tttt (bottom).
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Figure A.5: Number of central b-jets (77% WP) for 2SS categories sstt, ttq, ttt, tttq and
tttt (top), for 3¢ categories ttt, tttq and tttt (bottom).
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Figure A.6: Angular distance between first and second lepton for 2¢SS categories sstt, ttq,

ttt, tttq and tttt (top), for 3¢ categories ttt, tttq and tttt (bottom).
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Figure A.8: Missing transverse energy for 2¢SS categories sstt, ttq, ttt, tttq and tttt (top),
for 3¢ categories ttt, tttq and tttt (bottom).
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Figure A.9: pr of the leading jet for 2SS categories sstt, ttq, ttt, tttq and tttt (top), for 3¢
categories ttt, tttq and tttt (bottom).
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Figure A.10: Invariant mass of leading lepton and missing transverse energy for 2SS
categories ttq, ttt, tttq and tttt (top), for 3¢ categories ttt, tttq and tttt (bottom).



Appendix B

Discriminating variables used in the mul-
tilepton channels of the VLL4321 search

The discriminating variables used as input to the signal-versus-background categorisation
neural networks (NN) in the VLL4321 search presented in Chapter 11 are shown in
this Appendix. Figure B.1 shows the variables used to train the NN for the combined
2055/30/40+ > Ompaq channel, against signal from a VLL of mass 500 GeV. Similarly,
Figure B.2 shows the variables used to train the NN for the 200S+>17,,4 channel, against
signal from a VLL of mass 500 GeV. The definitions of the discriminating variables is
summarised in Table 11.2. The following variables, used for training the 2¢SS/3¢/4¢ NN,

are shown:
e Number of jets (Njets)
e Number of hadronic tau candidates (V)
e Type of di-leptonic event (ee, eu or puu)
e Type of tri-leptonic event (eee, eep, epp or pupup)
e Total number of light leptons
e Total charge of all leptons (including hadronic taus) (sumQ)
e pr sum of all light leptons (Hr ep)
e pr sum of all jets (Hr jets)

e pr sum of all hadronically decaying taus (Hr tau)
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e Missing transverse energy ([FMiss)

e Sum of pseudo-continuous b-tagging scores of jets (sumPCB)
e Sum of pseudo-continuous tau tagging WPs (sumPCT)

e Sum of pseudo-continuous PLIV WPs (sumPLIV)

For training the 200S+>17,,9 DNN, N, the variable identifying the type of tri-leptonic
event, the variable counting the total number of light leptons and sumPLIV are dropped

and the following variables are introduced in addition:
e Invariant mass of two closest b-jets in AR (my)
o Average AR between two b-jets (AR, ®)

min

e Minimum of invariant mass of light-lepton and 7,,q pairs (mj™")
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Figure B.1: Signal and background distributions of training variables for the 255/3¢/40+ >

OThaq channels against signal from a VLL of mass 500 GeV
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Figure B.2: Signal and background distributions of training variables in 200S+>17},,q chan-
nel against signal from a VLL of mass 500 GeV.
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