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ABSTRACT

In the Standard Model of particle physics, neutrinos are considered massless.
However, neutrino oscillation experiments have demonstrated that neutrinos have
non-zero mass. This discovery challenges the fundamental assumptions of the
Standard Model. To explain the smallness of neutrino masses, physicists have
proposed theories beyond the Standard Model, such as the seesaw mechanism.
This mechanism introduces the concept of heavy right-handed neutrinos to ac-
count for the low mass of neutrinos in the Standard Model. The neutrinoless
double beta decay process serves as a crucial research avenue for investigating

heavy neutrinos.

This thesis uses the full Run-2 data collected by the ATLAS detector at the
Large Hadron Collider to search for right-handed Majorana neutrinos through top
quark pair decay processes. The full Run-2 data refers to proton-proton collision
data at a center-of-mass energy of /s = 13 TeV, with an integrated luminosity
of 140.1fb~!. The physical target is to investigate the neutrinoless double beta
decay of a W boson in the final state of top quark pair events, where the W boson
decays to produce either an electron or muon and a heavy right-handed Majorana
neutrino. Subsequently, the heavy neutrino further decays into another charged
lepton of the same flavor and charge, along with an off-shell W boson, resulting

in a final state with same-sign di-electrons or di-muons.

This thesis employs a multivariate analysis approach based on boosted deci-
sion trees to distinguish signal from background. The analysis achieves significant
enhancements in sensitivity and stability through comprehensive optimization of
input variables and hyperparameters. Additionally, by comparing truth-level in-
formation, leptons from different sources are classified. This information is used
to define control regions, and template fit methods are applied to estimate the
contributions of dominant backgrounds. Subsequently, all systematic uncertain-
ties in the analysis are estimated and incorporated into the fitting process to
enhance the reliability of the results. Finally, the thesis uses a maximum like-
lihood estimation method to fit the signal and control regions to estimate the

signal strength of the heavy neutrinos at different mass points.

No significant excess over the expected background is observed in the data.
Therefore, upper limits on the coupling parameters to electrons and muons are

set for Majorana neutrinos in the mass range of 15-75 GeV. For a heavy neutrino

—1II -
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with the mass of 40 GeV, the final results are |V€7N]2 < 2.0 x 107* and |V#,N]2 <
6.8 x 107°. This thesis extends the ATLAS search for heavy neutrinos to a mass
range of up to 75 GeV and is the first search for heavy right-handed neutrinos
through top quark pair decay events. These results provide reliable evidence for

future searches of heavy neutrinos and the exploration of new physics.

Key words: LHC, ATLAS, Majorana neutrino, BSM, t¢, seesaw mechanism
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Chapter 1 Introduction

The detection of flavor oscillations in neutrinos from the sun, atmosphere, nu-
clear reactors, and particle accelerators provides compelling evidence that neu-
trinos have a non-zero mass. This discovery strongly suggests the presence of
physics beyond the Standard Model (SM), which originally treated neutrinos as

massless particles.

Several theoretical models can accommodate the Majorana mass, including
SO(10) Supersymmetric (SUSY) grand unification theories [1-3], along with other
Grand Unified Theories (GUTs) [4-6]. These models naturally link the small
masses of neutrinos to new physics at the GUT scale. Therefore, within the

framework of GU'Ts, the mass of heavy Majorana neutrinos, My, is typically of

the order of the GUT scale.

Among the various seesaw mechanisms, the Type-I seesaw is the most straight-
forward, introducing three heavy neutral leptons [7-10]. This model involves
three right-handed (RH) neutrinos, (Ng,), and the full mass term for neutrinos

is given by:

_ o~ 1 _
—L = YiaL1i®PNpo + 3 (MN) o5 NigoNrs + Hee. (1.1)

where ¢ = 1,2, 3 is the generation index, a = e, u, 7 is the RH neutrino flavor
index. The Lagrangian L), is given here, the Matrix elements y;, representing
the strength of interactions between left-handed quark doublet index and right-
handed neutrino index, the conjugate of the left-handed lepton doublet L;;, the
conjugate of the Higgs field ® and Hermitian conjugate H.c. are shown in the
right side. After the electroweak symmetry breaking, the neutrino mass matrix

in the flavor basis {ug, N Ra} is given by,

Mz/ = ( OT MD) ' (12)
M} My

Diagonalizing the mass matrix above results in a mixing between light and
heavy neutrinos. Here, My and Mp correspond to the Majorana and Dirac

mass matrices, respectively. Consequently, the light-flavor neutrinos v;;, can be

-1 -
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expressed as a superposition of both light and heavy mass eigenstates:

3 6
Vi, = Z UimVmr + Z Vim N1 (1.3)
m=1 m=4

In this framework, v,,;, denotes the left-handed neutrino mass eigenstates,
and Ny, represents the charge-conjugated right-handed neutrino states. The
mixing matrices U and V satisfy the unitarity condition UUT + VVT = I. When
the Majorana mass matrix My is on the order of the GUT scale, the mixing
parameters between light and heavy neutrinos, V3, ~ Mp/My, are generally too
small to significantly affect physical processes. However, if My is much smaller,
the influence of these heavy Majorana neutrinos could potentially be observable
in existing experiments. Thus, exploring the viability of the seesaw mechanism
at lower energy scales is crucial, both theoretically and experimentally.

Recently, several low-scale Type-I seesaw models have been proposed (see
examples, e.g., [11-16]), where the mass scale of My may be within reach of
future experiments. This opens a unique opportunity to investigate the connec-
tion between the origin of neutrino masses and the observed matter-antimatter
asymmetry via leptogenesis at colliders (for a review, see e.g., [17]).

As shown in Equation (1.1), generating Majorana neutrino masses also leads
to lepton number violation with |AL| = 2. The lepton-number-violating (LNV)
processes serve as a potential signature to probe the mechanism of neutrino mass
generation. One promising probe for Majorana neutrinos is neutrinoless double
beta decay (0v33) [18-20].

Multiple experiments are investigating heavy neutrinos through the Drell-Yan
process at the Large Hadron Collider (LHC), particularly via W boson decays.
The CMS Collaboration has recently performed searches for heavy Majorana
neutrinos via the Drell-Yan process ¢q¢ — W* — N/ and the photon-induced
process vq — W*¢ — N/{q¢' in trilepton and same-sign dilepton final states.
These results provide stringent limits on |V, NWﬂ2 ranging from O (107°) to unity
for heavy neutrino masses between 20 GeV and 1600 GeV [21, 22]. The ATLAS
Collaboration also set constraints on the heavy neutrino mixing with muon and
electron neutrinos for HNL masses from W boson decays in the range of 4.5-
50 GeV [23]. Additionally, ATLAS recently conducted a search for HNLs in
W boson decays through displaced dilepton vertices in the mass range of 3—
15 GeV [24]. More recent ATLAS analyses have searched for Majorana neutrinos

in same-charge WW scattering events, probing their interaction with electrons

-2 -
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and muons in the HNL mass range of 50 GeV-20 TeV [25, 26].

The Large Hadron Collider can produce copious top quark events and give
a good opportunity to test the low-scale seesaw models [27, 28] . In this work,
we will demonstrate that the top quark neutrinoless double beta decay process
t — bjjlEl* provides a new way to search for the [15,75] GeV heavy Majorana
neutrino, which will give the signature of the same-sign same-flavor dilepton plus
multi-jet through ¢¢ production at the LHC.

This thesis presents the first search for a heavy neutrino using the tf process.
After performing the statistical treatment on our signal region and control regions,
we will set the limit on the mixing parameters |V, y|* and |V, x|* in the mass range
of 15 GeV < my < 75 GeV at 13 TeV LHC with the luminosity of 140.1 fbfl,
which extends the ATLAS results from 50 GeV to 75 GeV.

In this analysis, I was fully involved in all stages, contributing significantly to

key components of the study. My contributions include:

o Monte Carlo production for all the signal samples and CxAODs production

for all the background samples.
o Design and development of a comprehensive analysis framework.
e Optimization of event selection and categorization.
o Definition of signal and control regions.
o Implementation and optimization of multivariate analysis techniques.
« Estimation of systematic uncertainties for major background processes.

o Data analysis, including background estimation, template fitting, and sta-

tistical treatment.
o Setting upper limits on mixing parameters.

o Presenting all approval talks at different stages

This thesis is structured as follows: Chapter 2 presents a concise overview
of the theoretical background, encompassing both the standard model and be-
yond standard model theories. Chapter 3 offers a brief introduction to the Large
Hadron Collider and the ATLAS detector. The procedures for reconstructing
and identifying various physics objects within the ATLAS detector are outlined

-3 -
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in Chapter 4. Chapter 5 provides an in-depth discussion of the search for the

heavy neutrino.

Section 5.1 details the signal process and background processes

Section 5.2 describes object selection, event selection, and event reconstruc-

tion.

Section 5.3 provides definitions of signal and control regions.

Section 5.4 describes the multivariate analysis

Section 5.5 summarizes systematic uncertainties.

Section 5.6 presents different fit results from the statistical treatment.

Section 5.7 presents the upper limit results for the mixing parameters

Finally, Chapter 6 summarizes the conclusions of this thesis.
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Chapter 2 Theoretical Overview

This chapter provides an overview of the theoretical foundations. Section 2.1
briefly describes the Standard Model of particle physics, followed by an overview
of the heavy neutrino mechanism in Section 2.1. The physics involved in hadron

colliders is discussed in Section 2.2

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics [29, 30| is a widely accepted theory
that describes all fundamental forces in the universe and classifies all known
elementary particles. Quantum Field Theory (QFT) serves as the mathematical
framework for the SM. Developed during the latter half of the 20" century, the
SM has successfully explained experimental observations in particle physics. In
2012, the ATLAS and CMS experiments [31, 32] at the LHC observed the Higgs
boson, the final particle predicted by the SM, further solidifying the model’s
validity.

In the Standard Model, elementary particles are categorized into two groups:
fermions and bosons. Fermions, which have spin 1/2, are the fundamental con-
stituents of matter, while bosons, with spin 1, mediate the interactions between
these particles. Additionally, the masses of these particles are determined by the
scalar Higgs boson, which has spin 0.

The fermions are classified into leptons and quarks, and both are divided
into three generations, with mass increasing across generations, as shown in Fig-
ure 2.1. The leptons are further categorized into charged leptons (e=, u=, 77),
which interact via weak and electromagnetic interactions, and corresponding neu-
tral leptons, called neutrinos (v., v, v;), which interact only through the weak
interaction.

The SM contains six types of quarks: up quark(u), down quark(d), charm
quark(c), strange quark(s), top quark(?), and bottom quark (b). They each
carry a fractional charge () in units of the positron charge: +2/3 charge for the
up, charm, and top quarks, and -1/3 charge for the down, strange, and bottom

quarks. They can interact strongly, weakly, and electromagnetically. They also
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carry a color charge with three flavors: red (r), green (g), and blue (b). In
nature, only colorless particles exist due to the color confinement phenomenon.
This means that free quarks are always confined to uncolored particles called
hadrons. Hadrons composed of three quarks are classified as baryons, which have
half-integer spin, while hadrons composed of a quark-antiquark pair are mesons,

which are integer spin particles.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il 1]
mass ~ =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge | % % % 0 0
won | QU v (C » . @ |- H
up charm top gluon higgs
=4.7 MeV/c? =96 MeV/c? =4.18 GeVic? 0
—s s s 0
« « (S « (B "
down strange bottom photon
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeVi/c? =91.19 GeV/c?
-1 -1 -1 0
» (& v (H v » &
electron muon tau Z boson
<1.0 eVic? <0.17 MeV/c? <18.2 MeVic? =80.39 GeV/c?
0 0 0 +1
¥ Ve % Vp ¥ V1 1 \M
electron muon tau
neutrino neutrino neutrino W boson

Figure 2.1: Elementary particles and their properties in the Standard Model.
The twelve fermions and five fundamental bosons (the eight gluons and the two

W bosons are shown in a single g and W box, respectively) are shown.[33]

The Standard Model includes twelve spin-1 bosons: the photon, which carries

the electromagnetic force between charged particles; three bosons (W', W~ and

Z) that mediate the weak force; and eight gluons that mediate the strong force.

The Standard Model (SM) comprehensively describes three fundamental in-
teractions: electromagnetic (governing charged particle behavior), weak (respon-
sible for nuclear decay processes), and strong (binding nucleons in atomic nuclei
and confining quarks within hadrons). Notably absent from the SM is gravity,
which remains described by Einstein’s general relativity; its negligible strength

at particle interaction scales makes it irrelevant for most SM phenomena.

The SM is based on the gauge symmetry: SU(3). x SU(2), x U(1)y. The
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SU(3). describes color symmetry and strong interactions, while SU(2), x Ul(y)
represents electroweak interactions proposed by Glashow, Salam, and Weinberg

in the 1960s [34, 35]. Consider the Lagrangian density for a free spin 1/2 particle:

£ = (i, — m)o, (2.1)

where the 1) = ¥ (x) means the Dirac spinor of a spin % fermison. Consider the
U(1) gauge transformation, where m is the mass of the particle, v* are the Dirac
gamma matrices, 9, = 9/9z* is the derivative, ¢ = ¢ is the Dirac adjont of

the spinor. Under a local U(1) transformation, the spinor field transforms as:

P — 1 = e, (2.2)

the Dirac Lagrangian could be expressed:

L— L =L —y"d,a(x)b. (2.3)

To keep gauge invariance under the U(1) changes, the derivative 9, could be
replaced by the covariant derivative D,. The covariant derivative D, must satisfy

the following condition:

Dyib(x) = Dyib(z) = e Dyi(a), (2.4)

Equation 2.4 is satisfied for:

D,b(x) = 0, + ie Ay, (2.5)

/ 1
Ay — A, =A,— Eaua(x). (2.6)

In Quantum Electrodynamics (QED), the gauge field A, can be interpreted
as the gauge field of the electromagnetic interaction with the interaction strength

denoted by e. The QED Lagrangian can then be given by:

. 1 v
Lopp =Y (W'D, —m) ¢ — ZLFWF“ , (2.7)

where F,, = 0,A, — 0,A, and F,, F* is the kinetic energy term of the photon.

Quantum Electrodynamics is invariant under U(1) gauge transformations,

whereas Quantum Chromodynamics (QCD) is based on the gauge symmetry
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group SU(3), which is a non-abelian group'. Due to the SU(3) gauge symmetry,

the spinor field can be transformed as follows:

s
Pale) = (@) = explio, X - 7 () (), (28)
where 1) 4 is the spinor for a quark with color A, a is the strong coupling constant,

%
A presents the eight Gell-Mann matrices and F(;E) are the eight angles. Then
the QCD Lagrangian could be written as:

1 o - .
Locp = —ZGQBGAB + Z Va(iy" Dy — m)apis, (2.9)

flavours
where —%GﬁBGZB represents the kinematic term for the gluons, with the Ggﬁ
being the gluonic field strength tensor.

QED and QCD are associated with U(1) and SU(3) local gauge symmetry,
respectively. The weak interactions under SU(2) local gauge transformations
could be defined as:

V() = (@) = exp [ B (2) - T | v(a), (2.10)

where & are the three Pauli spin matrices, the generators of the SU (2) group.
The g @ () = (ay(z), as(x), as(z)) are the three functions that specify the local
phase at each point in space-time, and gy is the gauge coupling constant. Three
gauge fields W,Ek) with £ = 1,2,3 which are the analogous of A, in QED are
introduced to conserve the symmetry. These gauge fields correspond to gauge
bosons W W and W® . The charged currents are expressed as a linear

combination of W,El) and W,Em :

1 ,
W, = 7 (W Fiw ) (2.11)

The wave function ¢ (z) has two components since the generators of the SU(2)
gauge transformations are the 2 x 2 Pauli matrices, which is called weak isospin
doublet. The weak isospin doublet contains flavors differing by one unit of electric

charge, i.e., the neutrino-electron isospin doublet:

dr(z) = ( (o) ) . (2.12)

LA non-abelian gauge symmetry group is a gauge group where the group operations do not

commute, meaning the order of transformations affects the result.
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The weak isospin quantum number [y is used to describe the weak interaction.

Left-handed fermions are in weak isospin doublets with Iy = %, while right-
handed fermions form weak isospin singlets with Iy = 0. The coupling of particle
wave functions to these bosons depends on the third component from the weak

isospin charge, I3,. For example:

61}, UR, dR. (213)

Experimental evidence demonstrates that the Z boson interacts with both
left-handed and right-handed states, indicating that it cannot be identified as the
W®) boson associated with the SU(2);, local gauge symmetry. Similarly, photons
couple to both left-handed and right-handed particles. In the electroweak model
formulated by Glashow, Salam, and Weinberg, the U(1) of QED is replaced by
a U(1)y local gauge symmetry governed by the weak hypercharge Y. The weak
hypercharge is defined as:

Y =2Q — 218, (2.14)

where @ is the electromagnetic charge of the particle and W4' is the third compo-

nent from the weak isospin. The B* is defined based on the electroweak mixing

Z, B cosy —sin By, Wj (2.15)
A, sinfy,  cos Oy B, .

and the angle is defined as:

Weinberg angle 6y:

/

gw g
= = 2.16
sinfy  cos By “ (2.16)

where e represents the charge of the electron, gy corresponds to the coupling
constant of the SU(2),, local gauge transformation, and ¢’ denotes the coupling
constant of the U(1)y local gauge transformation. The SM described so far does
not include the mass of the bosons and fermions. However, the masses of these

particles are introduced into the SM through the Higgs mechanism.
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2.2 Beyond the Standard Model: Incorporating Majorana

neutrinos

The Standard Model needs to be extended to incorporate a neutrino mass
term, as the original SM does not provide a mechanism for neutrino masses. A
common method is to extend the SM by introducing m sterile neutrinos, denoted
as v,. With the inclusion of these sterile neutrinos, two different mass terms can

be constructed.

The first is the Dirac mass term, which introduces a coupling between the

sterile and the SM neutrinos:

L, birac = —MpijVsiVi;. (2.17)

Here, Mp is a complex 3 X m matrix, where 3 corresponds to the three gener-
ations of left-handed SM neutrinos, and m corresponds to the number of sterile
neutrinos. This Lagrangian introduces a Yukawa coupling for neutrinos, allow-
ing them to gain mass similarly to the charged leptons via the Higgs mechanism.
Also, the Dirac mass term conserves the lepton number, but not the lepton flavour
number, which means the neutrino oscillations remain possible. However, this
mechanism alone does not explain why the observed neutrinos are significantly
lighter than the charged leptons. The discrepancy suggests the need for addi-
tional mechanisms or mass terms, such as the Majorana mass term, to explain

the smallness of neutrino masses.

Alternatively, one can postulate that the sterile neutrinos are Majorana par-
ticles, meaning they are their antiparticles. In this case, the Lagrangian can

include a Majorana mass term:

1

- C
‘CM,,7 Majorana — _5 NijVsilVg;- (218)

The Majorana mass term involves two sterile neutrino fields and a symmetric
m x m matrix Mpy. This term explicitly breaks lepton number conservation by
two units, allowing for processes that are forbidden in the Standard Model if the

lepton number is conserved.

Both the Dirac and Majorana mass terms can be combined into a single

Lagrangian:
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1 0 M
Lo, = —= ( ¢ u ) D (”g) + he (2.19)
2 Mp My v

S

where (I/C, DS)T is a 3 + m-dimensional vector and h. c¢. is the hermitian
conjugate of the previous expression. The matrix M, is symmetric and complex,

and it can be diagonalised to get the mass eigenstates.

2.3 The Seesaw Mechanism

The eigenvalues of M, in Equation 2.19 determine the masses of the observable

neutrinos. The eigenvalue problem associated with M, has two solutions:

My 1 1 4N,
mi:Ti§\/M]2V+M2:§<MN:EMN 1+M]2V>- (2.20)

Assuming My > Mp, the two solutions correspond to a light (v) and a heavy

(N) neutrino state:

2
|my, | ~ M_D and my ~ My. (2.21)
N

This relationship is where the name ”seesaw mechanism” originates: the heav-

ier the heavy neutrino N is, the lighter the light neutrino v becomes.

Assuming the existence of the Majorana term, the seesaw mechanism predicts
that there is a light and a heavy neutrino for each neutrino generation. The light
neutrino will have masses significantly smaller than the other fermions in the SM,

while the heavy neutrino will be very massive.

For illustration, if we take |m,| &~ 0.1eV, which is compatible and consistent
with the current experimental limits on neutrino masses. If the Dirac mass is
on the order of magnitude of the electron mass, i.e. ~ Mp = O(1MeV), Equa-
tion 2.21 would postulate that my = O(10TeV). Alternatively, if the Dirac mass
was closer to the mass of the 7 lepton or quarks, i.e.. mp = O(1GeV), the

resulting heavy neutrino mass would be my = O (10" TeV).
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2.4 Physics at Hadron Colliders

The presence of hadrons, which are composite particles, adds layers of com-
plexity to hadron-hadron collisions in contrast to collisions at lepton colliders,
where elementary particles interact. This complex situation can be broken down
into various sub-processes and stages, as detailed in Section 2.4.1. An overview
of cross-section and parton density functions is presented in Section 2.4.2. The

process of event simulation is discussed in Section 2.4.3.

2.4.1 Proton-proton Collisions

In proton-proton collisions, the primary hard scattering process involves inter-
actions between two constituent partons, while the remaining proton constituents
contribute to additional activity as shown in Figure 2.2. The different colored
elements in the figure mean the different energy scales in the event evolution,
which are sequentially modeled in Monte Carlo simulations. The hard scattering
process (upper purple circle) involves one parton from each colliding proton. Both
the incoming partons and the produced particles in the hard scattering could sus-
tain radiation processes (red lines), described theoretically through parton shower
models. Radiation emitted by the incoming partons is classified as initial state
radiation (ISR), while that from outgoing partons constitutes final state radiation
(FSR). These partons evolve through successive emissions until they reach the
hadronization phase (light green circles), where they combine into color-neutral
hadrons that subsequently decay into stable particles (dark green circles). The
resulting collimated sprays of hadrons form what we observe as jets. Meanwhile,
interactions between the proton remnants (bottom purple circle) contribute to

what is known as the underlying event activity.

2.4.2 Cross-section and Parton Density Function

As discussed in Section 2.4.1, In a proton-proton collision, the interaction can
be treated as the sum of individual interactions from any two constituents from
each proton. As a result, only a portion of the total center-of-mass energy (1/s)

is available for the hard scattering process.
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Figure 2.2: Schematic view of the interaction at a pp collider.

This portion is referred to as the partonic center-of-mass energy, Vs = /T35
Here, x1 and x5 are the Bjorken z-variables, which represent the fractions of the
proton’s momentum interacted by the two partons. The cross-section for a spe-

cific process can then be written as:

o= Z/d$1d172 - fil@y, pr) [i(w2, pir) - (8, g, ir), (2.22)

1,J
where ¢ and j represent different parton types.

The partonic cross-section & describes proton-proton (pp) interactions at a
given partonic center-of-mass energy V3, calculated through perturbative meth-
ods. The theoretical prediction of ¢ involves two arbitrary scales: the renor-
malization scale ur and factorization scale pp, whose exact values cannot be
uniquely determined at finite orders of perturbation theory. A conventional ap-
proach to estimate this theoretical uncertainty involves varying both scales by
factors between 0.5 and 2 relative to their central values and examining the
resulting variations. For most processes, Next-to-Leading Order (NLO) calcula-

tions are available, which incorporate O(a;) virtual corrections and real emission
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contributions. Current theoretical developments are progressively advancing to-
ward Next-to-Next-to-Leading Order (NNLO) precision, where two-loop virtual
corrections are included, yielding significantly improved prediction accuracy.
Figure 2.3 shows a summary plot of cross-section measurement results from
different SM processes by the ATLAS experiment, and all of them are consistent

with the theory predictions within uncertainties, respectively.

. . Status: October 2023
Standard Model Production Cross Section Measurements alus: Selober

—_

o, total (x2)
"é 101 Frgag e ATLAS Preliminary Theory
N o imew V5 =5,7,8,13,13.6 TeV
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Figure 2.3: Several Standard Model total and fiducial production cross-section
measurements by ATLAS are listed here. The measurements are compared to

the respective SM theory predictions. [36]

The parton distribution function (PDF'), denoted as f,(x), means the prob-
ability density of finding a parton with a momentum fraction x inside a proton.
The factorization scale pup serves as a regulator for collinear divergences that
emerge from soft gluon emissions and parton splitting processes. Experimental
determinations of proton PDFs primarily rely on data from deep inelastic scatter-
ing experiments (e.g., HERA) combined with precision measurements at hadron
colliders. These measurements are vital for constraining PDF parameters and
advancing our knowledge of proton substructure [37].

Multiple PDF sets exist in the literature, differing in their theoretical ap-
proaches and experimental inputs. These distributions are initially determined at

a reference energy scale and can be evolved to other scales through the Dokshitzer-
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Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations. The DGLAP framework de-
scribes the energy dependence of both the strong coupling constant o, and parton
radiation patterns, enabling reliable PDF predictions across various energy scales.
This scale evolution is crucial for theoretical predictions at energies beyond those

directly accessible in experiments. A representative set of PDFs extracted from
ATLAS data is shown in Figure 2.4 [38].

ATLAS Preliminary Q’ =10 GeV*

08 —— ATLASepWZtopl8 NNLO .
uncertainties:
B cxperimental
model xu,
N parameterisation

06 0 epWZ

Xg (x 0.05)

04}

02

— L

107 107 107

Figure 2.4: An example of the PDFs extracted from a fit to ATLAS data.

2.4.3 Event Simulation

To compare observed data with theoretical predictions, it is essential to simu-
late both the physics processes and the detector response. The simulation process
involves several key steps: first, the generation of the final state particles resulting
from a collision; then, the interaction between these particles and the detector;
and finally, the digitization of the simulated data. This sequence ensures that
the simulated events closely resemble the actual data collected by the detector,
allowing for accurate comparisons between theory and experiment.

Various Monte Carlo (MC) methods are utilized to simulate distinct phases of

particle collisions listed on Section 2.4.1. The hard scattering process is calculated
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perturbatively, where initial-state radiation is incorporated through exact matrix
element (ME) computations at fixed order. When determining the hadronic cross-
section, decisions must be made regarding the factorization and renormalization
scales, as well as the choice of the PDF set. These choices are critical for the
theoretical calculations and can significantly influence the accuracy and precision
of the results. Therefore, it is essential to carefully consider and evaluate these

parameters to ensure reliable and meaningful predictions for hadronic processes.

Parton showers (PS) are vital for accounting for higher-order effects that
go beyond the fixed-order matrix element calculation. They capture soft and
collinear emissions, providing a more comprehensive understanding of particle
interactions in high-energy collisions by including additional layers of complexity

that are not covered by the fixed-order calculations alone.

Several general-purpose event generators are available to address the physics

at LHC experiments [39], and below list the most commonly used generators:

Sherpa excels in the perturbative event phase, providing automated genera-
tion of tree-level matrix elements through its two comprehensive ME generators.
It features advanced phase-space integration methods and extends its capabilities
to support next-to-leading order accuracy via automated subtraction methods.
Additionally, SHERPA includes a default parton-shower algorithm that relies on
the Catani-Seymour dipole factorization formalism, its own hadronization model,
and various enhancements such as a detailed model of hadron and 7 decays, QED
final-state radiation, and a simulation of the underlying event based on multiple-

parton scattering.

Powheg interfaces parton-shower Monte Carlo generators with fixed NLO
QCD computations. Its key features include NLO accuracy for infrared-safe ob-
servables, summation of collinear emissions at the leading-logarithmic level, and
proper treatment of the double logarithmic region (i.e., soft and collinear gluon
emission).

Pythia is a general-purpose generator with over 30 years of development. It
offers more than 200 hard-coded subprocesses, primarily covering 2 — 1 or 2
— 2 interactions, and a few 2 — 3 interactions. Unlike other generators such
as SHERPA, PYTHIA does not automate new process code generation but instead
reads Les Houches Event files, ensuring compatibility with a range of external pro-
grams, including general-purpose matrix-element programs like MADGRAPH and

many processes within the POWHEG framework for NLO calculations. PyTHIA
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is renowned for its modeling of Multiple Parton Interactions (MPI) and provides
an inclusive description of the total proton-proton cross-section, incorporating
elastic, single and double diffractive, and non-diffractive soft processes.

MadGraph functions as the matrix element generator in this analysis. It
generates matrix elements for processes such as decays or 2 — n scatterings.
By specifying the desired initial and final state particles, MADGRAPH produces
Feynman diagrams and corresponding code for calculating the matrix element at
specific phase space points. This code is used for cross-section or decay width
calculations and event generation. The output is then passed to external pro-
grams like PYTHIA for simulating parton showers, underlying events, and other
phenomena.

Herwig++ builds on the original HERWIG (Hadron Emission Reactions With
Interfering Gluons) framework. It features angular-ordered parton showers to
capture color coherence effects accurately and includes unique physics features
such as automatic generation of hard processes and decays with full spin corre-
lations for many BSM models, NLO matching with the POWHEG method, and
advanced models for hadronic decays, particularly for bottom hadrons and 7 lep-
tons. It also includes models for hard and soft multiple partonic interactions to
simulate the underlying event and inclusive interactions.

The event generation process produces final-state particles from the primary
interaction vertex. These particles are subsequently propagated through the de-
tector using GEANT4 simulation. To optimize computational efficiency, a fast
simulation approach (Atlfast-II) [40] is employed, which utilizes parameterized
response models for calorimeter showers. The simulated events are then com-
bined with inelastic pile-up interactions, and a reweighting technique is applied
to match the distribution of interactions per bunch crossing to the observed data.

Following detector simulation, the Monte Carlo events undergo identical re-
construction and analysis chains as applied to collision data. Additional correc-
tions are implemented to align the simulation with the actual detector perfor-
mance, particularly for object reconstruction efficiencies and identification crite-

ria, thereby minimizing residual discrepancies between simulation and data.
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Chapter 3 The Large Hadron Collider and the
ATLAS Detector

The Large Hadron Collider (LHC) [41] represents the highest-energy hadron
accelerator and collider facility worldwide. With a circumference of 26.7 km
buried approximately 100 m underground across the Franco-Swiss border, the
LHC repurposes the underground infrastructure originally constructed for its pre-
decessor, the Large Electron-Positron Collider (LEP), decommissioned in 2000.

The LHC complex houses seven principal detector systems: the general-
purpose ATLAS and CMS detectors, the heavy-ion focused ALICE experiment,
the flavor physics LHCb detector, and the specialized LHCf, TOTEM, and MoEDAL
installations. ATLAS holds the distinction as the largest detector by physical di-
mensions, while CMS ranks as the most massive. Both ATLAS and CMS serve as
multipurpose detectors capable of precision Standard Model measurements and
searches for new physics phenomena. Their joint discovery of the Higgs boson in
2012 remains the LHC’s most celebrated scientific breakthrough to date.

This section is organized as follows: a brief overview of the LHC in Section 3.1,
followed by a description of the ATLAS detector in Section 3.2.

3.1 The Large Hadron Collider

3.1.1 Accelerator Complex

The accelerator complex is a sequence of machines designed to progressively
increase particle beams’ energy. Each unit in this chain accelerates the particles
further before injecting them into the next stage. The LHC represents the final
stage in this series. During LHC Run-2, the particle beams were accelerated to an
energy of 6.5 TeV per beam. The layout of the accelerator complex is illustrated
in Figure 3.1.

Linear Accelerator 4 (Linac 4) replaced Linear Accelerator 2 (Linac 2) as the
new injector for the Proton Synchrotron Booster (PSB) in 2020, marking the
beginning of the proton acceleration chain. Linac 2 was decommissioned in 2018

after 40 years of service. Linac 4 accelerates negative hydrogen ions (H~ ions),
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which contain a hydrogen atom and an extra electron, to 160 MeV before injecting
them into the PSB.

CERN's Accelerator Complex
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Figure 3.1: Complex chain of the LHC accelerator.

The H~ ions are initially extracted from the ion source at 45 keV. The accel-
eration chain comprises successive stages: first, the radio-frequency quadrupole
(RFQ) accelerates the beam to 3 MeV; then drift tube linacs (DTLs) increase the
energy to 50 MeV; followed by coupled-cavity drift tube linacs (CCDTLs) reach-
ing 100 MeV; and finally Pi-mode structures (PIMS) achieving 160 MeV. During
injection into the Proton Synchrotron Booster (PSB), the H~ ions are stripped
of their electrons, converting them to protons. This stripping process doubles the
beam brightness and plays a crucial role in achieving the high luminosity of the
LHC.

The Proton Synchrotron Booster, with a circumference of 25 meters, increases
the proton energy to 1.4 GeV in 1.2 seconds. The protons are then transferred to
the 628-meter circumference Proton Synchrotron, where their energy is elevated
to 25 GeV. At this stage, the protons are organized into bunches with the same
frequency and spacing as those used in the LHC, and the beam is split into two

bunches, each containing approximately 1.1 x 10'' protons. The protons are
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subsequently directed to the 7 km-long Super Proton Synchrotron (SPS), where
they can be accelerated to 450 GeV.

Finally, the two proton beams arrive at the LHC, the last unit in the acceler-
ation chain. Filling each LHC ring takes 4 minutes and 20 seconds, followed by
an additional 20 minutes to accelerate the beams to 6.5 TeV using a 400 MHz
Radio-Frequency (RF) system. In the LHC, one beam circulates clockwise while
the other circulates counterclockwise. To ensure that both beams travel the same
path length, their positions are alternated between the inside and outside of the
ring during experiments. The beams are separated by 194 mm, which is the
nominal distance between the coil axes, and 420 mm in the RF cavities.

Thousands of magnets of various types and sizes are employed to guide the
beams around the accelerator. The 27 km underground tunnel of the LHC
is predominantly occupied by superconducting magnets. This includes 1,232
main dipole magnets, which are responsible for bending the beam, and 392
main quadrupole magnets, which focus the beam. Additionally, several inser-

tion quadrupole magnets further contribute to beam focusing and control.

3.1.2 Luminosity and Pile-up

The expected event yield in proton-proton collisions is given by:

N:LXUZJ/Edt, (3.1)

where L represents the integrated luminosity, o denotes the process cross-

section, and £ is the instantaneous luminosity determined by beam parameters:

r— N[,anfrev F (3.2)
dro,oy

with f.e, being the LHC revolution frequency, N, the number of protons per

bunch, n;, the number of bunches per beam, and o,, o, the transverse bunch

dimensions. The geometric reduction factor F' accounts for the crossing angle

effect:

9 97 —1/2

CO-Z

1 3.3
+(20*)] : (33)

where 6, is the crossing angle, o, the longitudinal bunch size, and ¢* the

F—

transverse beam size at the interaction point.
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Figure 3.2 displays the integrated luminosities sent by the LHC and recorded
by ATLAS during the 2015-2018 data-taking periods at /s = 13 TeV. The AT-
LAS detector maintained data-taking efficiencies consistently above 90% through-

out these operations.
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Figure 3.2: Cumulative luminosity versus time sent by LHC (with green color)
and recorded by ATLAS (with yellow color) during stable beams for pp collisions
at /s = 13TeV for the years: 2015 (a), 2016 (b), 2017 (c) and 2018 (d).

To sustain the target luminosity and collision rate at the LHC, proton bunches
are collided, resulting in multiple concurrent interactions per bunch crossing.
These additional collisions are known as pile-up interactions, whose character-
istics and frequency depend on both the collision energy and instantaneous lu-
minosity. Figure 3.3 displays the evolution of the mean number of interactions
per bunch crossing ({u)) during the 2015-2018 data-taking period, with values of
13.4 (2015), 25.1 (2016), 37.8 (2017), and 36.1 (2018), yielding an overall Run 2
average of (u) = 33.7.
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The parameter (u) is the mean of the Poisson distribution describing the

number of interactions per bunch crossing and for each individual bunch as:

Lbunch X Oinel
(n) = — (3.4)

where Lpunen denotes the per-bunch instantaneous luminosity, i, the inelas-

tic pp cross-section, and f, the LHC revolution frequency [42].
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Figure 3.3: Distribution of the mean number of interactions per bunch crossing
({u)) for ATLAS pp collision data collected during 2015-2018 at /s = 13 TeV.
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3.2 The ATLAS Detector

ATLAS is one of the two general-purpose detectors at the LHC, designed
to investigate a wide range of physics phenomena from Higgs boson studies to
searches for extra dimensions and dark matter candidates. The detector features
a cylindrical structure with perfect symmetry about the interaction point, mea-
suring 46 meters in length and 25 meters in diameter. With a total weight of 7,000
tons, it is installed 100 meters underground at Point 1 of the LHC ring, making
it the largest particle detector ever constructed. The overall layout of the AT-
LAS detector is displayed in Figure 3.4, while Figure 3.5 illustrates characteristic

particle interaction signatures within the detector.

W\ Tile calorimeters
' ‘ : LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiatfion fracker

Semiconductor tracker

Figure 3.4: Cut-away view showing the internal structure of the ATLAS detector.

This sophisticated detector system is specifically engineered to identify and
measure the most energetic particles produced in terrestrial experiments. It con-
sists of four primary detection systems arranged concentrically around the colli-
sion point, each optimized for specific measurement tasks. The innermost track-
ing system precisely reconstructs charged particle trajectories and measures their
momenta. Surrounding this, the electromagnetic calorimeter accurately measures
energy deposits from electrons and photons, while the adjacent hadronic calorime-

ter performs similar measurements for hadronic particles. The outermost muon
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spectrometer specializes in identifying muons and measuring their momenta. An
integrated superconducting magnet system generates the strong magnetic field
required to bend charged particle trajectories, enabling precise momentum mea-
surements throughout the entire detector volume.

The detector components are described in detail throughout this document:
Section 3.2.1 presents the three-layer inner detector system, comprising the pixel
detector, Semi-Conductor Tracker (SCT), and Transition Radiation Tracker (TRT).
Section 3.2.2 discusses the calorimeter system, with its external hadronic calorime-
ter and internal electromagnetic calorimeter. The muon spectrometer is de-
tailed in Section 3.2.3, while the magnet system specifications are covered in
Section 3.2.4. Finally, Section 3.2.5 introduces the trigger and data acquisition

System.
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Figure 3.5: Schematic representation of particle interactions and signatures in

the ATLAS detector subsystems.

3.2.1 Inner Detector

The Inner Detector (ID) [43] provides precise tracking of charged particles

in high-radiation environments, operating within a 2 T magnetic field from the
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barrel solenoid. This system comprises three complementary subdetectors with
barrel and end-cap configurations: the pixel detector, SemiConductor Tracker
(SCT), and Transition Radiation Tracker (TRT).

Closest to the beam pipe, the pixel detector enables high-precision vertex
reconstruction. The SCT delivers accurate momentum measurements, while the
TRT provides up to 36 hits per track for improved momentum resolution and pat-
tern recognition across a broad energy range. Combined, these systems achieve
precise tracking for charged particles within || < 2.5 and pr > 0.5 GeV. Fig-

ure 3.6 shows the ID’s internal structure.

21m

: End-cap semiconductor tracker

Figure 3.6: Cross-sectional view of the ATLAS Inner Detector showing its three-

layer architecture.

Pixel Detector Upgrade: During LHC’s first long shutdown, the Insertable
B-Layer (IBL) [44] was installed at 33.2 mm radius, becoming ATLAS’s inner-
most tracking layer. The IBL enhances tracking performance by 40% for low-
pr (~0.5 GeV) particles and improves b-tagging efficiency by 10% compared to
Run 1. Its 6 million pixels (50x250 ym? each) provide exceptional granularity,

achieving 8 x40 pum? spatial resolution in the 7-¢ plane.

The transverse momentum resolution of the Inner Detector is designed as:

1
o (—) =0.036% - pr @ 1.3%, (3.5)
pr
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where pr is measured in GeV.

The pixel detector system consists of the IBL plus three barrel layers (at radii
of 50.5 mm, 88.5 mm, and 122.5 mm) and three end-cap disks on each side.
The barrel region contains 1,456 modules (67 million channels) while the end-
caps have 288 modules (13 million channels), totaling approximately 80 million

readout channels. Each 50x400 pum? pixel provides intrinsic resolutions of:
o Barrel: 10 pm (r-¢) x 115 pm (z)
o End-caps: 14 pum (r-¢) x 115 pum (2)
Silicon Microstrip Tracker: The SCT contains four barrel layers (at 299 mm,

371 mm, 443 mm, and 514 mm radii) plus nine end-cap wheels per side, covering

60 m? with 4,088 double-layer modules. With 6 million channels, it provides:
« 8 hits per track in barrel (2 hits/layer)
e 9 hits per track in end-caps
o Intrinsic resolution: 16 pum (r-¢) x 580 pm (z)

Each module measures 6.36x6.40 cm?.

Transition Radiation Tracker: The TRT’s outermost subsystem comprises:

« Barrel: 144 cm straw tubes (73 layers, 50,000 straws, 563-1066 mm radius)
o End-caps: 37 cm straws (320 layers, 25,000 straws)

o Total: ~350,000 channels

With 36 hits/track capability, it enhances pattern recognition and momentum

resolution for 1-200 GeVparticles, achieving 130 pym resolution in r-¢ for |n| < 2.0.

3.2.2 Calorimeters

The ATLAS calorimeter system measures particle energies through interac-

tions with detector materials, with specialized subsystems for different particle

types:
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« Electromagnetic Calorimeter (EMAL): Used to measure electrons and
photons via electromagnetic interactions, using liquid argon and lead ab-

sorber technology

« Hadronic Calorimeter (HCAIl): Detects energy deposits from quark-

containing hadrons, providing essential data for strong interaction studies

Figure 3.7 shows the integrated calorimeter system layout.

Electromagnetic Calorimeter: The LAr electromagnetic calorimeter [45] com-

prises:
 Barrel region (|n| < 1.475)
« Endcap region (1.375 < |n| < 3.2)

This sampling calorimeter combines liquid argon (active medium) with lead
absorbers. The barrel’s unique accordion geometry (Figure 3.8) ensures complete
¢-coverage without dead regions. Incident electrons/photons create EM showers
in the lead, with ionization signals collected by electrodes. The total charge
provides a direct energy measurement with resolution:

OFE . 10%

E  VE

® 0.3% (3.6)

Hadronic Calorimeter: Unlike electromagnetic particles, hadrons interact
through both strong and electromagnetic forces, producing fundamentally dif-

ferent shower patterns. The hadronic calorimeter [46] utilizes:

o Steel absorber plates for hadronic interactions
 Scintillator tiles for energy sampling

This design optimally captures the complex energy deposition patterns charac-

teristic of hadronic showers.
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Figure 3.7: Cross-sectional view of the ATLAS calorimeter system showing the

electromagnetic and hadronic calorimeter components.

The hadronic calorimeter system features a barrel region with a central section
covering |n| < 1.0 and two extended barrels covering 0.8 < || < 1.7. Additional
coverage is provided by the hadronic end-cap calorimeter (1.5 < |n| < 3.2) with
copper absorbers and the forward calorimeter (3.1 < |n| < 4.9), which uses
one copper and two tungsten absorber layers. Both the end-cap and forward
calorimeters employ liquid argon technology.

The energy resolution for the barrel/end-cap and forward calorimeters is de-
scribed by Equations 3.7 and 3.8 respectively.
oE 50%

E  VE

E  VE

® 3%, (3.7)

& 10%. (3.8)
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Figure 3.8: Schematic view of the EM barrel modules.

3.2.3 Muon Spectrometer

The muon spectrometer (MS) is the outermost part of the ATLAS detector,
defining its overall dimensions. It spans a radial distance from 4.25 meters to 11
meters. The primary function of the MS is to identify and measure the momentum
of muons and provide triggers for muons with varying transverse momentum

thresholds down to a few GeV.

The MS is divided into 16 sectors in the x-y plane, based on their coverage
in ¢. These sectors include 8 large and 8 small sectors in both the barrel and
end-cap regions. Each sector is further subdivided into three sections: Inner,

Middle, and Outer, depending on their distance from the Interaction Point.

The muon spectrometer comprises four distinct parts utilizing different tech-
nologies to cover different 7 ranges. The Monitored Drift Tubes (MDTs) are
placed in the central regions (|| < 2.7), while the Cathode Strip Chambers
(CSCs) are located in the end-caps (2.0 < |n| < 2.7) for precise muon measure-
ment. The other two components are designed for the fast trigger system with a

time resolution of less than 25 ns, enabling the identification of the corresponding
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bunch crossing ID of a hit. The Resistive Plate Chambers (RPCs) are installed
in the barrel (|n| < 1.05), and the Thin-Gap Chambers (TGCs) are used in the
end-caps (1.05 < |n| < 2.7).

Figure 3.9 illustrates the geometry of the muon spectrometer. The barrel
MDT chambers are marked in green color, while the end-cap MDT chambers
are marked in blue color. In the barrel and end-caps, the RPCs and TGCs are
represented in purple, and the CSCs are highlighted in yellow.

MDT chambers
:F:_;-"/ ) Resistive plate chambers
- l\\l \ ﬂ
N \\! 5\ [\ | |
N \  Bameltoroid coi

-._ End-cap e
foreid.

Figure 3.9: A schematic side-view of the ATLAS Muon Spectrometer.

The Monitored Drift Tube (MDT) chambers, covering most of the Muon Spec-
trometer (MS) acceptance, consist of two MultiLayers (ML), with each containing
three or four tube layers. These tubes feature a 30 mm diameter with a central
50 um anode wire, achieving a single-hit resolution of approximately 80 pum. For
high-background regions in the end-caps, Cathode Strip Chambers (CSCs) pro-
vide enhanced performance through their four-layer design with 70,000 channels

and improved 60 pm resolution.

The trigger system employs Resistive Plate Chambers (RPCs) in two config-
urations: middle barrel chambers for low-pr triggers and outer barrel chambers
for high-pr triggers. These RPCs additionally measure the n-¢ position parallel
to MDT wires with 5-10 mm spatial resolution. Similarly, Thin Gap Cham-
bers (TGCs) handle end-cap background conditions through a system of 1,171
chambers containing 354,240 tubes (3 cm diameter, 0.85-6.5 m length), providing

both trigger signals and complementary 7-¢ position measurements with 80 pm
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resolution.

To enhance coverage in the transition region (1.0 < |n| < 1.4), four special
MDT chambers equipped with RPCs were installed, incorporating smaller-radius
tubes for improved rate capability. The muon momentum measurement relies on
trajectory reconstruction in the toroidal magnetic field (Section 3.2.4), where the

bending from Lorentz force enables momentum determination with resolutions of

3% at 100 GeV and 10% at 1 TeV.

3.2.4 Magnet System

The ATLAS magnet system comprises three superconducting components:
a central solenoid, a barrel toroid, and two end-cap toroids, as illustrated in
Figure 3.10.

The solenoid magnet, positioned between the inner detector (Section 3.2.1)
and electromagnetic calorimeter (Section 3.2.2), produces a 2 Tesla axial magnetic
field for precise momentum measurement of charged particles through trajectory
bending. This critical component measures 5.3 meters in length with 2.46/2.56
meter inner/outer diameters, featuring a 4.5 cm thick superconducting coil struc-
ture with a total mass of approximately 5 tonnes.

The superconducting air-core toroids consist of one barrel toroid and two
end-cap toroids, positioned around the calorimeters and extending to the muon
detectors. These toroids operate at a temperature of 4.5 K.

The barrel toroid, which covers |n| < 1.05, is composed of 8 separate coils.
Each coil has a length of 25.3 meters, an inner diameter of 9.4 meters, an outer
diameter of 20.1 meters, and the total weight of the assembly is 830 tonnes. This
toroid can store 1.08 gigajoules (GJ) of energy and provides a magnetic field of
about 4 Tesla.

The end-cap toroids, which cover the range 1.05 < |n| < 2.7, each contain 8
coils housed in a common cryostat. Each end-cap toroid has an axial length of
5.0 meters, an inner diameter of 1.65 meters, an outer diameter of 10.7 meters,
and weighs 240 tonnes. It can store 0.25 GJ of energy and provides a magnetic

field of approximately 4 Tesla.
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Figure 3.10: The schematic view of magnet system.

3.2.5 Data Acquisition System

Due to limitations in bandwidth and storage capacity, the ATLAS Trigger and
Data Acquisition system (TDAQ) cannot record all collision events. Additionally,
only a subset of these events contains the physics of interest. Consequently, it is

impractical to record every event at the collision rate of 40 MHz.

To manage the data rate, ATLAS employs a specialized two-level trigger sys-

tem, as illustrated in Figure 3.11.

The ATLAS trigger system is comprised of a two-level trigger architecture.
The Level-1 Trigger (L1) [47] is hardware-based, while the High-Level Trigger
(HLT) [48] is software-based and includes the Level-2 Trigger (L2) and the Event
Filter. The L1 Trigger must make a decision on whether to keep an event within
2.5 ms of its occurrence, during which time the event data is held in storage
buffers. The peak data rate at this stage is 6 TB per second. The L1 Trigger
processes a subset of information from the calorimeters and muon spectrometer
to identify events with high transverse momentum or large missing transverse
energy exceeding predefined thresholds. It then records the Region of Interest
(ROI), which contains the 1 and ¢ coordinates, along with full granularity data
from the inner detector. Following the L1 Trigger, the event rate is reduced to
100 K events per second and the peak data rate is approximately 160 GB per

second.

The High-Level Trigger (HLT) processes events using the complete detector
granularity, with an average execution time of 40 ms per event. Building upon the
Regions of Interest (ROIs) identified by the Level-1 Trigger, the HLT performs
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progressively refined object reconstruction. This system reduces the event rate

to approximately 1.5 kHz while sustaining a peak data throughput of 160 GB/s.

Accepted events are subsequently stored for detailed offline analysis.

Calorimeter detectors
Tile/TGC | Muon detectors

Detector
Read-Out

Level-1 Muon

Level-1 Calo

Preprocessor

Jet/iEnergy

¥ ¥
MUCTPI

DataFlow

Level-1 Accept

Read-Out System (ROS)

Level-1

Region Of Interest Data Collection Network

High Level Trigger
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Fas e _.
(FTK) [ _Processors 0(20) — Data Storage (SFO)
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Figure 3.11: Schematic diagram of the ATLAS trigger and data acquisition ar-

chitecture during Run-2 operations, showing the data flow from Level-1 Trigger

through High-Level Trigger processing.
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Chapter 4 Object Reconstruction

The accurate reconstruction and identification of physical objects represent
a fundamental requirement for physics analysis. These processes rely on a de-
tailed understanding of particle-detector interactions, as visualized in Figure 3.5,
which shows characteristic particle signatures across ATLAS subsystems. Basic
quantities like tracks and calorimetric clusters are formed by combining output
information from sub-detectors. These quantities are then used for reconstructing
the final physics objects. This section describes the procedures for the reconstruc-
tion and identification of all physics objects. These procedures are applied to both

simulated events and real data events.

4.1 Tracks, Vertices and Clusters

4.1.1 Tracks

Charged particle track reconstruction is performed by the Inner Detector (ID)
within the 2 T solenoid magnetic field, providing precise position measurements
for charged particles within |n| < 2.5. The ID employs two complementary re-
construction algorithms [49]: (1) The standard inside-out approach for primary
charged particles (defined as particles with mean lifetime > 3 x 107! s, produced
either directly in pp collisions or from decays of shorter-lived particles) begins
with cluster formation in Pixel/SCT detectors and drift circle identification in
TRT, converts these to 3D space-points, creates seeds from three Pixel/SCT
hits, propagates tracks outward using a combinatorial Kalman filter [50] for se-
lected seeds meeting pr and impact parameter requirements, and finally extends
tracks to TRT for a complete refit; (2) The outside-in algorithm specifically re-
constructs secondary particles from primary decays, initiating the process from
TRT information.

As shown in Figure 4.1, charged particle tracks in a magnetic field require five

parameters:

The track parameters are defined as follows: d, represents the signed trans-

verse impact parameter, corresponding to the minimum distance between the
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Figure 4.1: Track parameters in the transverse (left) and the r — z (right) planes.

track’s closest approach and the interaction point in the transverse plane; 7, de-
notes the longitudinal impact parameter, given by the z-coordinate of the closest
approach; ¢q is the azimuthal angle of the track direction at closest approach,
defined in the range [—m, 7| in the x — y plane; # indicates the polar angle of the
track direction at the interaction point, spanning [0, 7] in the z — R plane; and
q/p represents the ratio of particle charge to momentum.

The increasing detector occupancy due to pile-up can lead to nearby hits
from other particles, potentially confusing the pattern recognition algorithm. To
mitigate this and reduce the number of fake tracks, stricter criteria are applied
to reconstructed tracks. Specifically, the selection criteria require each track to
have at least 9 hits in the silicon detectors (Pixel and SCT), no holes! in the Pixel

detectors, and a transverse momentum (pr) greater than 400 MeV.

4.1.2 Vertices

Primary vertices are the spatial locations where p-p interactions occur [51].
These vertices are essential for reconstructing the full kinematic properties of an
event. The process of primary vertex reconstruction is divided into two stages:
vertex finding and vertex fitting. In the vertex finding stage, reconstructed tracks
are associated with potential vertices, with the selection of tracks originating
from the hard scatter vertex primarily based on the impact parameters dy and

z9- The vertex fitting procedure determines the precise vertex position through

LA hole refers to an expected measurement point along a track’s trajectory where a hit is

missing.
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an iterative process. After establishing the vertex position, incompatible tracks
are removed and may be reassigned to alternative vertices. The primary vertex
means the vertex with the largest scalar sum of squared transverse momenta
(3" pA) of its associated tracks. All other reconstructed vertices predominantly

originate from pile-up interactions or secondary particle production processes.

4.1.3 Clusters

Topological clusters (topo-clusters) are constructed by closely tracking
the spatial patterns of signal significance from the particle showers. The basic

observable in cluster formation is cell signal significance S.q, defined as:

Ecell

;
O noise,cell

Scell = (41)

in this formulation, E. represents the deposited energy while oygise, cen denotes
the average cell noise from pile-up or electronic sources. Both measurements are
performed using the electromagnetic energy scale (EM scale), which provides ac-
curate energy reconstruction for electrons and photons. However, this calibration
does not compensate for the energy loss effects characteristic of hadronic show-
ers in the ATLAS calorimeter system, due to its inherently non-compensating
nature. The clustering algorithm implements the ”4-2-0" reconstruction scheme:
seed cells must first satisfy Scen > 4, then neighboring cells with Seo > 2 are
collected (with qualifying cells becoming new seeds), and finally adjacent cells

meeting Sen > 0 are included to complete the proto-cluster formation.

The clustering algorithm merges proto-clusters under two conditions: either
when a direct neighbor cell is itself a seed cell, or when two seed cells share a
common neighboring cell with significance greater than two standard deviations.
The clustering process terminates when no additional neighboring cells meet the
inclusion criteria. While this approach effectively preserves shower tails, it can
produce oversized clusters that potentially contain energy deposits from multiple
particles. To mitigate this effect, proto-clusters exhibiting two or more local max-
ima undergo a splitting procedure. In this refinement step, each local maximum
serves as a new seed for reclustering, considering only cells contained within the
original proto-cluster boundary. The resulting clusters after this splitting process

are designated as topo-clusters.

— 37 —



1 AR5 22 1

Track-Calo Cluster (TCC) provides an enhanced reconstruction method
by merging tracking and calorimeter information to improve jet energy resolution.
While standard topo-clusters rely solely on calorimeter data, the TCC approach
[52] combines the precise spatial information from tracks with the energy mea-
surements from topo-clusters. The TCC construction algorithm establishes asso-
ciations between tracks and topo-clusters when they meet the following matching

criteria:

Otrk < Oclus » AR < \/ O-glus + O-tzrkv (42)

where o, represents the spatial width of the topo-cluster, o denotes the ex-
trapolation uncertainty of the track to the calorimeter cluster position, and AR
measures the angular separation between the track direction and the topo-cluster
axis. The algorithm constructs TCC 4-vectors using successfully matched track-
topo-cluster pairs. The various categories of TCC objects are illustrated in Fig-

ure 4.2, with complete descriptions available in Ref. [52].

SOLENOID

INNER DETECTOR
—— Tracks

Figure 4.2: Schematic representation of the seven TCC object types. Track
trajectories are shown in red, electromagnetic calorimeter clusters in orange, and
hadronic calorimeter clusters in blue. The diagram illustrates the spatial relation-
ships between different detector components in the reconstruction of topological

clusters.

For every track acting as a seed to build a Track-Calo-Cluster (TCC) object,
the energy of matched topo-clusters is distributed among associated tracks pro-
portionally to their momentum fractions. This distribution accounts for cases

where multiple clusters match a single track by incorporating a weighted clus-
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ter energy fraction. The weighting factor is determined through the following

expression:

e (4.3)

T [X, P
In the preceding equation, the summation includes all clusters (c) linked to
a given track 7, where ¢; denotes the particular topo-cluster involved in energy
sharing. The transverse momentum fraction pr of track 7 that determines the
energy contribution from topo-cluster ¢; to a Track-Calo-Cluster (TCC) object is

expressed as:

pr - Wy
pr [th ph - wtcj}

where the sum takes all the tracks (¢;) matched to topo-cluster ¢;. Finally, the

fT»Ci —

, (4.4)

4-vector of a TCC object built from track 7 is:

TCC, : (O pi- f7 0. ¢",m = 0), (4.5)

where the sum takes all the topo-clusters matched to the track 7.

Particle Flow (PFlow) [53] represents an alternative reconstruction method
that integrates both tracking and calorimeter information. This technique works
by first removing calorimeter energy deposits that correspond to extrapolated
tracks, then combining the remaining topo-clusters with track data to form com-
plete PFlow objects.

The algorithm handles several distinct cases: if a single charged particle
matches with one topo-cluster, the cluster is entirely removed and replaced by
the corresponding track information. For cases where particle showers distribute
energy across multiple topo-clusters (typically two), the procedure identifies all
related clusters before performing the subtraction, with tracks ultimately replac-
ing the clusters as in the single-cluster scenario. Topo-clusters that show no track
matches are preserved unchanged as they likely originate from neutral particles.

More complex situations occur when multiple particles contribute to a single
topo-cluster; only the portions corresponding to charged particles are removed.

The energy from charged particles is calculated through the formula:

(Eaep) = p"™ (ES® /D5, (4.6)
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where Es /peus i the ratio of energy deposits to the momentum measured,
determined from single pion samples. The final Particle Flow object is modified

with the estimated energy replaced by the track.

The cluster energy reconstruction is performed by summing the energy de-
posits from individual calorimeter cells. Both the signal measurements and av-
erage noise levels for each cell are calibrated using the electromagnetic energy
scale, which provides accurate energy reconstruction for electrons and photons.
To account for the reduced calorimeter response to hadronic showers, the algo-
rithm applies a local hadronic cell weighting (LCW) calibration procedure [54].
This correction compensates for the non-compensating nature of the calorimeter

system when measuring hadronic energy deposits.

Clusters are classified as either electromagnetic or hadronic based on their
characteristic energy deposition patterns observed in the calorimeter systems.
The energy measurement of these clusters is subsequently calibrated using cor-
rection factors derived from detailed Monte Carlo simulations of single pion in-
teractions, with additional validation from test-beam data. These corrections
address three primary effects: the non-compensating response of the calorimeter
to hadronic showers, signal losses caused by the noise thresholds inherent in the
clustering algorithm, and energy deposition in passive detector materials. The
moment-dependent correction framework ensures accurate energy reconstruction

by systematically accounting for these detector-specific effects.

4.2 Electrons

The electron is an elementary particle and stable, belonging to the first gen-
eration of the lepton particle family, with a negative one elementary charge
and an intrinsic angular momentum of a half-integer value and a mass of about

0.51MeV/c2.

The electron is involved in many decay processes and is measured as the final
state of proton-proton collisions at the LHC. The reconstruction, identification
and isolation of prompt electrons with a high efficiency is an important goal
of the ATLAS detector, with the information mainly provided by the ID and
EM calorimeters. Hence, the ability to effectively reconstruct electrons originat-
ing from the prompt decay of particles such as the Z boson, to identify them

as such with high efficiency, and to isolate them from misidentified hadrons,
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electrons from photon conversions, and non-isolated electrons originating from
heavy-flavour decays are all essential steps to a successful scientific programme.

The reconstruction and identification of the electron in the precise central
region (|n| < 2.47) and the acceptance of the ID are considered in the thesis.
Over the region devoted to precision measurements (|n| < 2.47, excluding the

transition regions).

4.2.1 Electron Reconstruction

Electron signatures in the ATLAS detector comprise both charged particle
tracks in the Inner Detector (ID) and energy deposits predominantly in the elec-
tromagnetic calorimeter (EMCal) [55, 56]. The electron reconstruction algorithm
integrates three fundamental components: topo-cluster reconstruction in the EM-
Cal, charged track identification in the ID, and precise n x ¢ spatial matching
between tracks and clusters. Reconstructed electron candidates must satisfy ver-
tex compatibility requirements, including transverse impact parameter signifi-
cance dy/oq, < b and longitudinal displacement |zpsinf| < 0.5 mm, where oy,
quantifies the dy measurement uncertainty. The complete reconstruction chain
is visualized in Figure 4.3, demonstrating the interplay between tracking and
calorimetric components.

To reconstruct the electromagnetic clusters, the 17x ¢ space of the EM calorime-
ter is divided into a grid of 200 x 250 elements, referred to as towers, each
with dimensions An x A¢ = 0.025 x 0.025. The energy of each tower is the
total energy collected in the presampler and the additional calorimeter layers.
Electromagnetic-energy cluster candidates are seeded from localized energy de-
posits using a sliding-window algorithm [57] with a combined transverse energy
exceeding 2.5 GeV. This algorithm clusters calorimeter cells within rectangles of
size 3 x 5 towers in the n — ¢ spacel. A removal algorithm is then applied to
nearby seed clusters. Additionally, energy corrections account for leakages and

fluctuations in the energy deposits.

!The cluster window is larger in ¢ than in 7 because the magnetic field bends charged

particles in the R — ¢ plane, causing the resulting shower to spread more in that direction.
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Figure 4.3: Schematic illustration of the path of an electron through the detector.
The red trajectory shows the path of an electron, while the dashed red trajectory
indicates the path of a photon produced by the interaction of the electron with
the material of the tracking system [56].

4.2.2 Electron Identification

The electron reconstruction algorithm inevitably captures background objects
alongside genuine prompt electrons. These background sources primarily include
hadronic jets misidentified as electrons, photon conversions, and electrons from
semileptonic decays of heavy-flavor hadrons. To distinguish signal electrons from
these backgrounds, the electron identification algorithm [58] employs a likelihood-
based (LH) technique that has served as the baseline method for Run-2 analyses.

This multivariate approach simultaneously evaluates multiple electron can-
didate properties through probability density functions constructed separately
for signal and background hypotheses. The method computes a composite dis-
criminant d, representing the relative likelihood of an electron candidate being

signal-like versus background-like. The discriminant takes the form:

Lg

dr = ———— 4.7

“ Ls+Lp’ ( )

L) (®) = [ [ Pewys()- (4.8)
i=1

Here, & is the vector of discriminating variable values, while Py (z;) is the
probability function with the i’ variable, either for signal (s) or background (b),

evaluated at z;.
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The electron identification employs three progressively stricter working points
(WP) - Loose, Medium, and Tight - which share identical likelihood discriminant
variables but apply increasingly stringent selection criteria to enhance background
rejection. The identification efficiencies are measured in both data and simulation
by computing the fraction of electrons passing each WP selection relative to those
with matched tracks satisfying quality requirements. As shown in Figure 4.4,
these efficiencies exhibit dependence on both the electron transverse energy (Er)
and pseudorapidity (n), with measurements derived from Z — ee events using the
tag-and-probe technique [58]. Notably, the efficiency decreases in the transition
from the barrel region (|| < 1.2) to the end-caps. Physics analyses account for
data-simulation discrepancies by applying scale factors derived from efficiency

ratios.

4.2.3 Electron Isolation

The high-luminosity environment of proton-proton (p-p) collisions presents
significant challenges for separating prompt electrons from background sources.
To enhance background suppression, an isolation requirement is applied using

dedicated variables that quantify the energy deposition near electron candidates.
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Figure 4.4: Electron identification efficiencies in Z — ee events as a function of

transverse energy Fr (left) and as a function of pseudo-rapidity n (right). [59].

The algorithm employs two key discriminating variables [58]:

 Track-based isolation variable p¥*°n¢29: Calculated by adding the trans-

verse momentum pr of selected tracks, where pr > 1 GeV and |n| < 2.5,
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within a cone centered on the electron track direction, excluding the elec-

tron track itself. The cone size AR is defined as AR = min (%, 0.2);

o Calorimeter-based isolation variable Ei*°°°***’: Formed by summing the

transverse energy of topological clusters within a cone of size AR = 0.2
around the electron, while subtracting the energy contribution from the
electron itself. This variable is sensitive to pile-up effects, underlying events,

and potential leakages. Corrections are applied to address these effects.

Four electron isolation working points are defined and presented in Table 4.1.

working point Calorimeter isolation Track isolation
Gradient €= 0.11 xpr + 92.14% (with E$"20) ¢ = 0.11 *pp + 92.14% (with pyarcone20)
HighPtCaloOnly  E%"?0 < max (0.015 x pr, 3.5 GeV) -
Loose Egme20 /pr < 0.20 pyareone20 [ < 0.15
Tight Egone [y < 0.06 pyareone0 [ < 0.06

Table 4.1: Electron isolation working points.

4.3 Muons

The muon (u) is an elementary particle described by the Standard Model. It
carries an electric charge of —1 e, has a spin of %, and a mass of 105.66 MeV/c?,
which is approximately 207 times greater than that of the electron. The muon
is unstable, with a mean lifetime of 2.2 us, and its decay occurs via the weak
interaction, which is why the decay is relatively slow. A muon can travel approx-
imately 658 meters before decaying at rest. The reconstruction and identification

of muons in the ATLAS detector are discussed in this section.

4.3.1 Muon Reconstruction

Muon reconstruction combines tracking information from both the Inner De-
tector (ID) and Muon Spectrometer (MS) [60]. The MS employs a x? fitting
algorithm using hit positions, while the ID reconstructs muon tracks identically
to other charged particles. The final muon candidates are classified into four

categories based on their reconstruction method:
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Combined Muons (CB) Result from a global track fit incorporating hits from

both ID and MS systems, providing the most precise momentum measurement.

Segment-Tagged Muons (ST) Identified through matching ID tracks with
at least one MS segment after extrapolation. This method efficiently recovers

low-pr muons (pr < 5 GeV) and those in regions with partial MS coverage.

Calorimeter-Tagged Muons (CT) Reconstructed by associating ID tracks
with minimum-ionizing energy deposits in the calorimeters, particularly useful in

non-instrumented MS regions.

Extrapolated Muons (ME) Derived from MS tracks with relaxed vertex

constraints, extending coverage to 2.5 < |n| < 2.7 beyond ID acceptance.

All muon candidates must satisfy vertex compatibility requirements: |dy/o4,| <

3 and |Azpsinf| < 0.5 mm relative to the primary vertex.

4.3.2 Muon Identification

Prompt muons are distinguished from those originating from pion and kaon
decays using specific identification criteria. Muon candidates resulting from
charged hadron decays in the Inner Detector can be identified by examining the
poor fit quality of the combined track and inconsistencies between the momen-
tum measurements in the ID and the Muon Spectrometer. To further differentiate
between muons produced in hard scattering events and those from semi-leptonic
decays, particularly within hadronic jets, isolation criteria and cuts on the impact

parameters dy and 2y are applied.

Muon identification is performed through a cut-based approach with three
distinct selections: Loose, Medium, and Tight, each providing increasing rejec-
tion power against pion and kaon decays. The identification efficiency for muons
in the transverse momentum range 20 GeV < pr < 100 GeV and |n| < 2.5 is ap-
proximately 98%, 96%, and 92% for the Loose, Medium, and Tight requirements,
respectively [61], as illustrated in Fig. 4.5. These measurements are obtained
using the tag-and-probe method [60] on Z — uu events. The efficiency for the
Medium and Tight working points decreases in the region around 7 ~ 0, where

the MS has partial coverage with muon chambers.
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4.3.3 Muon Isolation

Similar to electrons, muon isolation criteria are imposed to suppress non-

prompt muon backgrounds. Three distinct variables [60] are utilized for isolation:

Calorimeter isolation: The parameter ES"%? quantifies the total transverse
energy of topological clusters within a cone of AR = 0.2 around the muon can-
didate.
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Figure 4.5: The muon identification efficiencies for the Loose, Medium, and Tight
identification algorithms is measured in Z — pup events as a function of 7,u0n
with pr > 15 GeV. The bottom panel displays the ratio between expected and

observed efficiencies [61].

Track Isolation Criteria: Two complementary isolation measures are em-

ployed:

« Adaptive cone isolation (py*°"*03): Sum of track pr within AR =
min(0.3, 10 GeV /p)

« Fixed cone isolation (p$™*?): Sum of track pr within AR = 0.2

where p4. denotes the muon transverse momentum and AR = /(An)? + (Ag)?
is the angular distance metric.

The efficiency of muon isolation is assessed through the tag-and-probe method.
Seven distinct working points are specified, with further details summarized in
Table 4.2. The calibration of isolation efficiency is performed using Z — uu
events with AR, > 0.3, as depicted in Figure 4.6.
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Figure 4.6: Isolation efficiencies for muons at different working points [60].

Isolation WP ‘ Discrimination ‘ Definition

LooseTrackOnly pyareoned0 [y, 99% efficiency constraint in 7 and pr
Loose pyarcone30 [y F5one20 [y | 99% efficiency constraint in n and pr

Tight pyareoned0 [ Eeene® fpg | 99% efficiency constraint in n and pr

Gradient pyareone30 [y Fgene [pp | > 90(99%) efficiency at 25 (60) GeV
GradientLoose pyareoned0 [y geene? fpg | > 90(99%) efficiency at 25 (60) GeV

FixedCutTightTrackOnly phareones0 /py Py [pr < 0.06

FixCutLoose p%a'rco”m—ziiO/pT7 E%OTLEQO/]?T vaarconSSO/pT < 015~ E%onGQO/pT < 0.30

Table 4.2: Definition of the seven isolation working points. The discriminating
variables are listed in the second column and the criteria used in the definition

are reported in the third column. [60].
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4.4 Jets

In a hadron collider, quarks and gluons rapidly undergo fragmentation and
hadronization upon production. The resultant particles appear as collimated
sprays of tracks and energy deposits in the calorimeter, commonly known as
jets. Two categories of jets are reconstructed: calorimeter jets and track jets,
both employing the anti-k; algorithm [62]. For calorimeter jets, the algorithm
utilizes topo-clusters or PFlow objects as inputs, whereas for track jets, tracks
serve as the inputs. The subsequent section elaborates on the procedures for jet

reconstruction and calibration.

4.4.1 Jet Reconstruction

Calibrated clusters and tracks are used as inputs for the jet reconstruction
algorithm. The anti-k; algorithm determines clustering based on the distance
measure d;; between two objects ¢ and 7, as well as the distance d;p between an
object i and the beam B, defined as:

dij = min (k7 k?) - AR}

(28] 179

(4.9a)

dip = k¥ - R?, (4.9b)

2

where AR;; represents the angular distance between two objects ¢ and j, defined

as

ARy =0 — ) + (6 - 6, (4.10)
Here, ky, ., ni/;, and ¢;/; denote the transverse momenta, rapidity, and azimuthal
angles of particles ¢ and 7, respectively. The parameter R; corresponds to the
radius parameter of object 7. The exponent p regulates the balance between
energy and geometrical scales. The anti-k; algorithm is specified by p = —1,
while the cases p = 0 and p = 1 correspond to the inclusive Cambridge/Aachen
algorithm and the k; algorithm, respectively [63].
The implementation of the anti-k; algorithm proceeds through the following

steps:
1. Compute d;p and all d;; distances.
2. Identify the smallest of the distances:
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« If the smallest distance is d;;, merge objects 7 and j into a single new

object.

o If the smallest distance is d;g, consider 7 to be a jet and remove it

from the list of objects.

3. Repeat the procedure until all the clusters/tracks are clustered into jets.

Once this clustering procedure is completed, the jet’s four-momentum is obtained

as the sum of the four-momenta of the clusters/tracks.

4.4.2 Jet Calibration

Jet energy calibration addresses two key requirements: (1) correcting the
reconstructed jet energy scale (JES) to match the truth-particle level, and (2)
reconciling differences between data and Monte Carlo (MC) simulations. The

calibration procedure involves four sequential steps:

1. Jet direction correction to align with the primary vertex
2. Pile-up mitigation through area-based subtraction
3. MC-derived energy calibration

4. In situ correction using data-driven techniques

The in situ calibration utilizes well-measured standard processes:

o Z-+jets events for jets with 20 < pr < 500 GeV
o y+jets events for jets with 36 < pr < 950 GeV

o Multi-jet balance techniques for high-pr jets (950 GeV< pr < 2 TeV)

The calibration exploits the transverse momentum balance between the well-
modeled v/Z boson decay products and the recoiling jet system. For the highest-
pr jets, the calibration employs a system of reference jets with lower transverse

momenta.
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4.4.3 Jets Cleaning and Pile-up Removal

The jet cleaning tool [64] is designed to classify jets based on their origin.
Additionally, the jet-vertex-tagger (JVT) method [65] employs a combination of
two track-based variables to further suppress pile-up jets.

Three working points are defined for jets within || < 2.4 and 20 < py <
60 GeV. The corresponding cut values and the average efficiencies for hard-scatter

jets are provided in Table 4.3.

Working Points | JVT Cut | Hard scatter jets average efficiency
Loose > 0.11 97%
Medium > 0.59 92%
Tight > 0.91 85%

Table 4.3: Summary of the cut values and average efficiencies for the different

Jet Vertex Tagger working points.

Forward Jet Vertex Tagging: The standard JVT method is inapplicable to
forward jets (2.5 < |n| < 4.5) due to limited tracking coverage. For these jets with
pr < 120 GeV, a dedicated forward Jet Vertex Tagger (fJVT) [66] is employed.
Two working points have been optimized for jets in the 20 < pr < 50 GeV range:

Table 4.4: Performance characteristics of forward Jet Vertex Tagger working

points, showing selection efficiencies for hard-scatter and pile-up jets.

Working Point fJVT Cut Hard-Scatter Eff. Pile-up Rejection

Loose < 0.5 92% 40%
Tight <0.4 85% 50%

4.4.4 Flavour Tagging

Jets play a fundamental role in proton-proton collisions. The identification of
b-jets, referred to as b-tagging, exploits the unique properties of b-quarks. These
properties include their relatively large mass (~ 5 GeV), long lifetime (~ 1.5 ps),
and high decay multiplicity, typically producing around five charged particles. As

a result, b-jets frequently contain at least one secondary vertexr that is spatially
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displaced from the primary wvertex, as illustrated in Figure 4.7. Additionally,
muons originating from the semileptonic decays of - and c-hadrons provide a
distinct signature that enhances the performance of b-tagging.

Flavor tagging algorithms exploit these features to efficiently differentiate b-
jets from jets initiated by light-flavor hadrons. The low-level b-tagging algorithms
encompass secondary vertex-based methods (SV1, JetFitter), impact parameter-
based approaches (IP2D, IP3D, and RNNIP), and the Muon-based algorithm.
Each of these low-level taggers targets specific characteristics to optimize the
identification of b-jets while maintaining discrimination against c-jets and light-

flavor jets.

Secondary VertE)Z ;

Track / (

Impact Primary Vertex

Parameter

Decay Length

Figure 4.7: Tllustration of a b-hadron decay within a jet. [67].

« IP2D/IP3D/RNNIP [68] These algorithms are based on impact param-
eter measurements. IP2D utilizes the significance of the transverse impact
parameter along with charge information, whereas IP3D extends this by
incorporating both transverse and longitudinal impact parameter signifi-
cance. The RNNIP tagger, a Recurrent Neural Network Impact-Parameter
tagger, exploits correlations among tracks within the jet to enhance b-jet

identification.

« SV1 [69] This algorithm identifies secondary vertices by reconstructing ver-
tex candidates from tracks that do not originate from the decays of long-
lived particles, photon conversions, or interactions with detector material.

The optimal secondary vertex is selected using a y? minimization fit.

« Jet Fitter [70] A multi-vertex algorithm that employs a topological ap-
proach to reconstruct the full decay chain of a b-quark. It adapts the
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Kalman filter technique to model weak decay chains such as b — ¢ — s.
This method reconstructs multiple vertices, even in cases where only a sin-

gle track is available.

« Soft Muon Tagger (SMT) [71] This tagger identifies b-jets by leveraging
the presence of muons originating from the semileptonic decays of heavy-
flavor hadrons. The frequency of muons in b-jets is significantly higher com-
pared to c-jets and light-flavor jets, mainly due to the substantial semilep-
tonic decay branching ratios of b-hadrons (BR(b — uvX) ~ 11%) and
secondary c-hadrons from b-hadron decays (sequential semileptonic decay,
BR(b — ¢ — uvX) ~ 10%). The associated muon variables provide strong

discriminating power for rejecting light-flavor jets.

DL1 tagger

To improve the flavor-tagging performance in Run-2, deep-learning classifiers are
employed to combine the output quantities from low-level tagging algorithms.
These classifiers, based on neural networks (NN), constitute the DL1 algorithm
series. The training of these algorithms utilizes a hybrid dataset composed of

70% jets from tt events and 30% from Z' — qq events.
The DL1 algorithm takes as inputs the outputs from the IP2D, IP3D, SV1,

and JetFitter algorithms. An extended version, DL1r, further incorporates the
jet RNNIP output to enhance discrimination performance. Additionally, jet kine-

matic properties, such as pr and ||, are included in the training process.

The final DL1r output discriminant is constructed by combining the proba-
bilities for b-jets, c-jets, and light-flavor jets:

N by
Dpri, =1In (fc r (=1 'pu) : (4.11)

where py, p., and p, represent the probabilities for b-jets, c-jets, and light-flavor
jets, respectively, and f. denotes the effective c-jet fraction in the background
hypothesis. The outputs of the DL1r b-tagging algorithm are depicted in Fig-
ure 4.8. Four operating points, corresponding to different b-jet efficiencies (60%,
70%, 77%, and 85%), are defined using different cut values, as listed in Table 4.5.

The performance of b-tagging algorithms is evaluated using both Monte Carlo

simulations and real collision data. Data-to-simulation scale factors (SFs) are
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measured as a function of jet transverse momentum (pr) in dedicated calibration

analyses, utilizing data samples enriched in b-, ¢-, or light-flavor jets [72-76].

These SFs correct for discrepancies in the detector modeling and the description

of underlying physics processes in the MC simulation.

The DL1r b-tagging efficiency SFs, shown in Figure 4.9, are specifically for
R = 0.4 PFlow jets or VR track jets.
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Figure 4.8: Distributions of the outputs of the DL1r b-tagging algorithm for b-

jets, c-jets and light-flavour jets in ¢t simulated events: p, (top left), p. (top
right), p, (bottom left), and Dpry, (bottom right).

Working point

60%

70%

7%  85%

Threshold value

297 1.83

1.07 0.08

Table 4.5: The DL1r tagger threshold values for all WPs with f. = 0.08.
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Figure 4.9: PFlow jets (left) and VR jets (right) efficiency scale factors for DL1r
tagger at 70% working point[77].

4.5 Missing Transverse Momentum

The missing energy can arise from multiple sources, such as non-interacting
particles like neutrinos, particles beyond the Standard Model (BSM), mis-reconstructed
objects due to detector inefficiencies or poor resolution, and particles that are not
reconstructed because they travel outside of the acceptance of the ATLAS de-
tector. Since the initial beam has zero or negligible transverse momentum, the
transverse missing energy, denoted as E¥ | represents the missing energy and
is reconstructed indirectly by applying the law of conservation of energy or mo-

mentum in the transverse plane (the z-y plane).

e == 3 Em - Y BN

Hard Objects SoftTerms (412)
miss miss )2 miss 2

The EI® is computed as the magnitude of the negative vector sum of the

hard objects and the remaining soft terms. The hard objects include reconstructed
particles such as electrons, muons, photons, 7-leptons, and jets. The soft terms
include the tracks and clusters that are not used. The missing transverse energy

is defined as:

B == " ph—= > pr— Y pE= > ph= > P Y piee (413)
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Chapter 5 Search for heavy right-handed Majorana
neutrinos in ¢t decays with the ATLAS detector

This chapter presents the main analysis of this thesis, focusing on the search
for heavy neutral leptons (HNL) in the ¢t process. Section 5.1 describes the
data and Monte Carlo samples used in the HNL analysis. The general object
selection criteria have already been described in Chapter 4, while Section 5.2
details the specific object and event selection criteria applied in this study. As
discussed in Section 5.3, selected events are categorized into different regions.
Section 5.4 introduces the multivariate analysis employed in the HNL search.
A comprehensive estimation of different sources of systematic uncertainties is
provided in Section 5.5, followed by a discussion of the statistical treatment in

Section 5.6. Finally, the results are presented in Section 5.7.

5.1 Data and Simulated Samples

The search is based on the pp collision data recorded by the LHC at /s =
13 TeV, collected with the ATLAS detector. Data quality criteria are applied
to ensure that all detector components are fully operational [78]. The resulting
dataset corresponds to an integrated luminosity of 140 fb~!, complemented by
measurements from the inner detector and calorimeters [79)].

Simulated Monte Carlo events are used to model both the signal and the
SM backgrounds. Detector effects are incorporated through a simulation of the
ATLAS detector [80] obtained with the GEANT4 program [81], or via a faster
method using parameterized showers in the calorimeter. The impact of additional
pp collisions from the same or nearby bunch crossings (pile-up) is modeled by
overlaying minimum bias events, simulated using PyTHIA 8.1 [82] with the A3
tune, onto hard-scatter events [83]. MC events are reweighted to match the
observed distribution of the average number of interactions per bunch crossing in
the data.

All samples simulated with PownEGBox [84-87] and MAD-
GRAPH5_AMC@NLO [88] are interfaced to PYTHIA 8 for parton showering,

fragmentation, and the underlying event simulation, using the Al14 tune [89]
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and the NNPDF2.3L0 [90] parton distribution function set. Samples using
PyTHIA8 and HERWIGT [91, 92] model heavy-flavor hadron decays with
EvTGEN [93]. The masses of the top quark and the Higgs boson are set to
m; = 172.5 GeV and my = 125 GeV, respectively. Both data and simulated

events are processed with the same reconstruction and analysis algorithms.

5.1.1 Signal modelling

q4

Figure 5.1: Feynman diagram of a possible heavy neutrino production process
in proton-proton collisions. The diagram includes gluons (g), top quarks (¢1,t2),
bottom quarks (by, by), charged leptons (¢7,¢5), W bosons (W5, Wy , Wy is a
off-shell boson), a heavy right-handed Majorana neutrino (N, in red), and final-
state quarks (q1, ¢2, g3, Ga)-

Figure 5.1 shows an example Feynman diagram of the signal process, with
the final state used in this search. The signal represents a Beyond the Standard
Model process and is simulated using an extension of the Minimal Standard
Model. This model is implemented as a Universal FeynRules Output (UFO)
model called HEAVYN [94].

A simplified benchmark model is assumed that proposes a single HNL can-
didate N, which couples with either electrons, muons, or 7-leptons through a
mixing with the corresponding neutrinos. In this model, the mass my and cou-
plings V; n of this new particle are free parameters. These couplings can be

expressed through a mixing matrix,
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Ven 0 0
Viv=| 0 v.x 0 |, (5.1)
0 0 Vin

where only one of the three diagonal terms can be non-zero at a time.

The width of the HNL is automatically computed by the MAD-
GrAPHS5__AMCQ@NLO generator, which provides matrix elements at next-to-
leading order in QCD using the NNPDF3.0NLO [95] PDF set, and uses the
five-flavor scheme. The QCD factorization (ur) and renormalization (ug) scales
are set to be equal [96], given by the dynamical expression %ZZ m? + pZTvi,
where the sum runs over all the particles generated in the matrix element calcu-
lation, and the mass and transverse momentum of each particle are denoted by
m; and pr;, respectively.

The decay of the top quarks is simulated using the MadSpin [97, 98] module,
allowing three-body off-shell decays. The parton shower, the hadronization, and
the decay of the 7-leptons are simulated using PYTHIA 8 with the A14 set of

tuned parameters.

Two other dynamical scales are tested again using the three mass points
(HNL15, HNL45, HNL75) to cover the low/middle/high regimes. These scales
are Hr/2 and m; + Hr/2, and they yield about 10-12% uncertainty whereas the
chosen scale of Hy /4 yields a smaller uncertainty of 5-9% as shown in Figure 5.2.
The decay of top quarks has been achieved using the MadSpin module with the
"set spinmode=none” option, which allows for 3-body off-shell decays. MadSpin
calculates widths at LO, therefore, it is recommended to set the NLO width for
the W boson by hand to avoid the LO precision given by MadSpin. This method is
implemented. Parton shower and hadronization steps are achieved by interfacing

generated events with PYTHIA 8.244 using the A14 set of tuned parameters.

A validation study has been conducted by creating an SM ¢t single lepton
sample by turning off the BSM parameters and comparing it to an ATLAS ref-
erence tt sample (DSID: 410464, MG5 + PY8). However, at the time of these
studies, there were no SM ¢t samples available, generated with the same Athena
release (21.6). Therefore, samples from release 19.2 were used. Good agreement

between the distributions is observed.
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Figure 5.2: The comparison between different dynamical scale choices for the top
transverse momentum (pr) distribution. The selected choice for the dynamical
scale (based on theory) is Hp/4, while the other two choices are Hr/2 (dyn=3
choice) and m; + Hr/2 (tt choice). In comparison to the Hr/2 and m; + Hy/2
choices, the Hp/4 scale demonstrates a smaller uncertainty. The HNL15 (top

left), HNL45 (top right), and HNL75 (bottom) have been tested to cover the
low/middle/high regimes.

Signal samples

Table 5.1 shows the list of signal simulation samples. The signal samples are
generated with AltFastIl (AFII) simulation at different mass points: 15, 25, 35,
40, 45, 50, 55, 60, 70, 75 GeV.

Our analysis specifically targets the final states with two same-sign, same-
flavor leptons. However, during the reconstruction and simulation processes, we
take into account all possible decays of the W bosons involving leptons from both
the top Standard Model decay leg and the top Beyond Standard Model leg sides.
This comprehensive consideration is necessary because some leptons may not be

successfully reconstructed or may fail to pass the pre-selection criteria. As a

— 58 —



AR 22 1

result, only the two leptons that pass the pre-selection are retained for further

analysis.

5.1.2 Background processes

Samples of events generated using Monte Carlo simulations were produced us-
ing different event generators interfaced to various shower /hadronization genera-
tors within the MC16a/d/e (for 2015 + 2016, 2017, and 2018 datasets) production
campaigns.

Considering the signal process and the final states described in the previous
section, we required two same-sign same-flavor leptons, two b-tagging jets, and
four light jets to select the signal events. So there are those known physics pro-
cesses that can mimic the process that interests this search. These processes,
known as backgrounds, are simulated with some accuracy and since this analysis
is statistically limited, we trusted these simulations to evaluate the known com-
ponent of our data. The main backgrounds are tt, ttZ, ttW, tt~y, and ttH and

account for more than 85% of events surviving the selection.

The tt process is simulated with Powheg-Box v2, a next-to-leading order ma-
trix element generator [85-87] with the NNPDF3.0 NLO PDF set. This gen-
erator was then interfaced with Pythia8 (v8.210) with the NNPDF2.3 LO PDF
set and the Al4 tune for parton shower, hadronization, and underlying event
modelling. In the Powheg configuration, the hgamp parameter, which gives a cut-
off scale for the first gluon emission, was set to %mt, where the m; is the mass

of the top quark. And the factorisation and renormalisation scales were set to
Up = jig = /m? + pQT’t, where the top quark pT is evaluated before radiation [99].

The associated production of a top-quark-antiquark pair with a leptonically
decaying Z boson is modelled using the MADGRAPH5 AMCQNLO v2.8.1 gen-
erator, which provides matrix elements at next-to-leading order in the strong
coupling constant ag with the NNPDF3.0NLO PDF set. The functional form
of the renormalization and factorization scales (p., f) is set to the default scale
0.5x Y7, y/m7 4 p},;, where the sum runs over all the particles generated from the
matrix element calculation. Top quarks are decayed at LO using MADSPIN [97,
98] to preserve all spin correlations. The top-quark mass is set to 172.5 GeV.
The events are interfaced with Pythia8 (v8.244) [100] for the parton shower and
hadronization, using the Al4 set of tuned parameters and the NNPDF2.3LO
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DSID | name full-name

503947 | HNL15m aMCPy8EG__ A14NNPDF3NLO_ ttbar. HNL_ML_m_15
503948 | HNL15p aMCPy8EG__ A14NNPDF3NLO_ ttbar HNL_ML_p_ 15
507680 | HNL25m aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_m_ 25
507681 | HNL25p aMCPy8EG__A14NNPDF3NLO_ ttbar  HNL_ML_p_ 25
503949 | HNL35m aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_m_ 35
503950 | HNL35p aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_p_ 35
503951 | HNL40m aMCPy8EG__A14NNPDF3NLO_ ttbar . HNL_ML_m_ 40
503952 | HNL40p aMCPy8EG__A14NNPDF3NLO_ ttbar HNL_ML_p_ 40
503953 | HNL45m aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_m_45
503954 | HNL45p aMCPy8EG__A14NNPDF3NLO_ ttbar HNL_ML_p_45
503955 | HNL50m aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_m_ 50
503956 | HNL50p aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_p_ 50
503957 | HNL55m aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_m_ 55
503958 | HNL55p aMCPy8EG__ A14NNPDF3NLO_ ttbar  HNL_ML_p_ 55
503959 | HNL60m aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_m_ 60
503960 | HNL60p aMCPy8EG__A14NNPDF3NLO_ ttbar  HNL_ML_p_60
503961 | HNL70m aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_m_ 70
503962 | HNL70p aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ML_p_70
503963 | HNL75m aMCPy8EG__A14NNPDF3NLO_ ttbar. HNL_ ML_m_ 75
503964 | HNL75p aMCPy8EG__A14NNPDF3NLO_ ttbar HNL_ML_p_75

508692 | HNLlepl5m | aMCPy8EG__A14NNPDF3NLO _ttbar. HNLfullLep. ML_m_ 15
508693 | HNLlepl5p | aMCPy8EG_A14NNPDF3NLO_ttbar HNLfullLep ML_p 15
508694 | HNLlep25m | aMCPy8EG__A14NNPDF3NLO_ ttbar_ HNLfullLep. ML_m_ 25
508695 | HNLlep25p | aMCPy8EG__A14NNPDF3NLO_ ttbar  HNLfullLep. ML_p_25
508696 | HNLlep35m | aMCPy8EG__A14NNPDF3NLO_ ttbar HNLfullLep. ML_m_ 35
508697 | HNLIlep35p | aMCPy8EG__A14NNPDF3NLO_ ttbar HNLfullLep. ML_p_35
508698 | HNLlep40m | aMCPy8EG__A14NNPDF3NLO_ttbar HNLfullLep. ML_m_ 40
508699 | HNLlep40p | aMCPy8EG_A14NNPDF3NLO_ttbar HNLfullLep ML_p 40
508700 | HNLlep45m | aMCPy8EG__A14ANNPDF3NLO_ ttbar. HNLfullLep. ML_m_ 45
508701 | HNLlep45p | aMCPy8EG__A14NNPDF3NLO_ ttbar HNLfullLep. ML_p_ 45
507673 | HNLIlep50m | aMCPy8EG__A14NNPDF3NLO_ ttbar HNLfullLep. ML_m_ 50
507674 | HNLIlep50p | aMCPy8EG__A14NNPDF3NLO_ ttbar  HNLfullLep_ ML_p_50
508702 | HNLlep55m | aMCPy8EG__A14NNPDF3NLO _ttbar. HNLfullLep. ML_m_ 55
508703 | HNLlep55p | aMCPy8EG_A14NNPDF3NLO_ttbar HNLfullLep ML_p 55
508704 | HNLlep60m | aMCPy8EG__A14NNPDF3NLO_ttbar . HNLfullLep. ML_m_ 60
508705 | HNLlep60p | aMCPy8EG__A14NNPDF3NLO_ ttbar HNLfullLep_ ML_p_ 60
508706 | HNLIlep70m | aMCPy8EG__A14NNPDF3NLO_ ttbar HNLfullLep. ML_m_ 70
508707 | HNLIlep70p | aMCPy8EG__A14NNPDF3NLO_ ttbar  HNLfullLep_ ML_p_70
508708 | HNLlep75m | aMCPy8EG__A14NNPDF3NLO_ttbar_ HNLfullLep. ML_m_ 75
508709 | HNLlep75p | aMCPy8EG _A14NNPDF3NLO_ttbar HNLfullLep ML _p 75

Table 5.1: For each signal mass point, the "m”, "p” tag mean the two different
decay syntaxes of (-,-) and (+,+) for the two same-sign leptons sharing the vertex
with HNL. The additional "lep” tag is used to distinguish the hadronic or leptonic
decay W boson coming from the Standard Model decay leg.
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PDF set. The decays of bottom and charm hadrons are simulated using the
EVTGEN 1.7.0 program.

For top-quark-antiquark pair production with a W boson (t(W), the Sherpa
2.2.10 generator and default parton shower are used at NLO accuracy in QCD,
with multi-leg merging of up to 1 additional parton at NLO and up to 2 additional
partons at LO (MEPS@NLO setup with a merging scale of 30 GeV). Additionally,
a LO EW sample also generated with Sherpa 2.2.10 but for the ¢V final state
is used to emulate electroweak corrections to ¢tV production. Following the rec-
ommendations of the LHC Top and Higgs Working Groups, the cross sections
of these QCD and EWK W samples are scaled separately to the reference pre-
dictions of Ref. [101] (corresponding to cross section of 674.7fb™" and 47.7fb ™!,
respectively).

The tty process was generated with MadGraph_aMC@ONLO v2.3.3.p1 tool and
the parton shower used Pythia8 (v8.212). An overlap removal was implemented
based on the procedure used by the charge asymmetry analysis of the ¢ty process
[102].

Two different ttH samples are used, one corresponding to semileptonic Higgs-
boson decays, the other to dileptonic Higgs-boson decays. All ttH samples are
generated at NLO with POWHEG with the NNPDF3.0 NLO PDF set [95]. The
Higgs-boson decay, as well as hadronisation, parton shower, and the underlying
event, are simulated with PYTHIA 8.

In addition, we also consider the “Electroweak” background composed of the
processes V+jets, diboson (VV), and triboson (VVV).

V+jets: The production of V+jets is simulated with the Sherpa 2.2.1 [103] gen-
erator using NLO-accurate matrix elements for up to two jets, and LO-
accurate matrix elements for up to four jets calculated with the Comix [104]
and OpenLoops [105, 106] libraries. They are matched with the Sherpa par-
ton shower [107] using the MEPS@QNLO prescription [108-111] using the
set of tuned parameters developed by the Sherpa authors. The NNPDF3.0
NNLO set of PDFs [95] is used and the samples are normalised to a next-
to-next-to-leading order prediction [112].

VV: Samples of diboson final states are simulated with the Sherpa 2.2.1 or 2.2.2
generator, depending on the process. Fully leptonic final states and semilep-
tonic final states, where one boson decays leptonically and the other hadron-

ically are generated using matrix elements at NLO accuracy in QCD for up
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to one additional parton and at LO accuracy for up to three additional
partons emissions. Samples for the loop-induced processes gg — V'V are
generated using LLO-accurate matrix elements for up to one additional par-
ton emission for both cases of fully leptonic and semileptonic final states.
The matrix element calculations are matched and merged with the Sherpa
parton shower based on Catani-Seymour dipole factorisation [104, 107] us-
ing the MEPS@NLO prescription [108-111]. The virtual QCD corrections
are provided by the openloops library [105, 106]. The NNPDF3.0 NNLO set
of PDFs is used [95], along with the dedicated set of tuned parton-shower
parameters developed by the Sherpa authors.

VVV: The production of triboson events is simulated with the Sherpa 2.2.2 [103]
generator using factorised gauge boson decays. Matrix elements, accurate
at NLO for the inclusive process and at LO for up to two additional parton
emissions, are matched and merged with the Sherpa parton shower based
on Catani-Seymour dipole factorisation [104, 107] using the MEPSQNLO
prescription [108-111]. The virtual QCD correction for matrix elements at

NLO accuracy is provided by the openloops library [105, 106].

And all these “Electroweak” backgrounds are labelled as “V EW”,

Several other backgrounds are studied with smaller contributions (about 10%
on all regions), which are much smaller than the main backgrounds. They are
the production of 3/4 top quarks, tZq, tWZ diagram removal, single-top (three

channels: s, t, Wt), and other rare top processes as below:

Single-top: Single-top tW associated production is modelled using the Powheg-
Box [87] v2 generator at NLO in QCD in the five-flavour scheme with the
NNPDF3.0 NLO PDF set. The diagram removal scheme [113] was em-
ployed to handle the interference with ¢t production. Single-top t-channel
production is modelled using the Powheg-Box,[87] v2 generator at NLO in
QCD in the four-flavour scheme with the NNPDF3.0 NLOnf4 PDF set.
Single-top s-channel production is modelled using the Powheg-Box [87] v2
generator at NLO in QCD in the five-flavour scheme with the NNPDF3.0
NLO PDF set. For all single-top processes, the events are interfaced with
Pythia using the A14 tune and the NNPDF2.3 LO PDF set.

tWZ and tZq: Rare top quark processes namely the production of tZq and tWZ
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are modelled using the MADGRAPH5__ AMCQNLO generator at NLO in-
terfaced with Pythia using the A14 tune.

ttt and titt: The production of ¢ttt is modelled using the MAD-
GRAPH5__AMCQNLO v2.2.2.p6 generator at NLO interfaced with
Pythia v8.186 using the A14 tune in the five flavour scheme and The
production of ¢ttt is modelled same with the MADGRAPH5 AMCQ@QNLO
v2.2.2.p6 generator at NLO interfaced with Pythia v8.186 using the A14

tune in the five flavour scheme.

Other rare top processes : Additionally, the production of a top quark, a
Higgs boson, and either an additional jet or a W boson is considered. More-
over, the production of a top-quark pair in association with two W bosons
is considered. All these samples are generated at NLO with aMCQNLO
and interfaced with PyYTHIA 8. Their contribution is almost negligible com-
pared to other prompt lepton background sources, but for completeness’s
sake, they are included in this analysis. Other production of a top-quark
pair in association with two vector bosons, one vector boson and one Higgs
boson, two Higgs bosons are generated at LO with MadGraph and inter-
faced with PyTHIA 8. The production of a Higgs boson in association with
either a W or a Z boson is also considered. The samples are produced with
PyTHIA 8, assuming a Higgs-boson mass of 125 GeV. These VH samples

have no contribution to the final states after the event selection.

These lesser background components, such as ttt/tttt, tW Z, tZq, ttWW , and
singletop, are merged under the label 'otherTop.” Other rare top processes, includ-
ing tHW, tHq, and other ¢t XX samples, are merged under the label 't(¢£) XX, as
all these samples use the AFII simulation. An inclusive approach involving total
cross-section uncertainties is taken for these backgrounds. It’s worth highlighting
that the plots presented in the thesis amalgamate all these rare samples as part

of the "Top other’ collective background category.

5.2 Object and Event Selection

The goal of this analysis is to study tf events, where one top quark decays
through the Standard Model process, while the other decays via a chain involving

a heavy neutrino, representing a beyond the Standard Model process. The signal
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of interest is characterized by a distinct final state with two same-sign leptons, a
b-quark, and two light-flavor jets, which arise from the top BSM decay leg.

To search for this signature, a precise selection of objects and events is es-
sential to ensure accurate reconstruction of the signal topology while minimizing
contamination from SM backgrounds. The occurrence of two same-sign leptons
is rare in SM ¢t decays, making this final state particularly useful for improving
the analysis’ sensitivity. A detailed phenomenological study of this process, in-
cluding theoretical predictions for the decay of the heavy neutrino, is discussed
in the theory paper [114].

In this section, the selection criteria for objects such as electrons, muons,
jets, and b-jets are outlined, alongside the event selection methods used to isolate
potential signal events. The event selection aims to suppress SM backgrounds
while maintaining high efficiency for detecting the BSM signal. These strategies
are vital for ensuring the analysis is sensitive to the possible presence of heavy

neutrinos in top quark decays.

5.2.1 Analysis specific object selection

The specific object selection for this analysis was performed using the
AnalysisTop software [115] (tag 21.2.259). This framework was utilized to guar-
antee consistent and precise object definitions throughout the analysis. The de-
sired final state was selected by applying custom analysis code to the output
ntuples generated by the Top Framework. This method facilitated the efficient
identification of the relevant physics objects necessary for the signal topology,

such as leptons, jets, and b-jets.

Electron selection

The Electron candidates are reconstructed from energy clusters in the electro-
magnetic calorimeter, which are linked to charged particle tracks reconstructed
in the inner detector. Only candidates with pr > 10 GeV are considered. They
must satisfy the condition |Nepuster| < 2.47. Candidates in the transition region be-
tween different electromagnetic calorimeter components, 1.37 < |[Neuster] < 1.52,
are excluded.

The transverse impact parameter of the electron candidates (dp) is required to

satisfy |do/oq4,| < b, where 4, is the uncertainty in dy. The longitudinal impact
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Feature Criterion
Pseudorapidity range (Inl <1.37) || (1.52 < |n| <247)
Transverse momentum pr > 10GeV

Not from a bad calorimeter cluster (BADCLUSELECTRON)

Object qualit
jeeta Y Remove clusters from regions with EMEC bad HV (2016 data only)

o |dol/oay <5
Track to vertex association BL -
|Az§" sin 0] < 0.5 mm

Identification (TightLH)

Isolation PLImprovedTight

Loose isolation PLVLoose

Extra selections ECIDS, ambiguity cuts

Triggers 2015 e24_lThmedium_ L1IEM20VH, e60_ lhmedium, e120_ lhloose

Triggers 2016-18 €26__lhtight__nod0__ivarloose, e60_lhmedium_ nod0, €140_lhloose_nod0

Table 5.2: Electron selection criteria.

parameter (zp) must satisfy |zosin | < 0.5. Electrons are calibrated according to
the method outlined in Ref. [116].

Electrons selected for this analysis are required to meet the TightLH
identification criteria and the PLVLoose isolation working points [117]. To
enhance the rejection of non-prompt leptons, the lepton MVA tagger
PromptLeptonImprovedVeto (PLIV) [118] is employed. Developed within the
IFF CP group [117], this tagger provides superior performance over traditional
cut-based selections that depend on impact parameters, isolation, and parti-
cle identification (PID). For a detailed description of the PLIV algorithm, see
Ref. [119].

Additionally, electrons are tagged with PLImprovedTight (Prompt Lepton
Improved Veto) if they meet the stricter PLImprovedTight isolation working
points.

For specific regions of the analysis, additional criteria are applied to the
electron selection. This includes the use of the ‘Electron Charge ID Selector
Tool” (ECIDS) [120], which enhances the rejection of electrons with misidentified
charge. The tool uses a multivariate algorithm that combines various proper-
ties of the reconstructed electron/positron, providing a single calibrated working
point with a cut of BDT,,, > —0.337671. This working point is calibrated across
multiple isolation working points, including the PLImprovedTight WP used in
this analysis.

Furthermore, for some analysis regions, cuts on the DFCommonAddAmbiguity
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‘Electron Ambi-

[121] within the E/gamma derivation framework. The requirement

and ambiguityType variables are applied, as defined by the
guity Tool’
ambiguityType = 0, along with DFCommonAddAmbiguity <= 0, ensures the se-
lection of electrons while rejecting candidates originating from internal /material
photon conversions. This combination is referred to as the ”Ambiguity cut” and
helps suppress electrons from photon conversions by excluding objects with mul-
tiple reconstructed tracks near the calorimeter cluster.

Each electron is assigned both ECIDS and ambiguity tags, indicating whether
the lepton has passed the respective selection criteria. Furthermore, electrons

must satisfy the un-prescaled single-electron triggers used during Run 2, as out-
lined in Table 5.2.

Muon selection

Feature Criterion
Selection working point Medium

Isolation PLImprovedTight
Loose isolation PLVLoose
Momentum calibration  Sagitta correction
pr cut > 10GeV

In| cut <25

|do|/oaq <3

|Azgsin ;| cut < 0.5mm

Triggers 2015
Triggers 2016-18

mu20_iloose_ L1MU15, mub0

mu26__ivarmedium, mub0

Table 5.3: Muon selection criteria.

All muon candidates are required to have pr > 10 GeV and |n| < 2.5. The
transverse impact parameter of the muon candidates must satisfy |dy/oq4,| < 3,
while the longitudinal impact parameter must meet the condition |z sin 6| < 0.5.
Muons selected for this analysis must fulfill the Medium identification criteria and

the PLVLoose isolation working points.

Furthermore, muons are tagged with PLImprovedTight if they satisfy the
stricter PLImprovedTight isolation working points. All muons are required to

pass the single-muon triggers available during Run 2, as detailed in Table 5.3.
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The procedures for muon reconstruction, identification, calibration, and scale

factor extraction are discussed in Chapter 4.

Jets

Jets are reconstructed from particle flow objects using the anti-k; algorithm
with R = 0.4 (AntiKt4EMPFlowlJets collection). The selection requires:

 Basic cuts: pr > 20GeV and |n| < 4.5

o Central jets (|n| < 24, pr < 60GeV): JVT> 0.5 (Tight working
point) [122, 123]

o Forward jets (2.5 < |n| < 4.5, pr < 120GeV): fJVT< 0.4 plus timing

requirement

b-tagged jets

Jets containing b-hadrons (“b-tagged”) are tagged with the DLI1r multivari-
ate discriminant, which combines information from the impact parameters of
displaced tracks and tertiary decay vertices reconstructed within the jet. For
flavor tagging, the most recent Calibration Data Interface (CDI) at the time of
analysis was used: 2020-21-13TeV-MC16-CDI-2021-04-16_v1.root. Jets are
considered b-tagged if they pass the DL1r efficiency working point of 85%.

Missing transverse momentum

Missing transverse momentum (ER) is used to apply additional selection
criteria for the validation of background modeling. The missing transverse mo-
mentum vector is defined as the negative vector sum of the transverse momenta
of all reconstructed and calibrated physics objects, along with the remaining un-
clustered energy. The EM value for an event is taken as the magnitude of this

vector.

The selection of missing transverse momentum is based on the default settings

provided within AnalysisTop.
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Overlap removal

The ASG overlap removal tool [124] is utilized within the AnalysisTop frame-
work to ensure proper overlap removal of physics objects, preventing double-
counting. Loose leptons and jets are considered in this procedure (see Table 5.2
and Table 5.3).

When object candidates passing selection cuts overlap, a classification is re-
quired to determine which of the overlapping objects to retain, while rejecting
the others. The overlap removal procedure ensures that the same object is not
counted twice, while allowing retention of distinct, nearby objects. The optimal

overlap removal strategy applied in this analysis is as follows:

« Electron/Muon OR: Any muon sharing a track with an electron is re-

moved, and any electron sharing a track with a muon is removed.

« Electron/Jet OR: If an electron and a jet are found within AR < 0.2,
the jet is removed. If they are within AR < 0.4, the electron is removed.

« Muon/Jet OR: Jets with fewer than three tracks associated with them,
found within AR < 0.2 of a muon, or jets with fewer than three tracks
and a muon inner-detector track ghost-associated with them, are removed.

Muons found within AR < 0.4 of a jet are removed.

This overlap removal is applied before all other object selections described
above. The final results in the analysis are obtained using the AnalysisTop

software.

5.2.2 Event preselection

The AnalysisTop framework defines the object selection described above,
which is then used in the analysis code. Subsequently, event selection is applied
to these different physics objects.

The event must contain exactly two same-sign, same-flavor light leptons (ee
or pup). Both leptons are required to meet the isolation selection criteria of
PLVLoose, and each electron will be assigned labels based on the results of the
ECIDS and ambiguity filtering, as described in the electron object selection sec-

tion.
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The leading lepton must have pf} > 27 GeV to ensure consistency across all
data-taking periods after trigger matching.

Central jets must satisfy pr > 20 GeV and |n| < 2.5, while forward jets must
lie within the pseudorapidity range 2.5 < |n| < 4.5 and have pp > 35 GeV.

The b-tagging selection is also tightened: b-tagged jets must have p% >
25 GeV. Events must contain at least two b-tagged jets and at least four non-b-
tagged jets.

Additionally, the invariant mass of the lepton pair, my,, must satisfy mg >

12 GeV to suppress contributions from the Drell-Yan process.

5.2.3 Event reconstruction

Figure 5.3: Feynman diagram of the signal production marked with different

objects reconstruction.

Figure 5.3 The leading-order signal for this analysis is shown. It consists
of a top quark pair, where one top quark decays as predicted by the Standard
Model (ty — bWy — ¢37,), and the other top quark decays to a b-quark (by)
and a W boson (W;). The W; boson subsequently decays via a heavy neutral
lepton: Wy — (102¢1@,. This process provides four mass constraints (from the
two top quarks and the two W bosons), and a x? minimization approach is used

to determine the origin of each final state particle.

In this notation, the indices 1 and 2 denote the Beyond-the-Standard-Model
and Standard Model top quarks and W bosons, respectively. Each quark ¢ is
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associated with a jet ji, and each b; is associated with a b-jet. The four masses

involved are defined as follows: :

m(ty) = m(by £y by jr j2), (5.2)
m(Wr) = m(ly b j1 j2), (5.3)
m(tz) = m(b2 js ja), (5.4)
m(Wz) = (Js ja)- (5.5)

Then, all the possible combinations of the available objects are used and the

“match” association will be the one that minimizes y? defined as:

n

5 (0; — E;)?
=)
=1 ?

where:

x?2 is the y-squared value,

O; is the observed value of the i-th data point,

E; is the expected value of the i-th data point,

0; is the standard deviation (error) associated with the i-th data point,

n is the total number of data points.

The chi-squared (chi?) algorithm is a common method for finding the best
match between measured(observed) and expected values. In theory, the denom-
inator should be the squared sigma of the measurement result. However, given
that the measured sigma is initially unknown, we opt for an initial denomina-
tor setup employing the masses of the top quark (M;) and the W boson (My),
as exemplified in Equation 5.6, with their respective values of 172.69 GeV and
80.377 GeV, as defined in the Particle Data Group (PDG) [125]. Given that
the x? algorithm exhaustively searches for the minimum values across feasible
combinations, we hold the belief that it will not exert a significant impact on

reconstruction efficiency.
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Upon acquiring the measured outcomes from the preliminary iteration, we
have the option to integrate actual sigma values extracted from the invariant

mass distributions of m(ty), m(t2), m(W1), and m(Ws), as depicted in Figure 5.3.

It’s important to note that at the truth level, our focus is on the final states
comprising four light jets, two same-sign leptons, and two b-jets. Yet, recon-
structing all jets decayed from the Beyond the Standard Model off-shell W boson
at the reconstruction level can prove challenging, especially for low/high mass
point signals. Consequently, there may arise instances of incorrect jet combina-
tions when attempting to reconstruct the top quark and W boson. In summary,
due to the complexities inherent in simulation, reconstruction, and object selec-
tion efficiencies, achieving ideal distributions proves to be a difficult task. Hence,
we prefer fitting a Gaussian distribution to the core area to obtain a relatively
reasonable sigma value for the second iteration. In the second iteration, we can
use the sigma squares taken from the distributions of m(t;), m(ts), m(Wy), m(Ws)

as denominators, like the equation 5.7 shows.

= (m(h?\/[—t M) | (m(leeh—V Mw)* (m(tzi\/[—t M) (m(sz\)4v—V My )?

(5.6)

o _ (mlt) = M)* | (m(Wh) — Mw)* | (m(ta) — My)” L (m(Wa) — My)?

X = 2 2 2 2
o7 o2 o7 o3

(5.7)

The reconstructed distributions of the top and W masses are minimally in-
fluenced by alterations in the denominator, regardless of whether the top and W
masses or their mass resolution values are employed. The relevant studies are
included in the Appendix A.

Given that we possess o values originating from distinct mass points within
the signal, we have the option to utilize the averaged o2 values (36 GeV for oy
and 27 GeV for oy ), acquired from all mass points with equal weighting, as the

unified denominators within the x? formula (Equation 5.7).
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5.3 Signal regions and control regions definition

5.3.1 IFF classification method

A crucial aspect of this analysis is the handling of backgrounds involving non-
prompt leptons. These leptons primarily arise from b/c-hadron decays, where a
lepton in the decay process is detected outside the jet cone and is misidentified as
a prompt lepton. Additionally, charge misidentification in electrons and photon
conversions significantly impacts the 2LSS final state.

Since accurately predicting the non-prompt lepton rates with simulated sam-
ples is challenging, a template fit method is employed to estimate their contri-
bution. This approach assumes that the event kinematics are modeled well by
the MC samples. The non-prompt lepton background rate is fitted to observed
data in control regions enriched with such backgrounds, while IFF classification
assists in identifying non-prompt leptons based on their different origins.

In this study, we require exactly two same-sign leptons, where one lepton
is classified as "prompt” and the other is assigned according to the IFF Truth
Classifier. The classification system described below is based on the README

documentation for IFF classes, as detailed in reference [126].

0 Unknown: Leptons are categorized as Unknown (IFF class 0) when they
cannot be assigned to any of the other classes described below. In the

selected backgrounds/samples, no leptons fall into this class.

1 KnownUnknown: The KnownUnknown category (IFF class 1) refers to lep-
tons that could potentially be classified, but where classification fails due

to missing information. This background is treated as static during the fit.

2 IsoElectron: An electron classified as prompt (IFF class 2) corresponds to an
isolated electron in the truth-type, or originates from prompt quarkonium

decays (e.g. cc/bb — ete™).

3 ChargeFliplsoFElectrons: This category (IFF class 3) applies to electrons
with charge misidentification. As our analysis requires same-sign leptons,
this background is treated separately when evaluating the fake tf back-

ground.

4 PromptMuon: A muon is considered prompt (IFF class 4) if its truth-type

corresponds to an isolated muon and it originates from a prompt source
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such as W/Z, top, or Higgs bosons.

5 PromptPhotonConversion: Electrons originating from the conversion of
prompt photons (IFF class 5) are identified based on their truth-type, cor-
responding to a background electron or photon from a prompt photon con-

version.

6 ElectronFromMuon: Electrons classified as originating from muons (IFF
class 6) are those where the electron’ s truth-type corresponds to a non-

isolated electron or photon, and the truth-origin is a muon.

7 TauDecay: Non-isolated electrons and muons from hadronic tau decays
(IFF class 7) are identified by their truth-type, corresponding to non-

isolated muons or electrons from tau leptons.

8(9) B(C)HadronDecay: Electrons and muons from heavy-flavor decays are clas-
sified as coming from either b-hadrons (IFF class 8) or c-hadrons (IFF class

9), based on their truth-origin.

10 LightFlavourDecay: Leptons produced by light-flavor jets (IFF class 10) are
identified by their truth-type.

IFF categories are widely used in ATLAS to investigate lepton origins. The
backgrounds considered in this analysis assume that at least one lepton is prompt,
meaning it belongs to either IFF category 2 (prompt electron) or 4 (prompt
muon).

The analysis labels events where the second lepton originates from photon
conversion (IFF class 5) as “t¢ y-conv”, which includes processes like t¢y and tt.

This background is combined after removing events from the inclusive tf sample.

The label “tt Q-flip” is used for events where the second lepton arises from

charge-flip misidentification (IFF class 3).

The label “tt dec” is assigned to events where the second lepton originates

from a decay of either a heavier lepton or a hadron (IFF classes 7/8/9/10).

Finally, if the second lepton from the ¢ sample does not fit into any of the
aforementioned backgrounds, it is labeled “tt other” (IFF class 0/1).
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5.3.2 Analysis regions definition

In this section, the definitions of all regions passing the event selection cri-
teria are outlined. A detailed analysis was performed on events that passed the
selection criteria described in Section 5.2. These events feature two same-sign,
same-flavor leptons (either electrons or muons), two b-tagged jets with an 85%
efficiency working point, and at least four additional light-flavor jets. These jets
and leptons provide the necessary variables for further event reconstruction and
background rejection.

The leptons must pass the PLVLoose isolation working point, and each electron
is further classified based on the results of the ECIDS and ambiguity filtering cri-
teria. Leptons that pass the "Ambiguity cut” veto photon conversion candidates,
while those failing indicate a possible photon conversion background. Electrons
that pass the "ECIDS cut” indicate a misidentified charge, and those that fail are
considered to have no charge misidentification. Additionally, a Z-boson mass veto
is applied, excluding events with |m.. —mz| < 10 GeV to suppress contributions
from Z — ee events.

The following sections outline the event selection strategy for both the electron
and muon channels, defining signal regions (SR) and multiple control regions to

isolate various background processes.

Electron Channel

In the electron channel, events are selected based on a combination of lepton
isolation, invariant mass of the two leptons, the ambiguity cut, and the ECIDS
cut. This allows for the definition of a signal region and four control regions,
each targeting a different background source, through flexible combinations of

selection criteria.

« Signal Region: To define the signal region, two tight isolation cuts are
applied to the same-sign leptons, along with the requirement that the in-
variant mass of the two leptons, myy, is less than 80 GeV. This selection
maximizes the contribution of the heavy neutral lepton signal process, en-

abling the extraction of the signal strength, p©(HNL).

« Control Region for t¢t W (tt{/W CR): To control the background from

ttW events and reduce contamination from the Z-boson mass peak, the
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opposite side of the my, spectrum is selected, requiring mg > 100 GeV.
Additionally, the W control region from the electron channel is merged
with the corresponding region from the muon channel to improve statistical

power.

« Control Region for Fake Leptons (CRHF): Fake leptons are controlled
by selecting events where at least one of the two leptons, after passing the
PLVLoose isolation, fails the tighter PLIVTight isolation. To further reduce

signal contamination, a selection of my, > 75 GeV is applied.

« Control Region for Electron Charge Flip (CRCF): Events, where one
of the two leptons passes the ECIDS cut, are used to define the electron
charge flip control region. A veto on Z — ee events is applied by excluding
events in the Z mass window, and a selection of my, > 60 GeV is added to

reduce the signal contribution.

« Control Region for Photon Conversion (CRPC): The ambiguity cut,
which is applied in all other regions to suppress photon conversion contri-
butions, is inverted in this control region to enhance the contribution from
photon conversion processes. Additionally, a selection of m, > 75 GeV and

the Z-boson veto are applied to minimize signal contamination.

Muon Channel

The muon channel follows a similar strategy to the electron channel, with the
same cuts applied to define the signal region and control regions. The primary
difference lies in the lepton type and minor adjustments to enhance background

suppression specific to muon events.

« Signal Region: The signal region is defined by requiring two same-sign
muons passing tight isolation criteria and an invariant mass my, < 80 GeV,

following the same logic as in the electron channel.

» Control Region for t¢t W (¢ttW CR): The ttW control region is defined
similarly, by selecting events where my > 100 GeV. As mentioned ear-
lier, the ttWW control region is merged with the electron channel’s region to

increase statistics.
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« Control Region for Fake Leptons (CRHF): Events with at least one
lepton passing the PLVLoose isolation but failing PLIVTight, along with a
selection of my > 75 GeV, are used to define the fake lepton control region

in the muon channel.

5.3.3 Summary of Region Definitions

All of the cuts and selection criteria, including the Z-boson mass veto and
the invariant mass thresholds on my,, are designed to enhance the contribution
from targeted backgrounds in the control regions while ensuring signal event

contamination in each control region is smaller than 1% of the total signal events.

In summary, Table 5.4 provides an overview of the selections applied to define

the signal and control regions, ensuring statistical orthogonality across all regions.

Table 5.4: Definition of different signal regions and control regions.

Region ‘ £y — £y flavour Isolation cut Ambiguity cut ECIDs cut Other

SR(ee) ‘ e-e PLIVTight & PLIVTight Pass & Pass  !Pass & !Pass mee < 80 GeV

CR(eww) ‘ e-e PLIVTight & PLIVTight Pass & Pass  !Pass & !Pass  my, > 100 GeV and merged with CR(puw)
CR(epr) ‘ e-e |(PLIVTight & PLIVTight) Pass & Pass  !Pass & !Pass mee > 75 GeV

CR(epc) ‘ e-e - |(Pass & Pass) !Pass & !Pass mge > 75 GeV and veto Z
CR(ecr) ‘ e-e - Pass & Pass Pass | Pass myge > 60 GeV and veto Z

SR(pup) ‘ j7a PLIVTight & PLIVTight - - me < 80 GeV

CR(perw) ‘ j7a PLIVTight & PLIVTight - - mye > 80 GeV and merged with CR(eyw)
CR(ur) \ L I(PLIVTight & PLIVTight) . - e > 75 GeV

The analysis defines two signal regions and six control regions, with the ¢ZW
control region shared between the electron and muon channels. The performance
of the signal regions is evaluated using the BDTG score obtained from multivari-
ate analysis (MVA) training, as detailed in Section 5.4. This approach enhances

the discrimination between signal and background processes.

Simulated events are categorized based on the presence of non-prompt or fake
leptons using the IFFTruthClassifier and MCTruthClassifier packages. Further
details on these classification tools are provided in Section 5.3.1. The primary
sources of misidentified leptons in the signal regions include heavy-flavor fake
leptons (IFF classes 7/8/9/10) and electrons from photon conversions (IFF class
5), predominantly originating from ¢¢ and ¢ events. A minor contribution arises

from charge-flip backgrounds (IFF class 3). A dedicated ttW control region is
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defined for both the electron and muon channels. The composition of lepton

sources in the signal and control regions is illustrated in Figure 5.4.

ttz
=i, | Sie
— ec -fli
(s =13 TeV mi (e coHvD g p
m Top other
SR,el ttw CR CRHF,el

CRPC,el CRCF,el

174
=, it
— ec i
Vs =13 TeV .tt Y- cohlva 8 P
mTop ot
SR,mu ttw CR CRHF,mu

Figure 5.4: The compositions of the different background sources in the SR and
CRs from the ee (upper) / up (lower) channel are shown here. The ttW control
region is used both on the ee/up channel, while two CRHF regions are used to
control the heavy flavor fake leptons from ee/up channel. CRPC and CPCF are
used to control the photon conversion and charge flip background contributions,

respectively. All the control regions effectively constrain the target composition.

The category labeled as Top other” in Figure 5.4 encompasses contributions
from ttt /titt, tW Z, t Zq, single-top, tHq, tHW, ttXX, and non-photon conversions
from ttvy, as well as tt other. The “V EW” category includes contributions from
V+jets and VV/VVV processes.
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5.3.4 Pre-fit plots displayed with the IFF classification

The two signal regions and five control regions are employed, with the t£W
control region shared between the electron and muon channels. These control
regions are designed to constrain various background processes. Specifically, the
ttW control region targets the ttW process, while the heavy-flavor fake lepton
control regions address contributions from heavy-flavor fake leptons. Additional
control regions, such as those for photon conversions and charge-flip backgrounds,
further mitigate the impact of the leptons from the photon conversion and the

misidentified leptons. The pre-fit plots are shown in Figure 5.5 and Figure 5.6.
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Figure 5.5: These pre-fit plots illustrate the different sources of lepton background
estimation in the ee channel. The disagreement between data and MC prediction
is due to the backgrounds not being normalized to data here (no NFs applied in
these pre-fit plots). The uncertainty band includes the effects of all statistical

and systematic uncertainties.

— 78 —



AR 22 1

T T T T T T T T T T T T T T T T T T
ATLAS ¢ Data [l Top other ATLAS @ Data

ARRRREREE R R
[l Top other

j%2} |2
£ £
g H
i (s = 13 TeV, 140 fo™* [t dec p [Jttz w (s =13TeV, 140 fb™ [ltt decel [t Q-flip
100 Ettw OVEW Wttdec p [t y-conv
CRHF pp WtH 77 Uncertainty ttW CR Otz mttw
Pre-Fit Pre-Fit OV EW WtH

80 77 Uncertainty

1.25

Data / Bkg.
Data / Bkg.

A

Control region heavy flavor p Control region ttw

0.75
0.5

Figure 5.6: Pre-fit plots of the CRs in the pupu channel, which are essential for
the Template Fit Method used to extract the normalization factors. These plots
illustrate the different sources of lepton background estimation in the ppu channel.
In each control region, the target backgrounds have the dominant composition,
as expected. The disagreement between data and MC prediction is due to the
backgrounds not being normalized to data here (no NFs applied in these pre-fit
plots). The uncertainty band includes the effects of all statistical and systematic

uncertainties from the backgrounds.

- 79 —



1 AR5 22 1

5.4 Multi-Variate Analysis

In high-energy physics, distinguishing between signal and background events
in complex datasets often requires sophisticated analytical techniques. One such
technique is the Multi-Variate Analysis, which leverages machine learning al-
gorithms to enhance the separation power between different event types. This
section outlines the application of MVA in our analysis, focusing on the use of
Gradient Boosted Decision Trees (BDTG) for classification tasks.

5.4.1 Setting of the MVA

Following a cut-based selection, we defined two distinct signal regions for the
ee/up channel. These regions were characterized by stricter isolation criteria and

a low invariant mass cut my < 80 GeV, as described in Section 5.3.

MVA Framework and Implementation

To implement the MVA, we employed the mva-trainer framework [127],
which integrates machine learning libraries such as PyTorch [128], PyG [129], and
scikit-learn [130]. Specifically, we utilized the GradientBoostingClassifier
from scikit-learn for binary classification, enabling effective discrimination

between signal and background events.

Signal Mass Point Grouping

Given the limited statistics for individual mass points, we grouped the 10
signal mass points (ranging from HNL 15 to HNL 75) into two categories: the
high-mass region (HNL 45 to HNL 75) and the low-mass region (HNL 15 to HNL
40). This grouping strategy was guided by the recommendations in Table 5.6.
The MVA studies were conducted separately for these aggregated mass sets, uti-
lizing all background samples from the full Run-2 dataset. The resulting BDT
scores were subsequently used as kinematic variables in the signal regions for the
fitting process.

To address potential inconsistencies in kinematic distributions between the

high and low mass regions, we explored three distinct approaches:

1. Assigning individual training weights to each mass point.
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2. Assigning training weights from two single representative mass points (sig-
nal mass at 25 GeV and 50 GeV).

3. Assigning training weights from two sets of merged signal mass points

The latter two approaches, aimed at simplifying the training model, did not
significantly impact the final significance in the signal regions. However, com-
bining the signal sets enhanced statistical power and mitigated overtraining is-
sues. Detailed performance evaluations of these approaches are provided in Ap-

pendix B.

Cross-Validation and Training Strategy

For robust validation, we implemented a 2-fold cross-validation procedure.
The dataset was partitioned based on the eventNumber variable, with even and
odd event numbers defining the training and testing sets for each fold. Addition-
ally, 10% of the training events were reserved for validation to monitor validation
loss and prevent overfitting. The BDT training outputs from the two folds were
integrated into the Ntuples, with fold1’s results applied to odd events and fold2’s

results applied to even events.

Handling Negative Weights

Negative weights in training events can pose challenges for machine learning

algorithms. To address this, we tested two approaches:
1. Discarding events with negative weights.
2. Retaining events with absolute weights.

After comparing variable distributions and training outcomes, we opted for
the second approach, which improved statistical robustness and reduced the risk
of overtraining without compromising the significance of the results. Further

details on this methodology are provided in Appendix C.

Background Normalization and Parameter Optimization

All background events were normalized to the actual luminosity to ensure ac-

curate comparisons with signal events. During the BDT training, we evaluated
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various combinations of training parameters, with the number of estimators and
tree depth being the most critical. By comparing test/training outputs and loss
function plots (as shown in Figures 5.7 and 5.8), we identified the optimal param-
eter settings. A summary of the six trainable parameters and their descriptions

is presented in Table 5.5.

Training Dataset

The BDT training utilized approximately 60,000 background events and
80,000 signal events in the high-mass region, along with 56,000 signal events
in the low-mass region. This dataset provided a robust foundation for training

and validation, ensuring reliable performance in the signal regions.

Option ‘ Value ‘ Description
nEstimators 50 Number of boosting stages to be performed during the training of a BDT.
MaxDepth 2 Maximum depth of the individual estimators of a BDT.
MaxFeatures 4 The number of features to consider when looking for the best split in a BDT.
MinSamplesSplit | 0.1 The minimum number of samples required to split an internal node in a BDT.
MinSamplesLeaf | 0.1 The minimum number of samples required to be at a leaf node in a BDT.
LearningRate 0.1 Initial learning rate for the training.

Table 5.5: Optimized BDT options. Both low and high-mass channels share the
same settings. Performance is evaluated by comparing AUC values, test/training
ratio plots (to assess overtraining), and loss function checks between the training

and validation sets.

5.4.2 Optimization of the MVA

In Section 5.2.2, we select events containing two same-sign, same-flavour lep-
tons, at least two b-tagged jets, and at least four light jets. Applying the y?
algorithm allows us to reconstruct key objects originating from the decay of the
two top quarks. We extract 17 kinematic variables relevant to the top quark pair

decay model and use them as inputs for the multivariate analysis:

. pfrl : pr of the leading one among the same sign leptons.

(o

e pf @ pr of the sub-leading one among the same sign leptons.
e 1, : 1 of the leading one among the same sign leptons.
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(a) Training vs. testing output
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e 1, : n of the sub-leading one among the same sign leptons.
o EI#s : Missing transverse momentum

e Hp : Scalar sum of the pT of all leptons and jets.

o ARy, : Angular separation of two same sign leptons

o my : Invariant mass of two same sign leptons.

. p%l . pr of the leading Jet.

e N,: Number of all different types of jets (including b-tagging jets).
e Npjer: Number of b-tagging jets.

e Mgyr: Invariant mass of Top with SM decay.

o Mguw: Invariant mass of W decayed from SM Top.

o Mysmr: Invariant mass of Top with BSM decay.

o Mpsmw: Invariant mass of W decayed from BSM Top.

o Mpsmy1: Invariant mass of HNL reconstructed with leptonl and two jets
decayed from off-shell W.

o Mpsmu2: Invariant mass of HNL reconstructed with lepton2 and two jets
decayed from off-shell W.

In the GradientBoostingClassifier algorithm within Scikit-Learn, feature im-
portance is computed based on the accumulated information gain produced by
each feature during the tree splitting process. This cumulative information gain
serves as a measure of each feature’s contribution to the model’s performance.
The initial importance of all the input variables is listed in Figure 5.9, and the
corresponding correlation matrix is shown in Figure 5.10. There are lots of vari-
ables that have a very high correlation matrix with others due to the similarity
in composition.

To optimize the BDT, we applied several principles. Firstly, we aimed to
decorrelate all variables to avoid multicollinearity issues and reduce the redun-
dancy of information. Secondly, we compare the gain in significance (AUC value)

to decorrelate and reduce the low-importance variables, thereby improving the
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signal-to-background separation. Lastly, we selected only the most significant
variables as input to the BDT to further improve its performance. By applying
these principles, we were able to reduce the number of input variables from 17 to
4 without significant loss of signal efficiency. The difference between the training
with 17 variables and the 4 optimization variables is shown in Figure 5.11. These

four variables are listed below:

p‘gT2 : pr of the sub-leading one among the same sign leptons.

o my : Invariant mass of two same sign leptons.
o Emss: Missing transverse momentum

o Mpsmw: Invariant mass of W decayed from BSM Top.
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Njets

L B
.'mponance
Uncertainty

BDT Output low
mass

lepton 2 feta
sm My,
NBjets
lepton 1 /eta
HT

lepton 1p,.

NBjets
Uncertainty
lepton 1 p,

B N B lepton 2 feta
. mportance HNmassWihLL

Njets

lepton 1 feta

BDT Output high- smm,
mass smw,

HNmassWitht 1
sm My,

HT
HNmasswith.2

SO

@R, B aR
Jetip, - Jet1p,
My Moy
lepton 2, | ] M,
M, - - lepton 2p,_
MET ] My
v, B MET

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0 0.05 0.1 0.15 0.2 0.

(AUC__ -AUC)/AUC (AUC -AUC)/AUC

nom nom nom nom

Figure 5.9: The most significant variables are the pfﬁ, Mo, B My both in
high (left) and low (right) mass region, which is shown in the importance ranking

plots.

Figure 5.10: Correlation matrix of the variables in high (left) and low (right) mass

region, decorrelation studies are performed and ordered by gain in significance.
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Figure 5.11: The optimization on the different numbers of input variables for
training is presented here(ee channel (left) and pp channel (right)). The training
results with 4 variables (upper row) have almost the same signal efficiency as

those with all 17 variables (lower row).

5.4.3 Modelling check for the input variables

To ensure the inclusion of all necessary background samples, a thorough com-
parison between data and Monte Carlo simulations is performed in the control
regions. This validation utilizes four key kinematic variables, which are highly
discriminative in the multivariate analysis: the missing transverse energy (ER);
the invariant mass of the two leptons (my), the transverse momentum of the sub-
leading lepton (p'?), and the invariant mass of the reconstructed beyond the Stan-
dard Model W boson (my). The distributions of these variables are illustrated
in Figure 5.12 to Figure 5.15.

A control region only (CR-only) fit is conducted, focusing exclusively on the
control regions defined in Table 5.4. In this fit, the normalization factors for
the primary background contributions are allowed to vary freely. The post-fit
results demonstrate good agreement between data and MC predictions, with no

significant discrepancies observed in the modeling.

— 87 —



1 AR5 22 1

% Er T T T T T T T T T T @ I A o e
< [ ATLAS eData MW 1 5 80 ATLAS +Data MW =
@ 100 Vs=13TeV, 140 fo Wiz M- 4 o E (s=13Tev, 140 fo* [lltiz WuH ]
F HNL Wit dec el [t dec p A 70 HNL tt dec el [tE dec p —
[ CRttw [Ott_Qflip [t y-conv ] [ CRfake ee [Ott_Qflip [Att y-conv ]
8o Post-Fit [tt_Other [ Top other | 60— Post-Fit [tt_Other [l Top other  —
r [CJVEW  7ZUncertainty 7 F [COVEW 77 Uncertainty
[ ] 501~ -
r 1 2 1
© F xhdi=38/5 xprob=058 1 9 X2Ingi = 2.6 4 x2prob = 0.62
m 1. L N E m 1.
s & r / P B
0 0.755 + E 0075
"0 20 40 60 80 100 120 140 160 180 200 0'50 20 40 60 80 100 120 140 160 180 200
MET [GeV] MET [GeV]
o A0 T T T T T T T T T ) s B S L L s O M
S L ATLAS #-Data [EttwW il S - ATLAS #-Data [tiwW q
& 350 Vs=13TeV, 140 fo™ [tiz WtH 4 @ 100 {s =13 Tev, 140 b [tz WtH N
[ HNL Wit dec el [t dec p ] [ HNL [ltt dec el [lttdec p il
30F- CR conv ee [Ott_Qflip [t y-conv 3 F CR Qflip ee [Ott_Qflip [Att y-conv g
F Post-Fit [tt_Other [ Top other 80/~ Post-Fit [t Other [ Top other ]|
250 [OVEW 72 Uncertainty L [OVEW 7/ Uncertainty |
C 7: 60— —
B 40— -
1 20— -
| — | p——
2 > E Indf =2.5/7 x?prob =093 3
@1 & 1.25F E
0 0.75 0 0.75
0")O 20 40 60 80 100 120 140 160 180 200 220 240 0'50 50 100 150 200 250
MET [GeV] MET [GeV]
0 T T T T e
S 45 ATLAS 4Data [tiw E
o E (s=13TeV, 140 fb™ [tz WtH E
40 HNL i dec el [t dec n E
35i CR fake mumu [Ott_Qflip [tt y-conv E
[ Post-Fit [ tt_Other [l Top other E
30F [JVEW 72 Uncertainty E
25F E
20~ -
o Emiieiis canome T —
o

2606580 100 130 140160180 300

MET [GeV]
Figure 5.12: Modelling check for the missing transverse energy in all control
regions. Normalization factors taken from the CR-only fit are applied to the
target backgrounds, and the uncertainty bands incorporate both statistical and
systematic uncertainties. The x? values are provided for each region to quantify

the agreement between data and MC predictions.
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Figure 5.13: Modelling check for the invariant mass of the two leptons (my,) in
all control regions. Normalization factors taken from the CR-only fit are applied
to the target backgrounds, and the uncertainty bands include both statistical
and systematic uncertainties. The x? values are displayed to assess the level of

agreement between data and MC predictions.
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Figure 5.14: Modelling check for the subleading lepton transverse momentum in
all control regions. Normalization factors taken from the CR-only fit are applied
to the target backgrounds, and the uncertainty bands include both statistical and

systematic uncertainties. The x? values are provided for reference.
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Figure 5.15: Modelling check for the invariant mass of the reconstructed BSM
W boson (my ) in all control regions. Normalization factors taken from the CR-
only fit are applied to the target backgrounds, and the uncertainty bands include
both statistical and systematic uncertainties. The x? values are provided for each

control region to quantify the agreement between data and MC predictions.
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5.4.4 MVA training results

Due to the sufficiently discriminative variable distribution between the signal
and the background, four variables shown in Section 5.4.3 are used in the 2LSS
channel after optimization from the initial pool.

Figure 5.16 displays the distributions of the four most influential variables,
showcasing their significant capability to distinguish between the merged signal
mass and the assorted backgrounds under consideration. The distributions of
the isolated signal mass points versus background variables’ distributions are

presented in Appendix B.
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Figure 5.16: The distributions of the 4 input variables trained in MVA are shown

here, and the signal events are combined with all the signal mass points.

The response distributions of the Boosted Decision Tree for both signals and
backgrounds in the training and testing samples are presented in Figure 5.18.
Train/test overtraining checks are also performed with the final optimized bin-
ning in the Signal Region. The distributions demonstrate excellent separation
between the signal and background, indicating the robustness of the BDT ap-
proach in discriminating between the two. Refer to the plotting results of the
training/testing comparison with uniform binning/final binning and the P-value

of the Kolmogorov-Smirnov (KS) test to demonstrate that there is no apparent
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E‘E‘

Figure 5.17: The correlation matrix of the selected 4 variables is shown here, and

no correlation is higher than 0.25.

overtraining situation.
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Figure 5.18: The BDT response (upper) of different mass sets of the signal is

shown. There is good separation (lower) between signal and backgrounds, and

no obvious overtraining issues were found.

To make sure the high/low mass sets are enough and properly describe all

the mass points of the signal, we made a significant comparison between different

MVA training models. Table 5.6 listed the stat-only expected significance results.

The significance of the signal region is shown for different mass points in the first

row, where each model is trained separately with all backgrounds. The second

and third rows display the significance for different mass points, but each model is
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trained with the HNL50 and HNL25 vs backgrounds, respectively. The difference
in significance between high and low mass regions is small, less than 6%. Due
to limited statistics for signal masses (HNL15 - HNL75), we merge the ee/uu
channels and define two sets of MVA training for high and low-mass regions. For
the high-mass region, the HNL45 - HNL75 signal samples are used, while the
HNL15 - HNL40 signal samples are used for the low-mass region. The output
from the high mass training is used to inject HNL45-HNL75 signal samples, and
the output from the low mass training is used to inject HNL15 - HNL40 signal

samples.

Signal mass in ee channel (GeV) ‘ 7 60 55 50 45 40 45 25 15
Significance(o) results with their own weights 33 97 109 117 11.8 121 113 88 55
Significance(o) results with weights from HNL50 31 96 11.0 11.7 119 119 11.0 7.8 4.6
Significance(o) results with weights from HNL25 119 114 88 5.6

Significance(o) results with weights from high mass set | 3.3 9.9 114 11.7 11.8
Significance(o) results with weights from low mass set 115 11.1 92 53
Signal mass in pp channel (GeV) 7 60 55 50 45 40 45 25 15
Significance(o) results with their own weights 6.8 16.6 19.1 20.0 188 19.2 181 14.0 9.7
Significance(o) results with weights from HNL50 6.4 162 19.1 20.0 19.0 185 175 12,6 8.4

Significance(o) results with weights from HNL25 185 184 14.0 10.3

Significance(o) results with weights from high mass set | 6.7 16.9 19.4 20.5 19.4

Significance(o) results with weights from low mass set 181 179 14.6 9.5

Table 5.6: Expected significance performance with different bookMVA methods.
The first row shows the significance from the signal region for different mass
points, with each model trained independently on its corresponding signal and
backgrounds. The second and third rows present significance scores using a fixed
signal for training: HNL50 and HNL25, respectively. The last two rows repeat
this but with a merged high/low mass signal.

5.4.5 Signal Region Definition with Multivariate Analysis

Techniques

The signal region for this analysis is defined by requiring at least two same-sign
same-flavor (SSSF) leptons, at least two b-tagged jets passing the 85% working
point, and at least four light jets. This selection criterion ensures a robust signal
region for the 2SS (two same-sign leptons) channel, optimized for sensitivity to

the signal while effectively suppressing background contributions.
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The analysis was performed using TRExFitter, a widely-used tool within the
ATLAS collaboration, which incorporates both experimental and theoretical un-
certainties for signal and background processes, as detailed in Section 5.5. To
optimize the binning of kinematic distributions, we employed the automatic bin-
ning method transformation D (with Z, = 3 and Z, = 3) across all regions. This
method ensures that the bin-by-bin Monte Carlo statistical uncertainty of the
backgrounds remains below 20%. Additionally, to maintain sufficient statistical
power, we imposed a minimum background yield of 3 events (reweighted sum of
events) per bin after automatic classification. In cases where the signal contribu-
tion was negligible in the first few bins, these bins were merged to ensure that the
signal events in the first bin constituted more than 3% of the total signal events.

The pre-fit event yields for the HNL50 signal in the ee and pp channels are
presented in Table 5.7 and Table 5.8, respectively. The pre-fit results for the 2/SS
channel signal region using the BDTGscore variable for all mass points can be

found in Appendix D.

SS2L ee

HNL 50 N1 59 £ 8
Top other 5.4 4+ 2.2
tt decay el 944
t Qfip 1.6+ 1.1
tty conv 9.6 & 2.5

ttZ 5.1 £1.1
ttW 9.6 £ 2.7
V EW 24+£09
ttH 76 £1.3

Table 5.7: The pre-fit event yields in ee channel with the signal mass at 50
GeV. The tt IFF categories contribute approximately half of the total background

events. Signal events are normalized to a cross-section of 0.05 pb.
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SS2L pp

HNL 50 N2 125 £+ 16
Top other 6.5 + 3.3

tt other 12+ 4
tt decay mu 12+ 7
ttz 5.6 £ 1.1
tHWw 174+ 5
V EW 1.7+ 1.3
ttH 11.6 = 1.9

Table 5.8: The pre-fit event yields in the ppu channel with the signal mass at 50
GeV. Compared to the ee channel, a larger contribution is observed from the ttW

and ttZ samples. Signal events are normalized to a cross-section of 0.05 pb.

5.5 Systematic uncertainties

In this analysis, we implement the systematic uncertainties affecting the AT-
LAS multi-lepton searches, focusing on both experimental and theoretical aspects.
The experimental uncertainties arise from lepton reconstruction and identifica-
tion, jet calibration, energy scales, and missing transverse energy. These uncer-
tainties are calibrated using Monte Carlo simulations, with scale factors applied
to correct for potential mis-modelling of the detector. For jets, individual com-
ponents of the jet energy scale and resolution are treated as separate nuisance
parameters (NPs), accounting for pile-up effects, flavour dependence, and detec-
tor calibration accuracy. The theoretical uncertainties related to Monte Carlo
modelling include variations in parton distribution functions, renormalization,
and factorization scales, with particular emphasis on background processes such
as tt and their associated uncertainties. The symmetrisation and smoothing of
uncertainties are applied to improve the stability and reliability of the analysis.
Symmetrisation ensures that systematic uncertainties affecting different regions
of phase space do not introduce artificial asymmetries, which could bias the final
results. Smoothing helps reduce statistical fluctuations in the uncertainty esti-
mates, preventing overfitting to statistical noise in limited data regions. These
steps provide a more robust and interpretable uncertainty treatment, ensuring
that variations in the results are driven by genuine systematic effects rather than

statistical artifacts. The symmetrisation and smoothing details are described in
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Section 5.5.4.

5.5.1 Experimental systematics

The uncertainty in the combined integrated luminosity for the 2015 -2018
data-taking period, corresponding to 140fb™", is 0.83% [131].

Lepton efficiency includes reconstruction, identification, isolation, and trigger
efficiencies. In Monte Carlo simulations, these efficiencies are corrected using scale
factors, calculated as the ratio of efficiencies measured in data and simulations.
The tag-and-probe method in Z — ee decays for electrons [132] and Z — uu
decays for muons [133] is employed to determine these scale factors. The SFs,
which depend on EM¥*¢ and 7, are varied by one standard deviation up and down

to assess the uncertainty’s impact on lepton efficiency.

Lepton energy (momentum) is calibrated using Monte Carlo-based techniques,
with corrections derived from studies of Z boson dileptonic decays. These correc-
tion factors account for detector mis-modeling and are also varied by one standard
deviation to evaluate lepton energy (momentum) scale uncertainties. For elec-
trons, the energy scale and resolution are combined with those of photons and
referred to as the e/~ scale and resolution [132]. For muons, corrections are ap-
plied for momentum scale and resolution uncertainties, which include combined
uncertainties from the Muon Spectrometer and the Inner Detector tracking sys-
tem. Additional uncertainties address charge-dependent corrections (the “sagitta
bias”) applied in the data [134].

The SFs for lepton trigger efficiencies, as detailed in Table 5.2 and Table 5.3,
are provided by the TrigGlobalEfficiencyCorrection package [135]. The as-
sociated uncertainties arise from the individual trigger SFs, which are derived
similarly to the identification and isolation SFs for both electrons and muons.

Uncertainties in the MET soft-track component (the “soft term”), which can-
not be attributed to any reconstructed or calibrated physics object (the “hard
term”), are derived from data-MC comparisons of the pr balance between the
hard and soft MET components [136]. The scale and resolution uncertainties of
the soft term are treated as separate nuisance parameters [137].

Among the systematic uncertainties, those related to jet calibration (e.g.,
JES, JER, JVT, and fJVT) and the MET soft-track terms are particularly large

and influential. The total uncertainty in the jet energy scale includes terms
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derived from in situ measurements, pile-up effects, flavor dependence, and other
estimates, as summarized in Table 5.10. Most of these terms originate from in situ
measurements, covering effects from analysis selection cuts, event topology, and
Monte Carlo mis-modeling, as well as statistical limitations. These also include

uncertainties related to the calibration of electrons, muons, and photons.

For JES uncertainty, information from test beam data, LHC collision data,
and simulations is utilized. Data from collisions at /s = 13TeV help calibrate
the residual JES uncertainty [138, 139]. The “Category Reduction” uncertainty
set [140] used here consists of 30 independent NPs, each with up/down variations
depending on jet pr and 7.

For 7 inter-calibration [141], six NPs are derived: one covers modeling effects,
one covers statistical uncertainties, and four parameterize non-closure. Pile-up
effects are described by four NPs, accounting for offsets and pr dependence in

< p > and Npy, as well as event topology dependence of the density metric p.

Flavor dependence uncertainties, based on simulations, account for differences
in jet response between quark-, gluon-, and b-initiated jets. The punch-through
uncertainty addresses mis-modeling in Global Sequential Calibration [141], while
the high-pr single-particle uncertainty covers regions beyond 2.4 TeV, based on
individual hadron response studies. For AFII-simulated MC samples, a non-
closure uncertainty accounts for jet response differences compared to full detector

simulations.

Accurate jet energy resolution is essential for detailed measurements of SM jet
production. The “Full JER” smearing model [140] introduces 13 NPs, including
terms for fast-simulation and full-simulation samples. To align the simulation
with data, two types of smearing procedures are applied, depending on the de-

tector simulation type.

Jet vertex track and forward JVT uncertainties are handled via the

JetJvtEfficiency package [123] by applying event weights.
For b-jets, b-tagging distinguishes between jets from b-quarks and light-flavor

jets. Each jet is assigned a working point, and the b-tagging uncertainties for
each jet type are determined by varying calibration SFs up and down. These
uncertainties are decomposed into independent components using the eigenvector
method, resulting in 45 NPs for b-jets, and 20 NPs each for c-jets and light-flavor
jets [68].

In summary, the ATLAS performance groups evaluate experimental system-
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atic treatments, which are incorporated in the multi-lepton analysis either as
event re-weighting (e.g., b-tagging and pile-up) or as rescaling/smearing of ob-
ject energy and momentum for scale and resolution uncertainties.

The list of lepton- and b-tagging-related systematics is provided in Table 5.9
and Table 5.11, along with their type, description, and corresponding workspace
name. The “Application” row indicates the method used in the analysis (Event

Weight or pr Weight).

Experimental Systematics on Leptons

Type Description Systematics Name Application
Muons
Efficiencies  Reconstruction and MU_SF ID [STAT,SYST] Event Weight

identification
Reconstruction and MU_SF ID [STAT,SYST] LOWPT Event Weight

Identification  (low

pr)
Isolation MU_SF Isol [STAT,SYST] Event Weight
Track To Vertex As- MU_SF_TTVA [STAT,SYST] Event Weight
sociation
Trigger MU_SF Trigger [STAT,SYST] Event Weight
pr Scale pr Scale MUONS_SCALE pr Correction
Resolution Momentum Resol. MUONS CB pr Correction
MS Momentum MUONS_SAGITTA_[RHO,DATASTAT] pr Correction
Resol. (charge
dependent)
Electrons
Efficiencies  Reconstruction EL_SF 1D Event Weight
Identification EL_SF_Reco Event Weight
Isolation EL SF Isol Event Weight
Trigger EL_SF_Trigger Event Weight
Scale Factor Energy Scale EG_SCALE_ALL Energy Correction
EG SCALE AF2 Energy Correction
Resolution ~ Energy Resolution =~ EG RESOLUTION ALL Energy Correction

Table 5.9: Summary of experimental systematics to be included in the analysis
for muons and electrons. The type, description, name of systematics, and the

mode of application are listed from left to right.
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Experimental Systematics on Jets and ERiss

Type Origin

Systematics Name

Application

Jets

Jet Vertex Tagger
Forward Jet Vertex Tagger
Energy Scale Calibration Method

7 inter-calibration

High pr jets

Pile-Up

Non Closure

JET_EffectiveNP_ Detector[1,2]

JET EffectiveNP_Modelling|[1,4]
JET EffectiveNP_ Statistical[l,6]
JET _Etalntercalibration_ Modelling
JET_ Etalntercalibration_ NonClosure (x4)
JET Etalntercalibration TotalStat

JET RelativeNonClosure AFII

JVT
FJIVT

JET _EffectiveNP_ Mixed([1,3]

JET_SingleParticle_HighPt
JET Pileup_ OffsetNPV
JET_Pileup_ OffsetMu
JET Pileup PtTerm
JET Pileup RhoTopology
JET_PunchThrough  MC16
JET_PunchThrough AFII

Event Weight
Event Weight
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction
pr Correction

pr Correction

Flavour JET Flavor Response pr Correction
JET BJES_ Response pr Correction
JET Flavor Composition pr Correction
Resolution JET JER EffectiveNP [1,11] pr Correction
JET JER EffectiveNP 12restTerm pr Correction
JET JER_ DataVsMC_MC16 pr Correction
JET JER DataVsMC AFII pr Correction
Emiss
Soft Tracks Terms Resolution MET_ SoftTrk ResoPerp pr Correction
Resolution MET_ SoftTrk ResoPara pr Correction
Scale MET _SoftTrk Scale pr Correction

Table 5.10: The EX* systematics

are included here, but no selection of it in

our analysis. Jet systematics take into account the effects of jets calibration

method, 7 inter-calibration, high pr jets, pile-up, non-closure, flavor response,
JER variations. The effects from ATLAS fast simulation also show on the JER
and jet PunchThrough/RelativeNonClosure. They are all identified as effective

parameters.
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Experimental Systematics on b-jets and Pile-up Reweighting

Type Origin Systematics Name
b-tagging
Scale Factors bTagSF_DLIr_Continuous_B[0-44]

DLI1r b-tagger efficiency

on b-originated jets

bTagSF DLIr Continuous C[0-19]
DLI1r b-tagger efficiency

on c-originated jets

bTagSF_DLI1r Continuous_ Light[0-19]
DLI1r b-tagger efficiency

on light-flavoured jets

Pile-up Reweighting

Pile-up Reweighting weight_ pileup

Table 5.11: Summary of experimental systematics for b-tagged jets in the analysis,
using the DL1r tagging algorithm at the 85% Working Point. All b-tagging-related
systematics on b/c/light jets are applied as event weights. Their type, description,

and name of the systematic are listed from left to right.
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5.5.2 Theoretical uncertainties

Systematic effects from MC modeling are evaluated by comparing different
generators or varying event generation parameters.
For the HNL signal samples generated using MadGraph+Pythia8, the follow-

ing modeling systematics are incorporated:

o The uncertainty on parton distribution functions is propagated according
to the PDFALHC15 prescription [142], utilizing 30 nuisance parameters.
The systematic uncertainty is computed by comparing the PDF variations
to the PDF4LHC15 baseline prediction and symmetrizing them. Each of
the 30 PDF variations is treated as an individual nuisance parameter, with

one-sided symmetrization applied.

 Independent variations of the renormalization and factorization scales (ug
and pup) are taken into account during signal production. Events are
reweighted using internal weights where ur and ur are varied by factors
of two from their nominal values. The MadGraph generator is effective
in describing the kinematics of signal events, as outlined in Section 5.1.1.

Two-sided symmetrization is applied.

The dominant background for this search is non-allhadronic ¢t. The nominal ¢¢
sample (DSID 410470) is generated with Powheg-Box V2, interfaced with Pythia8

for parton showering. The uncertainties considered for this background are:

o Two additional samples estimate uncertainties related to the matrix-
element-to-parton-shower matching scale in ¢t production. One sample uses
the hdamp parameter set to 3 x my, keeping all other generator settings the
same as the nominal sample. Another sample uses the pThard parameter

set to 1. One-sided symmetrization is applied.

» To estimate uncertainties from the parton shower and hadronization model
choice, the Powheg+Pythia8 sample is compared to a Powheg+Herwig7.2.1

sample. One-sided symmetrization is applied.

 Independent variations of the renormalization and factorization scales (ug
and pp) are included to account for missing higher-order corrections in the
matrix element calculation. Events are reweighted using internal weights
in which pg and pup are varied by factors of two from their nominal values.

Two-sided symmetrization is applied.
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o PDF uncertainties are propagated using the PDF4LHC15 prescription, with
30 nuisance parameters. Each variation is treated as a separate nuisance

parameter, with one-sided symmetrization applied.

« Uncertainties in initial-state radiation are estimated by comparing the nom-
inal Powheg+Pythia8 sample to event weights produced with higher and
lower radiation scenarios, using the Pythia A14 var3c eigentune. Two-sided

symmetrization is applied.
« Final-state radiation modeling is evaluated using the following weights:

— isr:muRfac=1.0_fsr:muRfac=2.0

— isr:muRfac=1.0 fsr:muRfac=0.5

These correspond to variations of ugr for QCD emissions in the final-state

shower. Two-sided symmetrization is applied.
For the modeling of ttWV:

o Nominal: Sherpa-2.2.10 (QCD+EWK).

o Shower systematics:  The difference between Powheg+Pythia and
Powheg+Herwig is applied to the nominal Sherpa 2.2.10 sample. One-sided

symmetrization is applied.

o Generator systematics: Sherpa-2.2.10 is compared to a MAD-
GRrAPH5_ AMCQNLO + Pythia8 sample using the FxFx merging scheme.

One-sided symmetrization is applied.

o PDF and scale variations: Independent variations of the renormalization
and factorization scales (ur and pp) by factors of two. The PDF un-
certainty is propagated using PDF4LHC15 with 30 nuisance parameters.
Each variation is treated as a separate nuisance parameter. One-sided sym-

metrization is applied.

e Scale variations: Independent variations of pur and pp by factors of two.

Two-sided symmetrization is applied.
For the modeling of tt7:
o Nominal: MADGRAPHS _AMC@NLO + Pythia8.
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Shower systematics: MADGRAPHS  AMCQ@NLO + Herwig7 is considered,

with one-sided symmetrization applied.

Alternative scale variation: MADGRAPHS5__AMCQ@NLO + Pythia8 with
Al4Var3 for the A14 shower tune variation. Two-sided symmetrization is

applied.

Scale variations: Independent variations of ur and pp by factors of two.

Two-sided symmetrization is applied.

For the modeling of ttH:

Nominal: Powheg + Pythia8.

Additional samples estimate uncertainties from matrix element choice, gen-
erated with the pThard parameter set to 1 (the default is 0). One-sided

symmetrization is applied.

Uncertainties from the parton shower and hadronization model choice
are estimated by comparing the Powheg+Pythia8 sample to a

Powheg+Herwig7 sample. One-sided symmetrization is applied.

Independent variations of pg and pup account for missing higher-order cor-
rections in the matrix element calculation. Events are reweighted using
internal weights where ur and pp are varied by factors of two. Two-sided

symmetrization is applied.

PDF uncertainties are propagated using the PDFALHC15 prescription with
30 nuisance parameters. Each variation is treated as a separate nuisance

parameter. One-sided symmetrization is applied.

ISR uncertainties are estimated by comparing the nominal
Powheg+Pythia8 sample to event weights produced with higher and
lower radiation scenarios using the Pythia A14 var3c eigentune. Two-sided

symmetrization is applied.
FSR modeling is evaluated using the following weights:

— isr:muRfac=1.0_fsr:muRfac=2.0

— isr:muRfac=1.0_fsr:muRfac=0.5

These correspond to variations of ug for QCD emissions in the final-state

shower. Two-sided symmetrization is applied.
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5.5.3 Background Normalisation Uncertainties

Uncertainties of 12% and 10% are included for the t¢Z and ttH production
cross sections respectively [143].

For the “V EW” background, which includes half of the Z+jets events (with a
recommended 20% uncertainty derived from measurements of the Z boson cross
section [144]) and half of the VV/VVV events (with uncertainties of 60%/50% re-
spectively, derived from [145]), a 30% cross-section uncertainty is set as a weighted
average consideration.

The “KnownUnknown” IFF category from the ¢t sample is labeled as the
“tt__other” sample and is assigned a 50% cross-section uncertainty as a conserva-
tive approach, given its non-negligible contribution to the muon channel (about
™%).

For other minor backgrounds labeled as “otherTop” and “t(tt)XX”, which
includes the production of three or four top quarks, tt + WW, tZq, tW Z, single-
top (in three channels: s, t, Wt), tHW, tHq, and ttXX (ttWZ, ttHH, ttW Z,
ttZZ) and the not discussed IFF category classes in Section 5.3.1 from ttvy, a
relatively large uncertainty of 50% is assigned as a conservative approach. This
value is based on previous analyses in a similar final state [146, 147] and is

conservative enough to cover the predictions.

5.5.4 Symmetrisation and smoothing of the uncertainties

For systematic uncertainties featuring both 'up’ and ’down’ variations, the
"TWOSIDED” symmetrization method is applied. The content of each bin is
computed by taking the variation of (up — down)/2, which is then mirrored.

In cases where a one-sided variation is present (e.g., modeling uncertain-
ties from an alternative generator), the "7ONESIDED” symmetrization method is
used. Here, the variation is mirrored around the mean value in each bin.

The systematic uncertainties related to leptons and b-tagging, detailed in
Table 5.9 and Table 5.11, undergo "TWOSIDED” symmetrization. The same ap-
plies to jet and MET-related uncertainties, as demonstrated in Table 5.10, except
for the soft-track component resolution of MET, which employs "ONESIDED”
symmetrization.

The default "MAXVARIATION smoothing” procedure, implemented in
TRExFitter, is applied to reduce the impact of Monte Carlo statistical fluctu-
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ations on the systematic templates. It is employed on all uncertainties with large
statistical fluctuations to ensure that the impact on the pull/constraints of these

nuisance parameters is not spurious.

5.6 Statistical Treatment

The TRExFitter is used as our main limit-setting framework. It uses a global

likelihood function for all bins and nuisance parameters:

£(i,6%1,6) = [ P(n,;|,uS(é)+B(@)>- [[c@©le,). (38

1E€bins JENP

systematics

P and G are Poisson and Gaussian distributions, n the number of events, ©
the nuisance parameters, S and B are the signal and background predictions, and

i is the parameter of interest (POI, signal strength).
The one-sided profile likelihood ratio A(1:) is used as the test statistic g,,, which

is the ratio between the maximized likelihood for a given p and the maximized

likelihood for all ¢ (conditional likelihood £(u,6,) divided by unconditional like-

~

lihood L(f1,6,,)) as:

¢ = —2In \(p), (5.9)
with .
. ﬁ(/% Au)
M = G, (5.10)

where 1 and 6 are the values of the parameters that maximize the likeli-
hood function and é are the values of the nuisance parameters that maximize
the likelihood function for a given value of p. The test statistic is evaluated
with the RooStats package [148] and is used in the modified frequentist (CLg)
method [149] to obtain upper limits on the signal strength. The corresponding

confidence levels are calculated as follows:

[e.9]

CLlswo = [ flalp)dg, (5.11)

qobs

cLy= [ f(ql0)da. (5.12)

qobs
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TRExFitter uses the CLs method to test the signal hypothesis. The CLj;
value is defined as the ratio between the signal-plus-background CL and the

background-only CL:

_ CLs+b

CLs
CLy

(5.13)

The 95% confidence limit on the signal strength can be found by solving the

equation:

CLS(MLimH) = 0.05. (514)

Moreover, our main observable is the BDTGscore, trained in Section 5.4,
which is evaluated in the signal regions using profile likelihood functions. As
detailed in Section 5.1.2, all background samples and uncertainties are taken into

consideration.

The following three subsections present the results of the background-only
fit in the control region, the fit to the Asimov data in both the signal
and control regions, and the fit to real data in both the signal and
control regions. Each of these fits serves a distinct purpose in the analysis and

is essential for ensuring the robustness and reliability of the final results.

The background-only fit in Section 5.6.1 could help to check the data/MC
agreement in the control regions, and the post-fit values of the NPs obtained
from this fit could be used to improve the background modeling in the signal

region, ensuring a reliable background estimation.

The fit to the Asimov data in Section 5.6.2 is performed using a pseudo-dataset
generated from the expected signal and background models, covering both the
signal region and control region. This fit evaluates the sensitivity of the analysis,
tests the statistical procedures, and estimates the expected significance of a po-
tential signal. The Asimov dataset is constructed using the post-fit NPs from the

background-only fit, ensuring consistent propagation of systematic uncertainties.

The fit to the real data in Section 5.6.3 is performed using the actual experi-
mental data in both the signal region and control region. This fit simultaneously
extracts the signal strength and constrains the background contributions while
accounting for systematic uncertainties. The results are used to determine the
presence or absence of a signal, set limits on the signal strength, and provide the

final physics results.
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5.6.1 Background-only fit in CRs

The background-only fit is performed across all control regions to constrain
the normalization factors of the studied background processes. These include the
heavy-flavor fake leptons (HF_fake el and HF fake ), charge misidentifica-
tion (charge flip), photon conversions, and the {tW background, as detailed in
Section 5.3.

In the fitting procedure, the normalization factors for all backgrounds asso-
ciated with the IFF categories and the t{WW process are left free to float. To
maintain fit stability and avoid over-parameterization, systematic uncertainties
with minimal impact—specifically those contributing less than 1% to the shape
variation or less than 1% to the overall normalization—are pruned during the
background-only fit.

Given that independent fits are conducted for the dielectron (ee) and dimuon

(up) channels, the normalization factors are extracted channel-by-channel:

o For the ee channel, the fit determines the normalizations of HF fake el,
charge flip, photon conversions, and t¢ +W backgrounds using the corre-

sponding templates.

o For the pp channel, the normalizations of HF fake p and t¢ +W are

derived from their respective templates.

The pre-fit and post-fit comparisons are illustrated in Figures 5.19, 5.20,
and 5.21. Due to limited statistics in the control regions, a one-bin fitting strategy
is adopted for all CRs. This approach focuses on scaling the background predic-
tions to match the observed data yields while remaining insensitive to potential
mismodeling of kinematic distributions in the Monte Carlo simulations. The
one-bin method provides a robust normalization constraint without introducing

shape-dependent biases that could arise from low-statistics bins.
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Figure 5.19: Pre-fit distributions in the four control regions in the ee channel. The

uncertainty band includes Monte Carlo statistical uncertainties and all systematic

uncertainties.
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tainties and all systematic uncertainties.
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Figure 5.21: The pre-fit distributions (left side) and post-fit distributions under
CR-only fit (right side) in pu channel. The uncertainty bands include the Monte

Carlo statistical uncertainty and all systematic uncertainties.
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A summary of the resulting normalization factors from the CR~only fit can

be seen in figures 5.22.
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Figure 5.22: Summary of the normalization factors in the CR-only fit for the ee
channel(upper) and g channel (lower). A similar NF result of the ¢tW is seen

for the two channels.

Figures 5.23 display relevant constraints and pulls. The fit converged very

successfully, and no NPs were over-pulled or over-constrained.
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Figure 5.23: The pulls and constraints observed in the CR-only fit for the nuisance

parameters related to all uncertainties are shown for the ee channel(left) and uu

channel (right).
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5.6.2 The fit to the Asimov data (SR + CR)

This section presents the results of the fit to the Asimov data. All signal
samples are normalized to 0.05 pb in the pre-fit stage, which does not affect the
final limit-setting results. The fit to the Asimov data is performed in the SRs
and CRs simultaneously. We treat signal plus background as the Asimov data,
where data is generated using the post-fit values of all NPs obtained from the
background-only fit described in the Section 5.6.1.

For the fit to the Asimov data

In Figure 5.24, it presents the post-fit signal region results with the signal mass
at 50 GeV. The plots in the CRs should be consistent with the background-only

results.
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Figure 5.24: The post-fit result in BDTG score distribution in the ee channel
(left) and pp channel (right) with the signal mass points at 50 GeV. The signal
cross-section is normalized to 0.05 pb. The uncertainty band includes the MC

statistical uncertainties and all systematic uncertainties.

To account for all uncertainties and neglect those with negligible impact, we
apply several pruning threshold cuts (0.5%, 1%, 5%) on the shape and overall
uncertainties. If we set the threshold higher than 1% on shape, the number of
nuisance parameters will be reduced by half. After checking the expected upper
limit on the signal strength between different choices, we find that decreasing the
5% to 1% threshold on overall uncertainties results in a 1% drop in the limit,

whereas there is almost no difference between 1% and 0.5% (less than 0.1%).
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Simultaneously, an extremely low threshold (0.01% for both shape and over-
all) is tested and could lead to a substantial runtime increase without affecting
the upper limit results compared to the 1% threshold. As a result, we opt to
trim systematic uncertainties that are less than 1% for shape and 1% for overall
uncertainties.

The pulls and constraints in Figure 5.25 display the best-fit values and asso-
ciated uncertainties for all systematics that pass the pruning. There are no over
pull/constrain issues observed.

After reviewing the correlation and pruning plots, the analysis indicates that
the theoretical modeling uncertainties of the ¢t background and normalization
factors have the most significant impact on the signal strength. The detailed

plots could be seen in Appendix G

Expected limit on signal strength from fit to the Asimov data

The upper exclusion limit at 95% confidence level of the signal strength is
shown in Table 5.12. To estimate the impact of the low statistics, we also added
stat-only checks and a comparison of using toys to calculate the limit. The results

are shown in Appendix E.

my [GeV] 15 25 35 40 45 50 55 60 70 75

Upper limit results on 4 (ee) 0.42 0.19 0.14 0.14 0.13 0.13 0.14 0.17 0.36 0.70
Stat-only fit results (ee) 0.37 0.17 0.13 0.13 0.12 0.12 0.13 0.16 0.34 0.64
Upper limit results on g (pp) 0.19 0.10 0.08 0.07 0.07 0.06 0.07 0.08 0.17 0.31
Stat-only fit results (uu) 0.17 0.09 0.07 0.07 0.06 0.06 0.06 0.07 0.15 0.28

Table 5.12: The upper limits on the signal strength for the split ee and pp chan-
nels are extracted from the fit to the Asimov data and presented here. These lim-
its are derived from the Boosted Decision Tree (BDTG) output, and the highest
sensitivity is observed for the expected upper limits on the signal strength in the
ee/pp channel, specifically for the HNL50 case. For comparison, the correspond-
ing results from the stat-only fit are also included, revealing an approximately

10% reduction in the limit results.

The stat-only fit to the Asimov data leads to an approximate 11% reduction
in the upper limit results on the signal strength of the electron channel( 9% on
muon channel), which is also shown in Table 5.12. The interesting uncertainties

in performance are shown on Appendix F.
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Figure 5.25: All nuisance parameters in the fit to Asimov data with signal mass

at 50 GeV for ee channel (left plot) and the pp channel (right plot).
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The best sensitivity of the expected upper limits on the signal strength is the
signal mass at 50 GeV on the ee/ pp channel.

5.6.3 The fit to the real data (SR + CR)

This chapter presents the final fit results of the analysis. The full fit to real
data described in this chapter was only performed once the b-only fit and fit to

the Asimov data were found to be stable and produce consistent results.

For the fit to the real data

The pre-fit and post-fit plots of all the regions from the signal mass at 50
GeV are presented in Figure 5.26, Figure 5.27 and 5.28. All control regions are
implemented using a one-bin strategy.

A summary of the resulting normalization factors can be seen in Figure 5.29.
First and foremost, the signal normalisation can be seen to be compatible with
Zero. Additionally, it can be observed that the other NFs are scaled up/down
compared to the nominal normalisation. This observation is in agreement with
the background-only fit results.

The post-fit event yields results in the fits to the real data, with the signal
mass at 50 GeV is shown in Table 5.13 and Table 5.14

The pulls and constraints in Figure 5.30 display the best-fit values from all
associated systematics uncertainties that pass the pruning.

Aside from the pulls and constraints of NPs in the fit, their impact on the
obtained signal normalisation p is of interest. This can be estimated by fixing
a given NP to a certain value (either the up or down-variation using the pre- or
post-fit uncertainty). Figure 5.31 presents the Top 20 ranking of the nuisance
parameters in the fit to the real data.

The correlation matrix of the nuisance parameters from the fit to the real

data is shown in Figures 5.32 and 5.33.

Expected and observed limit on signal strength from the fit to the

real data

The expected and observed upper exclusion limit at 95% confidence level of

the signal strength is shown in Table 5.15.
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SS2L ee

HNL 50 N1 3.1+40
Top other 55 +£22
tt decay el 13+6
tt Q-flip 1.44+1.0
tt conv 3.3+29
tty conv 14+1.2
ttz 51+£1.1
tw 10.5 + 2.6
V EW 24+09
ttH 7.6 £1.3
Total prediction 53 £ 6
Data 52

Table 5.13: Post-fit event yields of the fit to the real data with signal mass at 50
GeV, where all ¢t IFF categories contribute about half of the total background

events.

SS2L pup

HNL 50 N2 0.5+ 3.1
Top other 11+4
tt decay mu 7.9+ 3.2
ttz 56 £1.1
tw 18+5
V EW 1.9+15
ttH 11.34+ 1.9
Total prediction 56 £ 5
Data 51

Table 5.14: Post-fit event yields of the fit to the real data with signal mass at
50 GeV in pp channel. More events are coming from the W and ttZ samples,

compared with ee channel.
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my [GeV] 15 25 35 40 45 50 5 60 70 75

Exp.Upperlimit results on p (ee) 0.54 0.22 0.16 0.14 0.14 0.13 0.14 0.17 0.37 0.72
(ee)

Obs.Upperlimit results on p (ee) 0.94 0.38 0.25 0.21 0.21 0.19 0.20 0.24 0.52 1.04

Exp.Upperlimit results on g (pp) 0.23 0.11 0.08 0.07 0.06 0.06 0.06 0.08 0.16 0.30
Obs.Upperlimit results on p (pp) 0.20 0.11 0.07 0.07 0.06 0.06 0.07 0.08 0.17 0.30

Table 5.15: The upper limits on the signal strength for the split ee and pp chan-
nels are extracted from the fit to the real data and presented here. These limits
are derived from the Boosted Decision Tree output, and the highest sensitivity
is observed for the expected upper limits on the signal strength in the ee/upu

channel, specifically for the signal mass at 50 GeV case.
The best sensitivity of the expected/observed upper limits on the signal

strength is the signal mass at 50 GeV on the ee/ pp channel, consistent with
the fit to the Asimov data results.
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Figure 5.26: Pre-fit distributions of the fit to the real data in the four control
regions and the signal region of the ee channel. The uncertainty band includes

Monte Carlo statistical uncertainties and all systematic uncertainties.
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Figure 5.27: Post-fit distributions in 4 control regions and the signal region for

the ee channel for the fit to the real data. The uncertainty band includes Monte

Carlo statistical uncertainties and all systematic uncertainties.
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Figure 5.28: Pre-fit (left side) and Post-fit (right side) distributions in 2 control
regions and the signal region for the pp channel for the fit to the real data.
The uncertainties band includes the Monte Carlo statistical uncertainty and all

systematic uncertainties.
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Figure 5.30: Pull distributions of all nuisance parameters in the ee channel (left
and the mm channel (right) for the signal with mass at 50 GeV. They show
all the nuisance parameters passing the pruning, including all the theoretical

uncertainties and experimental uncertainties.
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Figure 5.31: The top 20 ranking nuisance parameters for the fit to real data in

the ee (left)/uu (right) channel with signal mass at 50 GeV.
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Figure 5.32: The correlation matrix for the fit to real data for the ee channel
with signal mass at 50 GeV (only NPs with at least one coefficient above 10 are

displayed).
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Figure 5.33: The correlation matrix for the fit to real data for the pu channel

with signal mass at 50 GeV (only NPs with at least one coefficient above 10 are

displayed).
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5.7 Results for the mixing parameter

To better compare with previous experiments, we can obtain the correspond-
ing sensitivity on the mixing parameter through the signal strength.
The upper limits on the signal cross-sections are translated into upper limits

on the mixing parameters using the following equation:

oon =20 Vx> BIWT = Ny, =1 lF) - B(N = (FW7), (5.15)

where B(W™ — Ny, y|=1£") is the branching ratio of the W* — N/{* decay,
for |Vyn| = 1. The value of B(N — ¢*W~) does not depend on the mixing
parameter V; y and varies from 36% to 39% in the mass range considered.

These values are derived from the associated theoretical decay models and
Monte Carlo generation log files, ensuring a robust estimation of the mixing con-
straints. The calculation involves evaluating the theoretical cross-sections for
the production and decay of the heavy neutral leptons while incorporating the
latest electroweak corrections and parton distribution functions. These theoret-
ical inputs are crucial in correctly translating the experimental upper limits on
cross-sections into mixing parameter constraints.

Figure 5.34 shows the upper limits on the electron and muon mixing param-
eters as functions of the HNL mass. The observed upper limits for |V, x|* and
|V, n|? are comparable across the whole mass range, with |V, y|* being slightly
more stringent. This is expected due to the different reconstruction efficiencies
of electron and muon channels, as well as the distinct background contributions
affecting each lepton flavor. The observed upper limits from some of the previous
searches for HNLs in W boson decays are shown as colored dashed lines. The
discontinuities seen in the solid red line originate from the different optimization
strategies applied in different mass regions.

Nevertheless, these limits are weaker compared to some of the previous results,
as shown in this figure. The discrepancy arises primarily due to differences in

analysis techniques, dataset sizes, and background estimation methodologies.
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Figure 5.34: Expected (dashed black lines) and observed (solid black lines) upper
limits on the strength of HNL mixing with electrons (top) and muons (bottom)
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small discontinuity after 40 GeV reflects the use of a different BDT beyond this
mass point. The observed upper limits from some of the previous searches for

HNLs in W boson decays are shown as colored dashed lines [150, 151].
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Chapter 6 Conclusion

A study is conducted to search for heavy neutral leptons in ¢t events featuring
dileptonic final states. The analysis utilizes 140 fb=! of proton-proton collision
data collected at a center-of-mass energy of 13 TeV by the ATLAS detector at
the LHC. This is the first search for heavy neutral leptons with ¢ events, using

the unique signature of same-sign di-leptons (ee/uu) in the final state.

No significant deviation from the Standard Model expectation is observed, and
the search results are presented as 95% CL upper limits on the mixing parameters

Ve n|? and |V, v|? as functions of the mass of the heavy neutral lepton.

The analysis primarily focuses on HNL mixing with the first two lepton gen-
erations. The most stringent upper bounds in the analyzed parameter space are
Von|? <2.0x107* and |V, v|*> < 6.8 x 1075, While these limits are roughly an
order of magnitude weaker than those reported in a prior ATLAS investigation of
HNLs arising from W boson decays [152], this analysis extends the ATLAS search
for heavy neutral leptons coupling to the first- and second-generation leptons to

higher mass ranges, probing my > 50 GeV up to 75 GeV.

From the Figure 6.1, a comparison study is performed for the observed upper
limits on the mixing parameter between the results of this analysis and those
from previous ATLAS and CMS studies. Our analysis yields higher upper limits
on the mixing parameters compared to other experiments, indicating that our

constraints are less stringent.

Although the sensitivity of this channel is 2 -3 orders of magnitude lower
than channels where W bosons are directly produced in proton-proton collisions,
searches for unconventional couplings in top-quark decays remain crucial. The
final states explored in this analysis may arise in alternative theoretical frame-
works, such as effective field theory (EFT) models incorporating lepton-number
violation and complex five-fermion interactions.

With the upcoming Run-3 dataset [153] and the anticipated High-Luminosity
LHC (HL-LHC) era, the potential for precise measurements and the discovery of
new phenomena will be significantly enhanced. The cumulative luminosity as a
function of time, recorded up to 2024, is shown in Figure 6.2. The increased lumi-

nosity will improve statistical precision and enhance sensitivity to rare processes,
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Figure 6.1: The comparison of the observed upper limits obtained from the dif-

ferent searches for HNL mixing with (upper) electron neutrinos and (lower) muon

neutrinos. This analysis is shown in solid, red lines.
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providing new opportunities to explore physics beyond the Standard Model.
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Figure 6.2: Cumulative luminosity versus time delivered to (green) and recorded
by ATLAS (yellow) during stable beams for p-p collisions at 13.6 TeV center-of-
mass energy in LHC Run 3 (2022-2024).
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Appendix A Chi-Squared Reconstruction
Technique and Strategy

Basically, the object reconstruction technique employed in our analysis aims
to create some useful variables for MVA training, rather than achieving high
precision. It suffices to distinguish between the signal and background. And the
chi-squared algorithm is a common method for finding the best match between
measured and expected values. The original denominator should be the squared
error of the measurement result showed on Equation (5.7). For initial values, we
choose the mass of the top quark and the W boson as the denominator (strategy
1). Given that the chi® algorithm seeks the lowest values across all possible
combinations, we believe it won’t significantly impact reconstruction efficiency.

Once we obtain measured results from the initial iteration, we can employ the
actual sigma value extracted from the distributions of invariant mass(strategy
2)by fitting a Gaussian distribution to the core area. The plots are shown in
Figure A.1

Figure A.1: The Gaussian fit results in the invariant mass of the reconstructed
top (t1,t2) and W boson(W;,Ws). The tails in the distributions allow us only
to fit the core part. Here show 3 mass points of signal, the fit results of HNL15
(top), HNL50 (middle) and HNL75 (bottom), we will consider all the mass points

of signal and take their average of sigma for y? algorithm.

Interestingly, the reconstructed invariant mass distribution is not overly sen-
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sitive to the choice of the denominator value. We also tested using the standard
deviation value from the entire distribution of the four invariant mass (strategy
3) instead of the sigma from the core area. Remarkably, the output distribu-
tion maintains the same statistical parameters, such as the mean and standard
deviation values shown on Table A.1.

By fitting the Gaussian distribution to the fixed core area of these three strate-
gies and examining the mean and sigma values of the Gaussian distribution, we
can solidify our confidence that the reconstructed invariant mass remains mini-
mally influenced by the choice of sigma value. The invariant mass distribution
of different strategies are shown on Figure A.2 and o value information taken
from the Gaussian fit are attached. Thus, using the squared average value as the

denominator for chi? calculations across all signals and backgrounds is a natural

choice.
With HNL50 signal mass point

‘ Reconstructed object o? choice to W,y tq Wi
Strategy 1 use M;, My taken Mean:202 Mean:98 Mean:216 Mean:146
from PDG Std Dev: 65 Std Dev:48 Std Dev:59 Std Dev:50
Strategy 2 o is taken from Gaussian fit Mean:202 Mean:98 Mean:216 ~ Mean:146
on the core area Std Dev:64  Std Dev:48 Std Dev:59 Std Dev:50
Strategy 3 o is the Std Dev value Mean:202 Mean:98 Mean:216 ~ Mean:146
taken from whole distribution Std Dev:64 Std Dev:48 Std Dev:59 Std Dev:50

Table A.1: The summary table of different chi? choice strategy effects on the
distribution of the four invariant masses we are interested. Here the mean value
and the standard deviation of the whole distribution are listed and there are tiny

difference.
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E L

Figure A.2: A Gaussian fit was performed on the invariant mass distributions of
the reconstructed top particles (1, t2) and W bosons (W3, Ws) for three different
strategies. The o values obtained from the Gaussian fit for strategy 1 are shown
at the top, strategy 2 in the middle, and strategy 3 at the bottom. The x-axis

range for fitting was held constant across all strategies.
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Appendix B Studies of the evaluation methods on
the BDT output

This section offers a comprehensive breakdown of the details highlighted in
Table 5.6. The presented plots, spanning from Figure B.1 to Figure B.4, illus-
trate the variable distribution. These plots depict observations derived from the
independent signal mass point versus background BDT training, carried out sep-
arately for the ee/pp channels. When examining the various mass points, subtle
variations in variable distribution become evident, particularly at the extreme
mass points. This distinction is the motivation behind our decision to adopt two
separate sets to encompass all signal mass points.

By implementing consistent BDT settings and parameters, Figure B.5 rep-
resents our final strategy, employing high /low mass sets for signal versus back-
grounds training distribution. This strategy helps mitigate bias arising from the
low statistics associated with independent signal mass points. The signal variables
distribution become flater than the separately signal mass point distribution.

In Figure B.6 and Figure B.7, we visually portray the AUC performance aris-
ing from the independent signal mass points. The AUC values between training
and testing stages tend to exhibit significant fluctuations, varying notably across
different mass points. This phenomenon often gives rise to pronounced overtrain-
ing issues, as evident in Figure B.8, where we examine HNL15/HNL50/HNL75
samples for test/train overtraining assessment.

However, the high/low mass set approach consistently maintains a relatively
stable performance in both test/train plots and AUC performance, as demon-

strated in Figure 5.18.
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Figure B.1: Distributions of the training variables from the independent mass
points of HNL15 and HNL25 compared to backgrounds, shown separately for the
ee and pyu channels. Subfigures (a)—(c) show mpsmw, B3, and my, distributions
for HNL15 in the ee channel; (d)—(f) for HNL15 in the pu channel; (g)—(i) for
HNL25 in the ee channel; and (j)—(1) for HNL25 in the pp channel.
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Figure B.2: Distributions of the training variables from the independent mass
points of HNL35 and HNL40 compared to backgrounds, shown separately for the
ee and pyu channels. Subfigures (a)—(c) show mpsmw, B2, and my, distributions
for HNL35 in the ee channel; (d)—(f) for HNL35 in the pu channel; (g)—(i) for

HNLA40 in the ee channel; and (j)—(1) for HNL40 in the pp channel.
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Figure B.3: Distributions of the training variables from the independent mass
points of HNL45 and HNL50 compared to backgrounds, shown separately for the
ee and pyu channels. Subfigures (a)—(c) show mpsmw, B3, and my, distributions
for HNL45 in the ee channel; (d)—(f) for HNL45 in the pu channel; (g)—(i) for
HNL50 in the ee channel; and (j)—(1) for HNL50 in the pup channel.
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Figure B.4: Distributions of the training variables from the independent mass
points of HNL60 and HNL75 compared to backgrounds, shown separately for the
ee and pyu channels. Subfigures (a)—(c) show mpsmw, B2, and my, distributions
for HNL60 in the ee channel; (d)—(f) for HNL60 in the pu channel; (g)—(i) for
HNL75 in the ee channel; and (j)—(1) for HNL75 in the pp channel.
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Figure B.5: Distributions of the training variables from the high and low mass
sets compared to backgrounds. The first row shows the distributions for the
high mass set, while the second row shows the distributions for the low mass set,
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Figure B.6: ROC performance of various HNL mass signals (HNL15, HNL25,
HNL35, HNL40) against background events in both ee and ppu channels.
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Appendix C Negative weights treatment

During the training process, it was observed that events with negative weights,
which occurred in approximately 30% of Sherpa generated samples, could poten-
tially cause issues. To address this, the shapes of input variables were compared
between events with negative weights and those with positive weights, as shown
in Figure C.1. The ROC and BDT output comparison is shown in Figure C.2.
The BDT performance was found to be very similar between the two weighting
options. Therefore, the absolute weight option was selected as it improved the

statistics and minimized overtraining issues.

Lepton2pt ‘—we\gh(s>0
—— nominal weight
— weights<0

— weights>0
—— nominal weight
| weights<0

LA mﬁwg

K
Gev Gev

— weights>0
— nominal weight
— weights<0

— weights>0
—— nominal weight
weights<0

Figure C.1: The distribution of input variables for the signal sample, normalized
with respect to positive, negative, and absolute weights. The shapes of the dis-

tributions do not fluctuate significantly with different weighting options.
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Figure C.2: Comparison of MVA performance using two weight options: positive
weights (only positive events) and absolute weights (considering both positive
and negative events, reversed to positive during training). The ROC curves show
similar results, with the absolute weights option resulting in less overtraining due

to increased statistics.
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Appendix D Pre-fit distribution with BDTscore

From Figure D.1 to Figure D.5 presents the pre-fit results for the 2/SS channel

signal region (Blinded) using the BDTGscore variable for all mass points.
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Figure D.1: The pre-fit result in BDTG score distribution in the ee channel (left
column) and g channel (right column) signal regions for 2 different mass points
of 15 GeV and 25 GeV, respectively. The uncertainty band includes the MC

statistical uncertainties and all the other systematic uncertainties.
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Figure D.2: The pre-fit result in BDTG score distribution in the ee channel (left
column) and pp channel (right column) signal regions for 2 different mass points
of 35 GeV and 40 GeV, respectively. The uncertainty band includes the MC

statistical uncertainties and all the other systematic uncertainties.
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Figure D.3: The pre-fit result in BDTG score distribution in the ee channel (left
column) and pp channel (right column) signal regions for 2 different mass points
of 45 GeV and 50 GeV, respectively. The uncertainty band includes the MC

statistical uncertainties and all the other systematic uncertainties.
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Figure D.4: The pre-fit result in BDTG score distribution in the ee channel (left
column) and pp channel (right column) signal regions for 2 different mass points
The uncertainty band includes the MC

of 55 GeV and 60 GeV, respectively.
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Figure D.5: The pre-fit result in BDTG score distribution in the ee channel (left
column) and pp channel (right column) signal regions for 2 different mass points
of 70 GeV and 75 GeV, respectively. The uncertainty band includes the MC

statistical uncertainties and all the other systematic uncertainties.
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Appendix E Stat-only limit with toys calculation

The expected upper limit results on p of stat-only fit are 0.120 (ee channel)
and 0.055 (up channel) under the Asymptotic calculation, since some bins have
very low statistics from our BDTscore distribution. We tested the limit estimation
with 6k toys to check that the limits setting statistics used are behaving well.
The upper limit scan results are shown in Figure E.1, which indicate the upper
limit results of 0.121 (ee channel) and 0.057 (up channel). There is a very small
difference compared to the asymptotic results, thus we can have confidence in the

current Asymptotic limit setting method.
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Figure E.1: Upper limit scans for the ee and pp channels using 6k toys for a
stat-only upper limit scan. A very small difference (less than 4%) was observed

in the upper limit results compared to the asymptotic calculation.
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Appendix F The variations of the main theoretical

uncertainties

This appendix presents the primary systematic

variations of the nuisance

parameters (NPs) that hold a prominent position and have an asymmetric impact

on the

signal strength p.
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Figure F.1: The FSR modeling from the ¢t heavy flavor (HF) category in the

signal region and control regions. Dashed lines represent the systematics derived

from the yields, while solid lines show the systematics after smoothing.
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Figure F.3: The pThardl alternative sample provided modeling uncertainties

from the ¢t heavy flavor (HF) category in the signal region and control regions.

Dashed lines represent systematics derived from yields, while solid lines show the

systematics after smoothing.
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Figure F.4: The hdamp=3 alternative sample provided modeling uncertainties
from the ¢t heavy flavor (HF) category in the signal region and control regions.

Dashed lines represent systematics derived from yields, while solid lines show the
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Figure F.5: The Herwig7 vs. Pythia8 alternative PS sample provided modeling
uncertainties from the ¢t heavy flavor (HF) category in the signal region and
control regions. Dashed lines represent systematics derived from yields, while

solid lines show the systematics after smoothing.
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Figure F.6: The renormalization scale variations provided modeling uncertainties
from the ¢t heavy flavor (HF) category in the signal region and control regions.

Dashed lines represent systematics derived from yields, while solid lines show the

systematics after smoothing.
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Figure F.7: The factorization scale variations provided modeling uncertainties
from the ¢t heavy flavor (HF) category in the signal region and control regions.
Dashed lines represent systematics derived from yields, while solid lines show the

systematics after smoothing.
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Figure F.8: The FSR modeling from the ¢t photon conversion (PC) category in
the signal region and control regions. Dashed lines represent systematics derived

from yields, while solid lines show the systematics after smoothing.
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Figure F.9: The ISR modeling from the ¢t photon conversion (PC) category in
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Figure F.11: The hdamp=3 alternative sample provided modeling uncertainties
from the ¢t photon conversion (PC) category in the signal region and control
regions. Dashed lines represent systematics derived from yields, while solid lines

show the systematics after smoothing.
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Figure F.12: The Herwig7 vs. Pythia8 alternative PS sample provided modeling
uncertainties from the ¢¢ photon conversion (PC) category in the signal region
and control regions. Dashed lines represent systematics derived from yields, while

solid lines show the systematics after smoothing.
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Figure F.13: The variations of the renormalisation uncertainties from the ¢¢ pho-
ton conversion (PC) category in the signal region and control regions. Dashed
lines represent systematics derived from yields, while solid lines show the system-

atics after smoothing.

TEATLAS

fac scale tiar, @ y-conv —+10(23%) tac scale tibr,  y-conv —+10(53%
SRee —-10(:23%) CRHF ee — -10(+5.3%)
- Original —Modified

5| --.Original — Modified

Number of events

BDT ouput

2 20T 2

£ 2F atias

1 o H i

& o fac scale tbar, € yrconv —+10(50%) 8 fac scale tbar,  y-conv —+10(44%)

4 CRPC ce 0 (+5.0%) S gfCRCFee 0 (+4.4 %)

£ Modied H — Moified
2
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Appendix G Supplement to Asimov fit plots

This appendix presents key plots from the fit to the Asimov data.

A summary of the normalization factors fit to the Asimov data is shown in
Figure G.1.
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Figure G.1: Summary of the normalization factors in the fit to the Asimov data
on both the signal and control regions for the ee channel (upper) and pp channel
(lower). The NFs of the backgrounds are consistent with the background-only fit

results.

The list of the systematic that is dropped from the fit to Asimov data is shown
in Figure Figure G.2 for both channels.

The correlation matrix for the fit to the Asimov data is depicted in Figures
G.3 and G.4.
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m(ND =50 Gev

Figure G.2: The Asimov fit pruning of all nuisance parameters in the split ee/uu
channel with the signal mass at 50 GeV is shown here. The pruning thresholds

for both overall/shape uncertainties are 1%.
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Figure G.3: Correlation matrix in the ee channel for the fit to the Asimov data
with signal mass at 50 GeV (only NPs with at least one coefficient above 10 are
displayed).).
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Figure G.4: Correlation matrix in the pp channel for the fit to the Asimov data
with signal mass at 50 GeV (only NPs with at least one coefficient above 10 are

displayed).
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