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Abstract

The Standard Model of particle physics (SM) provides a remarkably successful framework for
describing nearly all known phenomena in particle physics. Despite its successes, the SM leaves
several fundamental issues unresolved, such as the fine-tuning problem associated with the Higgs
boson mass, the nature of dark matter, and the muon g − 2 anomaly, among others. The
Minimal Supersymmetric Standard Model (MSSM) is one of the most compelling extensions of
the SM. Supersymmetry (SUSY) posits a symmetry between bosons and fermions and predicts
the existence of new partner particles, referred to as “superpartners”, for every SM particle.
Although no direct evidence for SUSY particles has been observed in collider experiments to
date, ongoing searches at the Large Hadron Collider (LHC), which operates at high center-of-
mass energies and accumulates large data sets, continue to probe the phase space for heavier and
rarer SUSY particles. To account for the muon g − 2 anomaly within the SUSY framework, at
least three SUSY particles must have sufficiently light masses, typically of the order of 100 GeV.
A promising model that addresses both the muon g−2 anomaly and a portion of the dark matter
abundance involves a specific mass hierarchy where the light-flavored left-handed sleptons (ℓ̃L;
ẽL or µ̃L), along with a nearly degenerate sneutrino (ν̃), are the heaviest states, while the bino-
dominated neutralino (χ̃0

3) occupies an intermediate mass range, and the Higgsino consists the
lightest SUSY particle (χ̃0

1). Due to the small coupling between sleptons and the Higgsino,
determined basically by the Yukawa coupling, sleptons predominantly undergo cascade decays
into χ̃0

1 via χ̃0
3 in collider experiments. This characteristic decay pattern plays a crucial role in

experimental searches for this model.
This thesis presents a search for the cascade decay of left-handed sleptons and sneutrinos us-

ing 140 fb−1 of proton-proton collision data at
√
s = 13 TeV, collected by the ATLAS detector.

The search focuses on events characterized by a final state with exactly three leptons. Two dis-
tinct analysis strategies are employed: one requiring a same-flavor opposite-sign lepton pair with
a large transverse mass and significant missing transverse energy (SROS), and the other requiring
three leptons with the same electric charge (SRSS). These strategies are optimized to enhance
the sensitivity to targeted SUSY signals while suppressing the SM background contributions.
The phase space probed by these strategies has not been explored in previous LHC analyses,
making this search a novel contribution to SUSY studies. Strategies for estimating the dominant
backgrounds have been developed and rigorously validated. In particular, a unique background
estimation method is developed specifically for regions containing two or more muons in the
SRSS category.

The observed event yields, after applying the optimized selection criteria, are carefully com-
pared to the expected background and signal yields. This comparison, along with the analysis
of the features of selected events, revealed no significant deviations from the predictions of the
null signal hypothesis. Consequently, it is concluded that no evidence of a data excess indicative
of the targeted slepton decay scenario is found within the dataset. Exclusion limits are therefore
established for the targeted slepton decay scenario. Slepton masses up to 450 (420) GeV are
excluded at the 95% confidence level for a lightest SUSY particle mass of 100 (150) GeV.



3

Contents

Abstract 2

1 Introduction 6

2 Theoretical Backgrounds 8

2.1 The Standard Model of Elementary Particles . . . . . . . . . . . . . . . . . . . . 8

2.1.1 The Gauge Principle and Interaction . . . . . . . . . . . . . . . . . . . . . 9

2.1.2 Pertubation and Renormalization . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.3 QED, QCD and Electroweak Theory . . . . . . . . . . . . . . . . . . . . . 10

2.1.4 Electroweak Symmetry Breaking and the Higgs boson . . . . . . . . . . . 11

2.2 Remained Problems for the Standard Model and the Supersymmetry Solution . . 13

2.2.1 The Fine-tuning Problem in Higgs Mass . . . . . . . . . . . . . . . . . . . 13

2.2.2 Grand Unification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.3 Dark Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.4 The Muon g − 2 Anomaly . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Supersymmetry and the MSSM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.1 Particle Contents in MSSM . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.2 The MSSM Lagrangian . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.3 Mass Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.4 Running Masses and GUT . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 MSSM and the Dark Matter Direct Detection . . . . . . . . . . . . . . . . . . . . 27

2.5 MSSM and the Muon g − 2 Anomaly . . . . . . . . . . . . . . . . . . . . . . . . . 27

3 SUSY Mass Hierarchy Motivated by Muon g − 2 Anomaly and Dark Matter 30

3.1 Muon g − 2 Anomaly and Dark Matter Motivated SUSY scenarios . . . . . . . . 30

3.2 Identification of Viable MSSM Mass Space . . . . . . . . . . . . . . . . . . . . . . 33

3.2.1 W-L-H sub-scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2.2 L-B-H sub-scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Target SUSY Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 Experimental Apparatus: The ATLAS Detector at the LHC 43

4.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2 The ATLAS detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2.2 Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2.3 Inner Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2.4 Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.5 Muon Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.2.6 Trigger and Data Acquisition System . . . . . . . . . . . . . . . . . . . . 51



4 CONTENTS

5 Dataset and Monte Carlo Samples 53

5.1 Actual collision data used for this work . . . . . . . . . . . . . . . . . . . . . . . 53

5.2 Monte Carlo Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2.1 General Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2.2 SM Background Simulation Samples . . . . . . . . . . . . . . . . . . . . . 55

5.2.3 Signal Simulation Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.3 Trigger Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6 Object Reconstruction and Identification 60

6.1 Overview of Event Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.2 Tracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.3 Primary Vertices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.4 Topo-clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.5 Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.6 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.7 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.8 Overlap Removal between the Reconstructed Objects . . . . . . . . . . . . . . . . 68

6.9 Missing Transverse Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.10 Object Definition in the Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

7 Event Selection 70

7.1 Event Cleaning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

7.2 Preselection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

7.3 Optimization and Definition of SRs . . . . . . . . . . . . . . . . . . . . . . . . . . 71

7.4 Signal composition in SRs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

8 Background Estimation 81

8.1 Background Breakdown in the Signal Regions . . . . . . . . . . . . . . . . . . . . 81

8.2 Semi Data-driven Background Estimation for WZ . . . . . . . . . . . . . . . . . 83

8.2.1 Control Regions and Validation Regions . . . . . . . . . . . . . . . . . . . 83

8.2.2 Fit Result for WZ normalization . . . . . . . . . . . . . . . . . . . . . . . 83

8.3 Charge-flip Background Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . 86

8.3.1 Methodology for Charge-flip Scale Factor Estimation . . . . . . . . . . . . 87

8.3.2 Measurement of Charge-flip Scale Factor . . . . . . . . . . . . . . . . . . . 92

8.3.3 Charge-flip Source Dependency . . . . . . . . . . . . . . . . . . . . . . . . 98

8.3.4 Validation Regions for Charge-flip Background . . . . . . . . . . . . . . . 98

8.4 Fake/Non-prompt Lepton Background Estimation . . . . . . . . . . . . . . . . . 99

8.4.1 Fake Factor Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

8.4.2 Measurement of Fake Factors . . . . . . . . . . . . . . . . . . . . . . . . . 101

8.4.3 Systematic Uncertainties of the Fake Factor Method . . . . . . . . . . . . 102

8.4.4 Validation of Fake Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

8.4.5 Fake Background Estimation for SRSS-2µ . . . . . . . . . . . . . . . . . . 110

8.4.6 Top-like Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

8.5 Summary of Background Estimation . . . . . . . . . . . . . . . . . . . . . . . . . 116

9 Systematics Uncertainties 119

9.1 Uncertainty for Theoretical Calculation in the Simulation . . . . . . . . . . . . . 119

9.2 Experimental Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

9.3 Uncertainties from Data-driven Background Estimations . . . . . . . . . . . . . . 122

9.4 Summary of Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . 122



CONTENTS 5

10 Result 124
10.1 Statistical Analysis and Hypothetical Test . . . . . . . . . . . . . . . . . . . . . . 124
10.2 Unblinded Signal Regions with Background-only Fit Results . . . . . . . . . . . . 126
10.3 Model-dependent Interpretation – Constraints on the Benchmark Models . . . . 130
10.4 Model-independent Search – Upper Limits on BSM Events . . . . . . . . . . . . 133

11 Discussion 136
11.1 What is Unique/Important in This Study? . . . . . . . . . . . . . . . . . . . . . . 136
11.2 Implication to Muon g − 2 Anomaly . . . . . . . . . . . . . . . . . . . . . . . . . 136
11.3 Limit on the Higgsino Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
11.4 Future Prospect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

12 Conclusion 142

Acknowledgement 143

Appendices 144

A End-cap Muon Trigger Upgrade for the HL-LHC 145

B Charge-flip probabilities and scale factors 151

C Comparison of the magnitude of systematic and statistical uncertainties 153

D Kinematic Distributions in Signal Regions 154

E Auxiliary Materials 163



6

Chapter 1

Introduction

Particle physics is the study of the elementary building blocks of matter and radiation, and
their interactions. According to the today’s best knowledge, the indivisible element of the
world, so called elementary particles, consist of quarks and leptons that form matter, gauge
bosons that mediate forces, and the Higgs boson that emerges by the quantum excitation of
the Higgs field. The Standard Model (SM) of particle physics is the theory describing the
behavior of elementary particles and interactions between them. Despite its remarkable success,
the SM suffers from some outstanding problems such as missing of the dark matter candidate,
fine-tuning problem in Higgs mass, and problems to be solved towards an ultimate theory, for
example the unification of the three gauge forces (grand unification) and inclusion of gravity.
There are also several experimental results that showed tensions from predictions of the SM,
such as B-physics anomalies or the muon g−2 anomaly. Along a number of theories attempting
to address these problems, supersymmetry (SUSY) is a highly attractive theoretical framework
that may potentially solve multiple problems simultaneously. SUSY postulates a space-time
symmetry between bosons and fermions and predicts new particles called “superpartners” that
differ in spin by 1/2 from each SM particle.

This work is done in the context of experimental searches of new particles predicted by
the SUSY theory, using the proton-proton collisions in the Large Hadron Collider (LHC) at a
center-of-mass energy of

√
s = 13 TeV. This thesis describes the search for light scalar-leptons,

gauginos, and higgsinos with the mass of a few 100 GeV which is particularly motivated by the
muon g − 2 anomaly. Search was conducted including the same sign three lepton phase space
which had remained to be unexplored so far.

The dissertation is organized as follows.

In Chapter 2, we will provide the details of the theoretical aspects of the SM and SUSY. We ex-
amine the underlying principles and concepts behind both theories, including their implications
for particle physics. Target SUSY scenario is defined in Chapter 3 by examining the implication
of the muon g − 2 anomaly and constraints by the presence of dark matter and dark matter
direct detections.

Chapter 4 provides an overview of the LHC accelerator and the ATLAS detector, followed
by a detailed description of the data used in the study, including both actual collision data
and the Monte Carlo (MC) simulations, in Chapter 5. Chapter 6 describes the algorithms for
reconstructing the particles generated from the proton-proton collisions.

In Chapter 7, the analysis strategy for this search is first described. The selection applied to
the reconstructed particles is then discussed, which is defined to enhance targeted signal and
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suppress backgrounds in an optimal manner.

Chapter 8 provides detailed information on the primary background and the strategy used to
estimate background yields. Optimal estimation methods have been used for each background
process, and this chapter discusses them in detail. In addition, the methods used to validate
these estimation strategies are presented, followed by the results of the validation procedure.

Systematics uncertainties for background and signal yield estimation is discussed in Chapter 9.
Uncertainties associated to reconstruction algorithms, estimation strategies and theoretical mod-
elings of MC simulations are considered.

Chapter 10 provides the results of this analysis obtained by comparing the estimated number
of background events with the actual data observed. Comparison of the yields and features
of selected events did not show significant discrepancy from the expectation of the null signal
hypothesis, and we concluded that no significant data excess is found in the dataset, and the
exclusion limits are set on the targeted slepton decay scenario. Furthermore, we explore possible
future sensitivity improvements in this analysis in Chapter 11. Finally, Chapter 12 presents a
summary of the conclusions derived from the results of this analysis.
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Chapter 2

Theoretical Backgrounds

This chapter provides the backgrounds necessary to motivate the study in this thesis. A brief
overview of the theoretical framework of the Standard Model and the Minimal Supersymmetric
Standard Model is given.

2.1 The Standard Model of Elementary Particles

The Standard Model (SM) [1, 2] in particle physics is a theoretical framework that formulates
the behavior of the six quarks and six leptons that consist matter and the strong, weak, and
electromagnetic interactions that act among them. There are three types of particles: fermions,
with spin 1/2, which form matter; gauge bosons, with spin 1, which mediate the interaction
between particles; and the Higgs boson, with spin 0, which feeds masses by Brout-Englert-Higgs
(or BEH) mechanism [3, 4]. The fermion contents of the SM is shown in Table 2.1, and Table 2.2
lists the gauge bosons and Higgs boson.

Three types of gauge bosons, gluon (g), weak bosons (W±, Z) and photon (γ) mediate
strong, weak, and electromagnetic interaction, respectively. Fermions can be categorized into
two families: quarks which interact through all three gauge interactions and leptons which feel
only weak and electromagnetic interactions.

Table 2.1: Fermion contents in the SM. The quantum numbers Q, T 3 and Y are respectively
electric charge, the third component of weak iso-spin and weak hyper charge. NC represents
the number of color states. The subscripts L, R indicate the chirality (left- or right-handed
respectively), and the pharentheses denote the SU(2)L doublet.

Generation
Q T 3 Y NC1st 2nd 3rd

quarks

(
u
d

)
L

(
c
s

)
L

(
t
b

)
L

(
2/3
−1/3

) (
1/2
−1/2

)
1/3 3

uR cR tR 2/3 0 4/3 3
dR sR bR −1/3 0 −2/3 3

leptons

(
νe
e−

)
L

(
νµ
µ−

)
L

(
ντ
τ−

)
L

(
0
−1

) (
1/2
−1/2

)
−1 0

eR µR τR −1 0 −2 0
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Table 2.2: Gauge bosons and Higgs in the SM. The notation for the quantum numbers is the
same as in Table 2.1.

Q T 3 Y NC

gluon g 0 0 0 8

weak bosons
W± ±1 ±1 0 0
Z 0 0 0 0

photon γ 0 0 0 0
Higgs boson h 0 −1/2 1 0

2.1.1 The Gauge Principle and Interaction

The framework of the SM is formularized through the principles of relativistic and quantum field
theory. It features a Lorentz-invariant Lagrangian, wherein particles are represented by wave
functions that adhere to the Lorentz transformation laws corresponding to the spin characteris-
tics of each particle. The free Lagrangian for a fermion is given by:

L = iψ̄γµ∂µψ −mψ̄ψ, (2.1)

where ψ is a spinor field with the mass of m, and γµ is the 4-dimensional gamma matrices. The
first (second) term of Eq. 2.1 represents the kinetic (mass) term of the fermion.

Interactions among particles are governed by a local symmetry known as “gauge symmetry”.
The terms related to these interactions are derived by enforcing invariance under gauge trans-
formations on the free Lagrangian. For electromagnetic interaction, the gauge transformation
is defined as follows:

ψ → eiθ(x)Qψ = eiθ(x)qψ, (2.2)

where Q represents the generator of the U(1) transformation, q denotes the electrical charge of
the fermion ψ, and θ(x) signifies an arbitrary phase. The free Lagrangian (Eq. 2.1) does not
exhibit invariance under this gauge transformation; however, it can be rectified through a small
adjustment in the differential (∂µ), as follows:

∂µ → Dµ := ∂µ − ieAµ(x), (2.3)

where e represents the elementary charge and A(x) denotes a field that has a transformation
law:

Aµ → Aµ +
1

e
∂µθ(x). (2.4)

The term representing electromagnetic interaction appears as an extra term within the La-
grangian.

Lint. = eψ̄γµψAµ. (2.5)

This interaction term characterizes the electromagnetic force exerted on the charged fermion,
while Aµ represents the electromagnetic scalar and vector potential as defined in classical elec-
tromagnetism.

2.1.2 Pertubation and Renormalization

The effect of interaction is characterized by the transition amplitude:〈
f
∣∣ e−iHint.t

∣∣ i〉 , (2.6)
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where i (f) represents the initial (final) state and Hint. is the interaction Hamiltonian. Phe-
nomenological important predictions such as interaction cross-sections and decay branching
fractions are calculated based on this amplitude. However, in many situations, the transition
amplitude cannot be calculated analytically. As a result, a perturbative expansion based on
the interaction’s coupling constant is commonly employed, with α := e2/4π typically used for
electromagnetic interaction.

The small coupling constant of electromagnetic interaction (α ∼ 1/137) indicates a good
convergence of the perturbative expansion with sufficiently small contributions from higher-
order terms. However, it was found that higher-order terms in the perturbative expansion cause
the cross-section calculations to diverge (infrared / ultraviolet divergences) which make the
theory unreliable. This issue was addressed through a process called “renormalization”, where
the parameters of the theory, such as masses and coupling constants, are redefined to eliminate
these infinities.

Renormalization indicates that the values of theoretical parameters change depending on the
energy scale at which interactions occur. The dynamics of these parameters are described by
the renormalization group equation (RGE), which for the coupling constant is expressed as:

1

α(Q2)
− 1

α(Q2
0)

= − b0
2π

log

(
Q

Q0

)
, (2.7)

at 1-loop level, where Q is the scale of the typical momentum transfer, and b0 is related to the
1-loop beta function, β0, as b0 = 16π2β0/e

3. This evolution is known as the “running” effect,
which serves as a valuable proxy for examining the behavior of the theory at a high energy scale.

2.1.3 QED, QCD and Electroweak Theory

Electromagnetic Interaction The Lagrangian for Quantum Electrodynamics (QED) is de-
scribed as:

LQED = −1

4
FµνF

µν + iψ̄γµ∂µψ −mψ̄ψ + eψ̄γµψAµ, (2.8)

with Fµν being the field strength:

Fµν := ∂µAν − ∂νAµ. (2.9)

Strong Interaction Similar to what is done in QED, the Lagrangian for strong interaction
can be generated by considering the gauge group of SU(3):

ψ → eiθa(x)λ
a
ψ, a = 1, 2, . . . 8, (2.10)

with λa being the generators of the gauge group.
The Lagrangian for strong interaction is:

LQCD = −1

4
ĜµνĜ

µν
+ q̄(iγµDµ −m)q,

Dµ := ∂µ + igs

8∑
a=1

Ga
µ

λa
2

Ĝµν := ∂µGν − ∂νGµ − gsGµ ×Gν

Gµ := {Ga
µ; a = 1, 2, . . . 8}

(2.11)

where Ga
µ and q represent the fields for gluons and quarks respectively. The strong coupling

constant αs is related to gs by αs = g2s/4π. The theoretical framework is referred to Quantum
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Chromodynamics (QCD) as the charge of strong interaction is called “color”. Quarks (gluons)
are in the triplet (octect) expression with 3 (8) degenerated states. The RGE equation of αs

can be written as,

αs(Q
2) =

4π

bs log(Q2/Λ2
QCD)

, (2.12)

at 1-loop level where bs = −(11−2nf/3), with nf representing the number of quark flavors that
are active at the energy scale Q2, and ΛQCD denotes the QCD cut-off scale (∼ 200 MeV). A
negative bs value indicates that the coupling constant decreases as the energy scale increases.
Although the strong interaction typically exhibits a large coupling, αs is generally around 0.1
at the energy scales relevant to the LHC (Q > 100 GeV) which is sufficiently small to support a
perturbative framework known as “asymptotic freedom”. Conversely, as one approaches ΛQCD,
the coupling constant increases. This behavior of strong coupling necessitates that colored
particles combine to create a color singlet state, a phenomenon referred to as “color confinement”.

Electroweak Interaction Electroweak interaction is described by a larger gauge group SU(2)L×
U(1)Y [5–7]. The fundamental concept is that the weak and electromagnetic interactions
originate from a common source at a high energy scale and subsequently diverge into dis-
tinct interactions due to a process known as spontaneous symmetry breaking, represented as
SU(2)L × U(1)Y → U(1)Q. This unified interaction domain is termed as the electroweak (EW)
scale.

To address the observed parity-violating characteristics of weak interactions, the gauge trans-
formation differentiates the chirality of fermions, with SU(2)L specifically acting on the left-
handed component.

ψL → eiθT3+iΘY ψL, (2.13)

ψR → eiΘY ψR. (2.14)

The Lagrangian arrives at:

LEW = −1

4
Ŵ µνŴ

µν − 1

4
BµνB

µν + ψ̄(iγµDµ −m)ψ,

Dµ := ∂µ + ig
3∑

a=1

W a
µτa + ig′

Y

2
Bµ,

Ŵ µν := ∂µW ν − ∂νW µ − gsW µ ×W ν ,

W µ := {W a
µ ; a = 1, 2, 3},

Bµν = ∂µBν − ∂νBµ,

(2.15)

where W a
µ and Bµ represent the fields of EW gauge bosons. The parameters g and g′ denote

the coupling constants for SU(2)L and U(1)Y , respectively, while τ (= σ/2) corresponds to the
generators of SU(2).

2.1.4 Electroweak Symmetry Breaking and the Higgs boson

The EW Lagrangian successfully describes both weak and electromagnetic interactions; however,
it cannot include mass terms for gauge bosons and fermions, as their presence would violate EW
gauge invariance. To address this issue, the BEH mechanism is utilized, which involves the
introduction of a SU(2) doublet of scalar fields, ϕ = (ϕ1, ϕ2) = (ϕ+, ϕ0), with hypercharge Y =
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−1 and isospin T = 1/2, along with a scalar potential V (ϕ) incorporated into the Lagrangian:

LHiggs := (Dµϕ)
†(Dµϕ)− V (ϕ),

V (ϕ) := µ2ϕ†ϕ+ λ(ϕ†ϕ)2.
(2.16)

λ > 0 is required to have a minimum value in V (ϕ). The minimum of V (ϕ) is found in ϕ = (0, 0)
in the ϕ1-ϕ2 plane when µ2 > 0, while negative µ2 leads to non-trivial minima in v := |ϕ|2 =
−µ2/2λ. This causes a shift in the vacuum expectation value (VEV) : ⟨0 |ϕ | 0⟩ = 0 → v which
is referred as “spontaneous symmetry breaking”.

ϕ can be redefined by the variation around the new vacuum (0, v):

ϕ =

(
0

v + h(x)

)
. (2.17)

Mass terms of gauge particles appear in the scalar kinetic energy term:

1

2
(0, v)

(
g′

2
Bµ + gW a

µτa

)(
0
v

)
=
g2v2

8

(
W 1µ − iW 2µ

) (
W 1

µ + iW 2
µ

)
+
v2

8

(
gW 3µ − g′Bµ

) (
gW 3

µ − g′Bµ

)
=

1

2
m2

W (W+µW−
µ +W−µW+

µ ) +
1

2
m2

ZZ
µZµ

(2.18)

The quantities corresponding to the gauge fieldsW±
µ , Zµ and a mass-less gauge field for a photon

Aµ which is defined as the orthogonal field with respect to Zµ and masses mW ,mZ are defined
as follows:

W±
µ =

1√
2

(
W 1

µ ∓ iW 2
µ

)
, Zµ =

gW 3
µ − g′Bµ√
g2 + g′2

, Aµ =
gW 3

µ + g′Bµ√
g2 + g′2

, (2.19)

mW =
gv

2
, mZ =

√
g2 + g′2v

2
. (2.20)

The mass for scalar field h is determined to be:

mh =
√

−2µ2. (2.21)

As h has positive mass, h can be regarded as a physical mode and it is commonly referred as
“Higgs boson”. Fermion masses are introduced by incorporating the following gauge invariant
terms into the Lagrangian:

LYukawa := −ψ̄i,Ly
ij
u ϕψj,R − ψ̄i,Ry

ij
u ϕ

†ψj,L

− ψ̄i,Ly
ij
d ϕ

cψj,R − ψ̄i,Ry
ij
d ϕ

c†ψj,L

− ψ̄i,Ly
ij
e ϕψj,R − ψ̄i,Ry

ij
e ϕ

†ψj,L,

(2.22)

where the indices i, j = 1, 2, 3 represent the different generations of fermions. The Yukawa
matrices are 3 × 3 matrices that span the family space, with the Yukawa couplings for each
fermion located in the diagonal elements. The off-diagonal elements facilitate the mixing between
generations; these are set to zero for down-type leptons, while they take non-zero values for
quarks, as characterized by the CKM matrix [8]. By utilizing the VEV of the complex scalar
field, the electron part of Eq. 2.22 can be expressed as follows:

− y11e√
2

[
(ν̄L, ēL)

(
0
v

)
eR + ēR(0, v)

(
νL
eL

)]
= −y

11
e v√
2
(ēLeR + ēReL) = −y

11
e v√
2
ēe.

(2.23)
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Electron mass is related to Yukawa coupling by the following equation:

me =
y11e v√

2
. (2.24)

2.2 Remained Problems for the Standard Model and the Su-
persymmetry Solution

Despite the enormous success of the SM, there are still a couple of problems left to be solved,
ranging from phenomenological ones such as the absence of dark matter candidate, to conceptual
ones towards the ultimate theory (e.g. the too many parameters, the naturalness as a theory
etc.). This section will overview the most notable ones, enough motivating the beyond-the-SM
(BSM) theories including supersymmetry (SUSY) [9–14]. A particular emphasis is put on the
TeV-scale SUSY to be the solution of the problems.

2.2.1 The Fine-tuning Problem in Higgs Mass

Though divergences appearing in higher-order calculations in the SM are universaly cured in
renormalization by the cancellation with the counter terms, it has been pointed that the mag-
nitude of the cancelling terms are unnaturally large in case of the radiation correction on the
Higgs mass [15–18]. For instance, if the Higgs field couples to a Dirac fermion f with a term in
the Lagrangian, −λfhf̄f , then the 1-loop correction given by a fermion loop (Fig. 2.1(a)) before
renormalization is:

∆m2
h = −

|λ2f |
8π2

Λ2
UV +O(log ΛUV), (2.25)

where ΛUV is an ultraviolet momentum cutoff used to regualte the loop integral. The largest
correction comes when f is the top quark with λf ≈ 0.94. The magnitude of the correction term
∆m2

h can be an order of 1038 (GeV)2 assuming the SM is valid upto the Planck scale around
ΛUV ∼ 1019 (GeV)2, while the observed mass is 125 GeV. Naively thinking this implies that the
bare mass mh,bare and the correction ∆m2

h has to cancel in a precision of 10−17 (“fine tuning
problem” or “naturalness problem”). It is unnatural for a complete theory to contain such
extraordinary scale hierarchy in it.

The simplest solution is to add a partner particle yielding the opposite loop contribution to
cancel it. For example, suppose there exists a heavy complex scalar particle S with mass mS

that couples to the Higgs with a Lagrangian term −λS |h|2|S|2. Then the Feynman diagram in
Fig. 2.1(b) gives a correction

∆̃m2
h =

λS
16π2

[
Λ2
UV − 2m2

S log(ΛUV/mS) + . . .
]
. (2.26)

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This occurs if λ > 0 and m2
H < 0, resulting in 〈H〉 =

√
−m2

H/2λ. We know
experimentally that 〈H〉 is approximately 174 GeV from measurements of the properties of the weak
interactions. The 2012 discovery [2]-[4] of the Higgs boson with a mass near 125 GeV implies that,
assuming the Standard Model is correct as an effective field theory, λ = 0.126 and m2

H = −(92.9 GeV)2.
(These are running MS parameters evaluated at a renormalization scale equal to the top-quark mass,
and include the effects of 2-loop corrections.) The problem is that m2

H receives enormous quantum
corrections from the virtual effects of every particle or other phenomenon that couples, directly or
indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.

H

f

(a)

S

H

(b)
Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2

H , due to (a) a
Dirac fermion f , and (b) a scalar S.
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(b) scalar loop

Figure 2.1: Feynman diagrams of 1-loop processes contributing to Higgs mass by (a) fermion
and (b) scalar loop.
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The quadratic term in Eq. 2.25 and Eq. 2.26 cancels out when there are two complex scalar
fields for one Dirac fermion and the associated dimensional coupling have a specific relationship
(e.g. λS = |λf |2). This requirement is fullfilled in SUSY and the scalar partner of top quark,
“stop”, plays the most important role in the cancellation. With the the existence of stop, the
mass correction to Higgs will be

∆m2
h,stop = ∆m2

h + ∆̃m2
h = O(log ΛUV), (2.27)

where the 10−34 order of fine-tuning is no longer needed.

2.2.2 Grand Unification

One of the primary aspirations of physicists is to encapsulate all phenomena under a singular
principle. The EW symmetry breaking in the SM, represented as SU(2)L × U(1) → U(1)Q,
suggests a shared origin for both electromagnetic and weak interactions. This notion propels
physicists toward the unification of these forces with the strong interaction at a more higher
energy scale, a concept referred to as Grand Unification Theory (GUT).

Possibility of such unification can be analyzed through running coupling constants. The
evolution of coupling constants is described by the RGE:

1

αi(Q2)
− 1

αi(Q2
0)

= − bi
2π

log

(
Q

Q0

)
, (2.28)

at 1-loop level, with the indices i = 1, 2, 3 denote electromagnetic, weak and strong interaction
respectively. The bi is related to the 1-loop level beta function, βi, as bi = 16π2βi/g

3
i . In the

SM, b1b2
b3

 =

 1/10
−43/6
−11

+ ngen

4/3
4/3
4/3

 , (2.29)

where ngen is the number of generation of fermions, which is equal to 3 for Q > mt. In case of
the grand unification, one naively expects a convergence of the three couplings at a certain scale
(QGUT). However, as illustrated in Fig. 2.2, this does not happen in the SM. On the other hand,
SUSY can realize the converge by changing the slope of the running where additional MSSM
particles participate. For instance, the bi for MSSM is,b1b2

b3

 =

33/5
1
−3

 , (2.30)

and the coupling unification is achieved at QGUT ∼ 1016 GeV, as shown in Fig. 2.2. This is
unexpected considering that even a slight variation in particle content can easily disrupt the
convergence. This characteristic is one of the reasons why SUSY stands out as particularly
significant and compelling among the BSM frameworks.

2.2.3 Dark Matter

Historically, the concept of dark matter (DM) emerged from studies of galaxy rotation veloci-
ties, which indicated that the mass present in the centers of galaxies exceeded what spectroscopy
would predict [20, 21]. The non-baryonic dark matter hypothesis has received substantial back-
ing from various observations, including mass tomography of the Bullet Cluster through grav-
itational lensing. At present, the prevailing framework for understanding DM is the Λ-CDM
model (Cold Dark Matter), which posits that DM is characterized as follows.
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Figure 6.8: Two-loop renormal-
ization group evolution of the
inverse gauge couplings α−1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid
lines). In the MSSM case, the
sparticle masses are treated as
a common threshold varied be-
tween 750 GeV and 2.5 TeV,
and α3(mZ) is varied between
0.117 and 0.120.
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6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ε. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ε, but can be multiplied by factors
up to 1/εn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [113]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ε dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
the usual DREG with modified minimal subtraction (MS). In particular, the boundary conditions at
the input scale should presumably be applied in a supersymmetry-preserving scheme like DR. One
loop β-functions are always the same in these two schemes, but it is important to realize that the MS
scheme does violate supersymmetry, so that DR is preferred† from that point of view. (The NSVZ
scheme [118] also respects supersymmetry and has some very useful properties, but with a less obvious
connection to calculations of physical observables. It is also possible, but not always very practical, to

†Even the DRED scheme may not provide a supersymmetric regulator, because of either ambiguities or inconsistencies
(depending on the precise method) appearing at five-loop order at the latest [114]. Fortunately, this does not seem to
cause practical difficulties [115, 116]. See also ref. [117] for an interesting proposal that avoids doing violence to the
number of spacetime dimensions.

66

Figure 2.2: Two-loop renormalization group evolution of the inverse gauge coupling 1/αi in case
of SM (dashed lines), and a scenario in MSSM (solid lines) where the masses of SUSY partners
are set between 500 GeV and 1.5 TeV [19].

• Only sense very weak interaction such as gravity and the weak interaction.

• Be non-relativistic, to realize the large-scale structure of the universe.

One of the possible candidates for the CDM is theWeakly Interacting Massive Particles (WIMPs) [22–
25]. The density abundance is dedicatedly measured via cosmic microwave background (CMB)
by Planck [26] under the Λ-CDM regime:

ΩCDMh
2 = 0.120± 0.001. (2.31)

A series of DM direct direction searches have been conducted. The most stringent limits to
the spin-independent dark matter-nucleon cross-section, denoted as σSI, have been set by the
LUX-ZEPLIN (LZ) experiment [27] as shown in Fig. 2.3.

While the SM has no candidates for DM, SUSY provides several attractive candidates when
assuming the R-parity conservation in which the lightest SUSY particle (LSP) becomes stable.
It is worth noting that the LSP mass will be constrained by an upper bound about 3 TeV,
when trying to explain the whole dark matter abundance by the LSP [32]. This makes SUSY
as a phenomenologically important model rather than a purely theoretical framework, and is a
strong motivation of considering TeV-scale SUSY.

2.2.4 The Muon g − 2 Anomaly

The magnetic moment of the muon plays a special role in the establishment of the SM. For
an elementary particle with intrinsic angular momentum (spin, S), mass m and charge q, its
magnetic moment µ is given by

µ = g
q

2m
S , (2.32)

where g is the gyromagnetic ratio. The original formulation of quantum mechanics by Dirac
anticipated a value of g = 2 for all spin-1/2 elementary particles [33]. Nevertheless, in the
context of relativistic quantum field theories, this value is influenced by radiative corrections, as
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background by a factor of 5. The number of 37Ar events
is estimated by calculating the exposure of the xenon to
cosmic rays before it was brought underground, then cor-
recting for the decay time before the search [74]. A flat
constraint of 0 to three times the estimate of 96 events is
imposed because of large uncertainties on the prediction.

The NR background has contributions from radiogenic
neutrons and coherent elastic neutrino-nucleus scatter-
ing (CE⌫NS) from 8B solar neutrinos. The prediction
for the CE⌫NS rate, calculated as in Refs. [54, 65–67],
is small due to the S2>600 phd requirement. The rate
of radiogenic neutrons in the ROI is constrained using
the distribution of single scatters in the FV tagged by
the OD and then applying the measured neutron tagging
e�ciency from the AmLi calibration sources (89 ± 3%).
A likelihood fit of the NR component in the OD-tagged
data is consistent with observing zero events, leading to
a data-driven constraint of 0.0+0.2 applied to the search.
This rate agrees with simulations based on detector ma-
terial radioassay [63].

Finally, the expected distribution of accidentals is de-
termined by generating composite single-scatter event
waveforms from isolated S1 and S2 pulses and applying
the WIMP analysis selections. The selection e�ciency is
then applied to unphysical drift time single-scatter-like
events to constrain the accidentals rate.

FIG. 5. The 90% confidence limit (black line) for the spin-
independent WIMP cross section vs. WIMP mass. The gray
dot-dash line shows the limit before applying the power con-
straint described in the text. The green and yellow bands
are the 1� and 2� sensitivity bands. The dotted line shows
the median of the sensitivity projection. Also shown are
the PandaX-4T [26], XENON1T [25], LUX [28], and DEAP-
3600 [75] limits.

Statistical inference of WIMP scattering cross section
and mass is performed with an extended unbinned pro-
file likelihood statistic in the log10S2c-S1c observable
space, with a two-sided construction of the 90% confi-
dence bounds [54]. Background and signal component

FIG. 6. Reconstructed energy spectrum of the best-fit model.
Data points are shown in black. The blue line shows total
summed background. The darker blue band shows the model
uncertainty and the lighter blue band the combined model and
statistical uncertainty. Background components are shown in
colors as given in the legend. Background components from
8B solar neutrinos and accidentals are included in the fit but
are too small to be visible in the plot.

shapes are modeled in the observable space using the
geant4-based package baccarat [76, 77] and a custom
simulation of the LZ detector response using the tuned
nest model. The background component uncertainties
are included as constraint terms in a combined fit of the
background model to the data, the result of which is also
shown in Table I.
Above the smallest tested WIMP mass of 9GeV/c2,

the best-fit number of WIMP events is zero, and the
data are thus consistent with the background-only hy-
pothesis. Figure 5 shows the 90% confidence level up-
per limit on the spin-independent WIMP-nucleon cross
section �SI as a function of mass. For WIMP masses
between 13GeV/c2 and 36GeV/c2, background fluctua-
tions produce a limit that is substantially smaller than
the median expected limit, as shown by the dot-dashed
line in Fig. 5. For these masses, the limit is constrained
to a cross section such that the power of the alternate hy-
pothesis is ⇡crit = 0.16 [78]. This restricts the fluctuation
to 1� below the median expected limit. The introduction
of the power constraint also introduces overcoverage, i.e.,
the coverage of the limit with the power constraint is
greater than 90%. The minimum of the limit curve is
�SI = 9.2 ⇥ 10�48 cm2 at m� = 36GeV/c2. The mini-
mum of the unconstrained limit curve is 6.2⇥ 10�48 cm2

at 26GeV/c2, and the minimum of the median expected
limit is 1.9 ⇥ 10�47 cm2 at 43GeV/c2. The background
model and data as a function of reconstructed energy are
shown in Fig. 6, and the data agree with the background-
only model with a p-value of 0.96. LZ also reports the
most sensitive limit on spin-dependent neutron scatter-

Figure 2.3: The 90% confidence limit (black line) for the spin-independent WIMP cross-section
vs. WIMP mass from the LZ experiment [27]. The green and yellow bands are the 1σ and 2σ
sensitivity bands. Also shown are the PandaX-4T [28], XENON1T [29], LUX [30], and DEAP-
3600 [31] limits.

interactions with virtual particles alter the way the elementary particle interacts with a photon.
The first order correction from QED was found to be an increase of exactly α1/π [34]. For the
charged leptons (l = e, µ, τ ), the anomalous magnetic momentum al is defined as the deviation
of gl from 2:

al :− (gl − 2)/2. (2.33)

This quantity continues to remain as a long-standing test of the SM to this day. Comparisons
with experimental measurements, aexpl , result in a powerful indirect search for new physics. The
SM prediction, aSMl , require calculating the modifications to g from virtual SM particles up to a
sufficient order. If disagreement between precise calculations of aSMl and measurements of aexpl

is observed, it could indicate BSM contributions, where BSM virtual particles or forces provide
additional contributions to al. Among the three values al (ae, aµ, aτ ), the muon aµ is the most
appropriate for observing the effects of new physics. Based on mass scaling arguments, it can
be found that the muon is generally (mµ/me)

2 ∼ 4 × 104 times more sensitive to BSM effects
compared to the electron. Additionally, the current status of aτ is relatively minor due to the
lack of sufficient accuracy in the experimental measurement of aexpτ .

In modern muon g−2 experiments, spin-polarized muons are injected into a magnetic storage
ring where their spin evolution is monitored. The value of aexpµ is determined by assessing the
anomalous precession frequency ωa, which is defined as the difference between the spin precession
frequency ωs and the cyclotron frequency ωc for muons moving within a highly uniform magnetic
field B at a velocity of β:

ωa := ωs − ωc = − q

mµ

[
aµB − aµ

(
γ

γ + 1

)
(β ·B)β −

(
aµ − 1

γ2 − 1

)
β ×E

c

]
. (2.34)

The Fermilab Muon g − 2 experiment utilizes a methodology same as that of BNL [35]. The
superconducting storage ring, with a radius of 7.112 m and a magnetic field strength of 1.45 T,
was transferred from BNL to Fermilab. The determination of ωa is carried out by 24 calorimeter
stations, which are evenly positioned around the inner circumference of the storage ring.

The latest result by the Run-2 and Run-3 data is reported to be aexp−FNAL
µ = (11659205.7±

2.5) × 10−10 [36] which is being compatible with the previous experimental result using Run-1
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data [37] and at BNL [38]. The combined world average is:

aexpµ = (11659205.9± 2.2)× 10−10. (2.35)

The SM prediction for the muon anomalous magnetic moment is derived from the cumulative
contributions of all sectors within the SM:

aSMµ = aQED
µ + aEWµ + aHVP

µ + aHLbL
µ , (2.36)

where aQED
µ represents the contribution from QED, aEWµ denotes the contribution from EW

interactions, aHVP
µ refers to the contribution arising from hadronic vacuum polarization (HVP),

and aHLbL
µ is associated with the contribution from hadronic light-by-light (HLbL) scattering.

Illustrative examples of these processes can be found in Fig. 2.4. The uncertainty in aSMµ is dom-

inated by the hadronic contributions, aHVP
µ and aHLbL

µ , which stem from the non-perturbative
characteristics of the low-energy strong interaction.

QED contributions The contributions from QED to aµ encompass all contributions from
leptons and photons, with calculations completed up to the five-loop order. Contributions up to
the four-loop order have been established through both numerical and analytical methods [39,
40]. The complete five-loop contribution, which consists of 12,672 Feynman diagrams illustrated
in Fig. 2.5, has been computed numerically [41–46]. The value for the QED contributions is
given as

aQED
µ = 116 584 718.931(104)× 10−11. (2.37)

EW contributions The EW contributions encompass all diagrams containing at least one
of the EW bosons, with the one-loop Feynman diagrams illustrated in Fig. 2.6. The presence
of the masses of the EW bosons results in a significant suppression of the EW contributions
to aµ. These contributions have been computed up to the two-loop order, while the three-loop
contributions have been approximated [47, 48]. The value for aEWµ is determined to be

aEWµ = 153.6(1.0)× 10−11. (2.38)

HVP contributions The contributions from the HVP, as illustrated in the third diagram of
Fig. 2.4, can be derived through data-driven methodologies that employ e+e− → hadrons data
within dispersion relation:

aLO HVP
µ =

1

4π3

∫ ∞

sth

dsK(s)σhad(s), (2.39)
A. Keshavarzi, K.S. Khaw and T. Yoshioka Nuclear Physics B 975 (2022) 115675

Fig. 3. Feynman diagrams of SM contributions to aµ . The diagrams shown (from left to right) are the one-loop QED di-
agram, the one-loop EW process involving Z-boson exchange, the leading-order HVP diagram and HLbL contributions.

was less variation in the magnetic field throughout Run-3 and the systematics related to the 
field tracking is reduced.

The Fermilab Muon g − 2 experiment has also completed the Run-4 data-taking campaign and 
the Run-5 data-taking has began in late 2021. There is also a possibility in performing the aµ

measurement using negative muons after 2022. This will require polarity switching of the beam-
line components and the storage ring components.

Besides the magnetic anomaly measurement, other physics studies of interest at the Fermilab 
experiment include tests of Lorentz-symmetry and CPT-symmetry [39,40]. The CPT-symmetry 
test can be performed by comparing aµ from µ+ and µ− measurements, while Lorentz symmetry 
can be tested by searching for a sidereal variation in the anomalous precession frequency of the 
muon.

3. Theoretical calculations of aµ

In this section, the SM value of the anomalous magnetic moment against which the experi-
mental value [19] is compared to will be reviewed. The SM prediction of the anomalous magnetic 
moment is determined from the sum of all sectors of the SM:

aSM
µ = aQED

µ + aEW
µ + aHVP

µ + aHLbL
µ , (11)

where aQED
µ are the QED contributions, aEW

µ are the electro-weak (EW) contributions, aHVP
µ

are the hadronic vacuum polarization (HVP) contributions and aHLbL
µ are due to contributions 

from hadronic light-by-light (HLbL) scattering. Examples of such processes are shown in Fig. 3. 
The uncertainty of aSM

µ is completely dominated by the hadronic contributions due to the non-
perturbative nature of the low energy strong interaction. In recent years, aSM

µ has been thoroughly 
scrutinized and reevaluated by The Muon g − 2 Theory Initiative [38], an international collabo-
ration determined on providing a community-approved consensus for the value of the theoretical 
prediction with an improved overall precision.

3.1. The QED contributions

The QED contributions to aµ include all contributions from leptons and photons alone and 
have been fully calculated up to five-loop order. All contributions up to and including four-loop 
have been determined and verified by different groups, from both numerical and analytical cal-
culations (see [38] for more details). The four-loop universal contribution has been impressively 
calculated analytically up to a precision of 1100 digits [42] and is consistent with the numer-
ical determination [43]. The entire five-loop contribution, totaling 12,672 Feynman diagrams 

9

Figure 2.4: Feynman diagrams of SM contributions to aµ. The diagrams shown (from left to
right) are the one-loop QED diagram, the one-loop EW process involving Z boson exchange,
the leading-order HVP diagram and HLbL contributions.
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Fig. 4. Five-loop QED diagrams. There are, in total, 12,672 diagrams contributing to aQED
µ . The straight and wavy lines 

represent lepton and photon propagators, respectively. This figure is reprinted from (and further described in) [41].

which are shown in Fig. 4, has been fully calculated numerically [41,44] with independent cross-
checks [45–48]. The value for the QED contributions is found to be

aQED
µ = 116 584 718.931(104) × 10−11 , (12)

where the given error is the quadrature sum of uncertainties due to the τ -lepton mass, four-loop 
QED, five-loop QED, an estimate of the six-loop QED [38,41,44] and the fine-structure constant 
α [49].2

3.2. The EW contributions

The EW contributions constitute all diagrams that contain at least one of the EW bosons: W , 
Z, or Higgs (the one-loop Feynman diagrams are shown in Fig. 5). As such, the EW contribu-
tions include QED and hadronic effects, but no EW processes enter the estimates of the QED, 
HVP, or HLbL sectors. Due to the masses of the EW bosons, the EW contributions to aµ are 
highly suppressed. These contributions have been calculated up to two-loop and the three-loop 
contributions have been estimated [51,52].

2 This value for aQED
µ is obtained using the measurement of α from caesium interferometry [49]. With the uncertainty 

of aQED
µ dominated by the six-loop estimate [38,41,44], other choices for α [8,50] result in changes well within the 

quoted uncertainty.

10

Figure 2.5: Five-loop QED diagrams. There are, in total, 12,672 diagrams contributing to
aQED
µ [41]. The straight and wavy lines represent lepton and photon propagators, respectively.A. Keshavarzi, K.S. Khaw and T. Yoshioka Nuclear Physics B 975 (2022) 115675

Fig. 5. One-loop EW Feynman diagrams. This figure is reprinted from [38].

The value for aEW
µ is given as [38,51,52]

aEW
µ = 153.6(1.0) × 10−11 , (13)

where the uncertainty includes the two-loop hadronic effects, neglected two-loop terms, and un-
known three-loop contributions. The non-perturbative hadronic insertions that enter at two-loop 
significantly dominate the uncertainty of the EW contributions but, due to the EW suppression, 
are small relative to the HVP or HLbL sector uncertainties.

3.3. The HVP contributions

In general, the HVP contributions (depicted in the third diagram in Fig. 3) can be calculated 
from data-driven approaches, utilizing measured e+e− → hadrons data3 (with or without apply-
ing additional constraints from e.g., analyticity) as input into dispersion relations, or from Lattice 
QCD.

3.4. Data-driven HVP

The HVP contributions can be determined using a compilation of all available e+e− →
hadrons cross section data, σhad(s) ≡ σ 0 (

e+e− → γ ∗ → hadrons + (γ )
)
, which is inclusive of 

final state radiation effects and where the superscript ‘0’ indicates the cross section is bare (ex-
cluding all vacuum polarization effects). The leading order (LO) HVP contribution, shown in 
Fig. 6a, is evaluated from inputting the combined cross section data into the dispersion relation:

aLO HVP
µ = 1

4π3

∞∫

sth

ds K(s)σhad(s) , (14)

where sth = m2
π0 . K(s) is a well-known kernel function [53,54] which gives greater weight 

to contributions from lower energies. Next-to-leading order (NLO) contributions are shown in 
Fig. 6b. These and the NNLO contributions are determined from similar dispersion integrals and 
kernel functions with a data input identical to the LO case [55].

Numerous measurements for more than 35 exclusive hadronic channels (final states) from 
different experiments must be combined, as depicted in Fig. 7. Hadronic cross-section data 
are either obtained from direct scan measurements (e.g., CMD-2, SND, KEDR) or via the 

3 Historically, the HVP contributions have also been computed using data from hadronic τ decays. However, the 
isospin-breaking corrections to the τ data are currently not at the understanding required to also be used as input into 
dispersion relations with the e+e− → hadrons data (see [38] for further details).
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Figure 2.6: One-loop EW Feynman diagrams [49].

where sth = m2
π0 . K(s) is a kernel function [50, 51] which gives larger weight to contributions

from lower energies. NLO and NNLO contributions are determined from similar dispersion
integrals. Combining several experimental results in an estimate of the total HVP contribution
of Ref. [49],

aHVP
µ = 6845(40)× 10−11. (2.40)

HLbL contributions Contributions from HLbL scattering, shown in the furthest-right di-
agram of Fig. 2.4, describe the process where an external soft and on-shell photon interacts
through a hadronic blob with three off-shell photons. The HLbL contributions arise from single
mesons, axial-vector mesons, tensor mesons and charged pion or kaon loops. For the calcula-
tion, experimental data are used as input for various hadronic insertions where available, and
theoretical calculations of the amplitudes are employed where not. The sum of the values from
the different contributions results in the estimation for aHLbL

µ [52–62],

aHLbL
µ = 92(19)× 10−11. (2.41)
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Figure 1: Comparison of di�erent evaluations of the HVP contribution, both data driven (squares) as well
as lattice (circles) and mixed (triangle) and of the corresponding total result for 0SM

` � 0exp
` . The evaluations

above the lower dashed line have not been included in the WP average (grey band) and the lattice ones above
the upper dashed line have not been included in the WP lattice average (light-blue band).

which is higher by about 2.1f than the data-driven evaluation and, after adding all other contri-
butions summarized in the WP, much closer to the experimental value of 0`. The situation is
illustrated in Fig. 1.

The discrepancy between the data-driven and the BMW result needs to be clarified. In view
of the long history of the data-driven approach, the vast experimental database which is used in the
calculation and all the independent checks which have been made over the years, I think that it is
justified to consider this as the reference SM value for 0`. The BMW result is the first complete
lattice result with a precision comparable to the one of the data-driven approach. Given the relevance
of this calculation and of a possible discrepancy with the data-driven approach it is important to first
have a consensus lattice result based on di�erent calculations relying on di�erent discretizations
and calculational settings. Several collaborations are working hard to reach this goal.

In the meanwhile several comments can be made: the BMW collaboration has made a state-
of-the-art and complete calculation of this quantity, which has addressed all relevant sources of
systematic e�ects. Particularly relevant is the progress concerning the finite volume corrections
which are now under good control. The dominant source of systematic uncertainty is represented
by the continuum extrapolation. The raw data show a rather steep dependence on the lattice spacing
and need to be analytically corrected before a controlled extrapolation can be carried out. The
problem here is that there is no first-principle method available to calculate these corrections and
one has to rely on a (very reasonable) model. The BMW collaboration has addressed this point
and estimated the model dependence of the continuum extrapolation. As usual when estimating

4

Figure 2.7: Results for (aSMµ −aexpµ )× 1010 when is aLO HVP
µ is taken from various lattice [65–77]

and data-driven results [78–81]. The filled dark blue circles are lattice results [65–72] that are
included in the lattice average advocated in [49], which is given indicated by the light-blue band.
The unfilled dark blue circles are those results not included in the average [73–77, 82]. The red
squares show results from data-driven determinations of aLO HVP

µ , where filled squares are those
included in the merged data-driven result [49, 79] (given by the black square marker and grey
band) and unfilled squares are not [80, 81]. The purple triangle shows a hybrid result where
noisy lattice data at very short and long distances are replaced by e+e− → hadrons cross-section
data [71]. The yellow band indicates the “no new physics” scenario, where HVP results are large
enough to bring the SM prediction of aµ into agreement with the experimental value. The grey
band in the center of this indicates the projected experimental uncertainty from the Fermilab
Muon g − 2 experiment. This figure has been adapted from [49, 83].

The Lattice QCD calculation for HLbL contributions [63, 64] is also available and the result is
found to be consistent within uncertainties with the data-driven calculation (Eq. 2.41).

The current recommended value for the SM prediction of the muon’s anomalous magnetic
moment is obtained by combining each contribution as Eq. 2.36 [49]:

aexpµ = 116 591 810(43)× 10−11. (2.42)

Comparing with the experimental result (Eq. 2.35) results in a deviation of

∆aexpµ := aexpµ − aSMµ = (24.9± 5.0)× 10−10, (2.43)

corresponding to a 5.0σ discrepancy, which may imply the need of SM extention. This anomaly
is known as the “muon g− 2 anomaly”. For the HVP contribution, several lattice calculation
results exists, which are summarized in Fig. 2.7. These results have values which span across
the data-driven approaches and a no-new-physics scenario but generally with too large errors to
have a definitive statement. For example, although not shown in Fig. 2.7, the latest result from
BMW [84] leads to a prediction of the muon anomalous magnetic momentum that differs from
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the measurement by only 0.9 standard deviations. As the lattice evaluations are still not precise
enough to be compared to those from dispersive approaches for HVP, Lattice QCD results are
not included in the aSMµ recommended value.

If we take the recommended aSMµ value, Eq. 2.42, and assume that the muon g − 2 anomaly
is true, TeV-scale SUSY with light scaler-muons and gauginos is a good candidate to explain
the anomaly which would be further discussed in Section 2.5.

2.3 Supersymmetry and the MSSM

The Minimal Supersymmetric Standard Model (MSSM) is a framework of SUSY that incorpo-
rates the minimum of number of supersymmetric particles and degrees of freedom in addition
to the SM such as:

• A single set of SUSY particles is introduced (NSUSY = 1).

• The SUSY partners of the SM fermions have a spin of 0, while those of bosons, including
gauge and Higgs bosons, have a spin of 1/2.

• The Higgs sector is described using two Higgs doublets.

Although referred to as “minimal,” the MSSM serves as a sufficiently broad framework to en-
capsulate the characteristic features of SUSY at the phenomenological level. Consequently, this
thesis will limit its focus to the MSSM.

2.3.1 Particle Contents in MSSM

The particle content of MSSM is shown in Table 2.3. Scalar-fermions (sfermions) have two types,
labeled L and R, which represent their roles as SUSY partners for left-handed or right-handed
SM fermions. Gauginos are all Majorana particles to ensure that their degrees of freedom match
those of the partner gauge bosons or Higgs bosons.

Table 2.3: Particle content of MSSM. The left column describes the naming convention for SUSY
particles. n[SU(3)C ] (n[SU(2)L]) represents the degree of freedom of the SU(3)C (SU(2)L)
multiplet that the field(s) belongs to. The U(1) charge Y is shown as all particles belongs to
the singlet of U(1)Y .

Super-multiplet SM sector SUSY partner n[SU(3)C ] n[SU(2)L] Y

gluon / gluino G g g̃ 8 1 0

EW gauge boson / W W±,W 0 W̃±, W̃ 0 1 3 0

EW gaugino B B0 B̃0 1 1 0

lepton / slepton
L (νe, e)L (ν̃e, ẽ)L 1 2 −1
E eR ẽR 1 1 −2

quark / squark
Q (u, d)L (ũ, d̃)L 3 2 1/3
U uR ũR 3 1 4/3

D dR d̃R 3 1 −2/3

Higgs boson / Hu (H+
u ,H

0
u) (H̃+

u , H̃
0
u) 1 2 1

higgsino Hd (H0
d ,H

−
d ) (H̃0

d , H̃
−
d ) 1 2 −1
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The MSSM Higgs sector includes two Higgs doublets, H u := (H+
u ,H

0
u),H d := (H0

d ,H
−
d ),

each with its own VEV:

vu := ⟨H0
u⟩, vd := ⟨H0

d⟩. (2.44)

These doublets give masses to up-type and down-type fermions, respectively. Their ratio is
parametrized using a mixing angle β as:

tanβ := vu/vd. (2.45)

Consistency with the SM is guaranteed by relating VEVs as:

v2SM = v2u + v2d. (2.46)

If gravity is quantized in the framework of Quantum Field Theory (QFT), there must exist
a corresponding gauge boson known as the “graviton”, along with its supersymmetric partner
referred to as the “gravitino”. Gravitinos play a significant role in certain SUSY scenarios, such
as in GMSB (Gauge-Mediated SUSY Breaking) [85], however, they are not considered in this
thesis.

2.3.2 The MSSM Lagrangian

A supersymmetric Lagrangian can be systematically constructed using super-potential and
super-space techniques. The Lagrangian of the MSSM can be separated into two parts:

LMSSM = LMSSM
SUSY + LMSSM

soft . (2.47)

The first term is the SUSY invariant part which is given by:

LMSSM
SUSY =− 1

4
F a
µνF

aµν −Dµϕ∗iDµϕi + iψ†iσ̄µDµψi + iλ†aσ̄µDµλ
a (Kinetic terms) (2.48)

− 1

2
W ijψiψj + h.c. (Yukawa interaction terms)

(2.49)

−
√
2ga(ϕ

∗T aψ)λa + h.c. (Gaugino interaction terms)
(2.50)

−W iW ∗
i − 1

2
g2a(ψ

∗T aϕ)2 (scalar potential), (2.51)

(2.52)

where ψ represents the SM fermions, and ϕ denotes their associated spin-0 SUSY partners. The
λ represent gauginos which are the SUSY partners of gauge bosons in F a

µν and Dµ. Wi (Wij) is
the first (second) derivative of super-potential W , where W is defined by:

W i :=
δW

δϕi
, W ij :=

δ2W

δϕiδϕj
,

W := ŪyuQHu − D̄ydQHd − ĒydQHd + µHuHd.

(2.53)

yu ,yd ,ye are the Yukawa matrices as in Eq. 2.22. It has to be noted that no new theory
parameters are introduced in addition to the SM in LMSSM

SUSY .

On the other hand, the soft SUSY breaking term LMSSM
soft is the SUSY variant part of the

Lagrangian.
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SUSY breaking An exact SUSY necessitates that the SUSY partners possess masses identical
to those of the SM particles. However, this condition has not been met, at least within the
energy scales observable in our current universe, as no SUSY particles have yet been discovered.
Consequently, a viable SUSY model must incorporate terms that account for SUSY breaking
within its Lagrangian framework. Simultaneously, it is essential to preserve the advantageous
characteristics of SUSY, particularly its potential to address the fine-tuning issue associated with
the Higgs mass (Section 2.2.1). As a result, the SUSY breaking terms are typically constrained
to a form known as “soft breaking”, which ensures the cancellation of quadratic divergences as
outlined in Eq. 2.27.

The most general form of the soft breaking terms is given by:

LMSSM
soft =− 1

2

(
M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + c.c.

)
(Gaugino mass terms)

(2.54)

− Q̃†m2
Q̃
Q̃− L̃†m2

L̃
L̃− Ũm2

Ũ
Ũ † − D̃m2

D̃
D̃† − Ẽm2

Ẽ
Ẽ† (Sfermion mass terms)

(2.55)

−
(
˜̄UauQ̃Hu − ˜̄Dad Q̃Hd − ˜̄Eae L̃Hd + c.c.

)
(Trilinear coupling terms)

(2.56)

−m2
Hu
H∗

uHu −m2
Hd
H∗

dHd − (bHuHd + c.c.). (Higgs potential) (2.57)

The notation (Q̃, L̃, Ũ , D̃, Ẽ) represent the supersymmetric part of the super-multiples (Q,L,U,D,E).
In the first line (Eq. 2.54), M1,M2 and M3 are the bino, wino, and gluino mass terms. Eq. 2.55
incorporates the mass terms of sfermions, and the trilinear terms in Eq. 2.56 characterize the
Yukawa interaction between left-handed and right-handed sfermions. Additionally, the last terms
represent the MSSM Higgs potential, which governs the EW symmetry breaking. While this
thesis does not focus on a specific model, several models provide explicit mechanisms for soft
SUSY breaking. The most basic models are referred to as GMSB, AMSB (Anomaly-mediated
SUSY breaking [86, 87]) or mSUGRA (minimal Super Gravity [88]).

R-parity A quantum number PR, linked to the number of SUSY partners (similar to lepton
number or baryon number etc.), can be defined using spin, baryon number, and lepton number
as follows:

PR := (−1)−3(B−L)+2s. (2.58)

The first half of Eq. 2.58, (−1)3(B−L), is known as matter parity, PM . Quark and lepton super-
multiplets all have PM = −1, while the Higgs supermultiplets, gauge bosons and gauginos have
PM = +1. Because of the second half of Eq. 2.58, (−1)2s, the SM particle and its superpartner
within the same supermultiplet do not have the same PR. All of the SM particles and the Higgs
bosons have PR = +1, while all of the squarks, sleptons, gauginos, and higgsinos have PR = −1.
The associated symmetry is known as R-parity, a conservation law that forbids the single pro-
duction of SUSY particles, as well as the annihilation of the SM particles into a resonance of
SUSY particles.

This results in a series of phenomenological advantages:

• The LSP can be a candidate for dark matter if it has no electric charge. The lightest
neutralino is typically regarded as the most common candidate.

• Proton decay as illustrated in Fig. 2.8 is not allowed, which aligns well with the constraints
established by experiments [89].
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t̃L t̃∗R

H0∗
d

(a)

b̃L b̃∗R

H0∗
u

(b)

τ̃L τ̃∗R

H0∗
u
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Figure 6.4: Some of the supersymmetric (scalar)3 couplings proportional to µ∗yt, µ∗yb, and µ∗yτ .
When H0

u and H0
d get VEVs, these contribute to (a) t̃L, t̃R mixing, (b) b̃L, b̃R mixing, and (c)

τ̃L, τ̃R mixing.

Figure 6.5: Squarks would mediate
disastrously rapid proton decay if R-
parity were violated by both ∆B = 1
and ∆L = 1 interactions. This exam-
ple shows p → e+π0 mediated by a
strange (or bottom) squark. u
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an important role in determining the mixing of top squarks, bottom squarks, and tau sleptons, as we
will see in section 8.4.

6.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (6.1.1) is minimal in the sense that it is sufficient to produce a phenomenolog-
ically viable model. However, there are other terms that one can write that are gauge-invariant and
holomorphic in the chiral superfields, but are not included in the MSSM because they violate either
baryon number (B) or total lepton number (L). The most general gauge-invariant and renormalizable
superpotential would include not only eq. (6.1.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (6.2.1)

W∆B=1 =
1

2
λ′′ijkuidjdk (6.2.2)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number
assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown)
or µ+π0 or ν̄π+ or ν̄K+ etc. depending on which components of λ′ and λ′′ are largest.‡ Also, diagrams

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
labels refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.

58

Figure 2.8: An example process of a proton decay triggered by intermediate SUSY particles
(scalar-strenge quark here). λ′′112 and λ′112 are couplings for corresponding interaction vertices
which violate R-parity.

In the context of the MSSM, the conservation of R-parity is explicitly postulated, which
entails the exclusion of follwing terms from the most general superpotential:

W∆L=1 =
1

2
λijkLiLj ēk + λ′ijkLiQj d̄k + µ′iLiHu,

W∆B=1 =
1

2
λ′′ijkūid̄j d̄k.

(2.59)

2.3.3 Mass Spectra

The masses of SUSY particles are determined by the coefficient associated with mass terms
(e.g. m in mϕϕ) in the Lagrangian (Eq. 2.47). This involves extracting relevant terms and
diagonalizing the mass matrices, accounting for the mixing of interaction eigenstates.

Squarks and sleptons Sfermion mass terms are sourced by the soft Lagrangian, LMSSM
soft .

They are generally allowed to mix between different generations via the off-diagonal components
either in the sfermion mass or trilinear coupling terms. However, these mixings lead to a
significant rate of flavor changing natural current which is experimentally highly disfavored.
Thus the off-diagonal components in the sfermion mass and trilinear coupling terms are usually
set to zero:

m Q̃ = m2
Q1, m Ũ = m2

U1, mD̃ = m2
D1, m L̃ = m2

L1, m Ẽ = m2
E1, (2.60)

au = Au0yu , ad = Ad0yd , ae = Ae0ye . (2.61)

Since the top quark, bottom quark and tau lepton are the heaviest fermions in the SM, it is
useful to make an approximation that only the (3, 3) family components of each yu ,yd and ye

are important. In this approximation, squared-mass matrix for the stop reduces to:(
m2

Q3
+m2

t + (T3,tL −Qt sin
2 θW ) cos(2β)m2

Z v(A∗
u0yt sinβ − µyt cosβ)

v(Au0yt sinβ − µ∗yt cosβ) m2
U3

+m2
t +Qt sin

2 θW cos(2β)m2
Z

)
. (2.62)

As the magnitude of the off-diagonal component of this mass matrix scales with the Yukawa
coupling, the effect of the mixing between left- and right-handed squarks can be only sizable
in case of third generation sfermions (stop, sbottom and stau). Since the masses of lighter
eigenstates of the third generation sfermions can be significantly lowered, the third generation
sfermions are particularly phenomenologically important.
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Gauginos and higgsinos EW gauginos and higgsinos masses are fed solely from LMSSM
soft . The

gauge eigenstate of charged EW gauginos (charginos; W̃±, H̃+
u , H̃

−
d ) with same electric charges

will mix each other. The mass matrices are described as,(
M2

√
2mW sinβ√

2mW cosβ µ

)
. (2.63)

The diagonalzed mass eigenvalues are then,

m2
χ̃±
1,2

=
1

2

[
|M2|2 + |µ|2 + 2m2

W ∓
√
(|M2|2 + |µ|2 + 2m2

W )2 − 4|µM2 −m2
W sin 2β|2

]
. (2.64)

The conventional notation for charginos masses m(χ̃±
1,2) are defined by sorting these eigenvalues

as m(χ̃±
1 ) < m(χ̃±

2 ). The mass matrix for neutral EW gauginos (neutralinos; B̃, W̃ 0, H̃0
u, H̃

0
d)

are given as,
M1 0 − cosβ sin θWmZ sinβ sin θWmZ

0 M2 cosβ cos θWmZ − sinβ cos θWmZ

− cosβ sin θWmZ cosβ cos θWmZ 0 −µ
sinβ sin θWmZ − sinβ cos θWmZ −µ 0

 . (2.65)

The eigenvalues are,

m1 =M1 −
m2

Z sin2 θW (M1 + µ sin 2β)

µ2 −M2
1

+ . . . , (2.66)

m2 =M2 −
m2

W (M2 + µ sin 2β)

µ2 −M2
2

+ . . . , (2.67)

m3 = |µ|+
m2

Z(1− sin 2β)(µ+M1 cos
2 θW +M2 sin

2 θW )

2(µ+M1)(µ+M2)
+ . . . , (2.68)

m4 = |µ|+
m2

Z(1 + sin 2β)(µ−M1 cos
2 θW −M2 sin

2 θW )

2(µ−M1)(µ−M2)
+ . . . . (2.69)

As charginos, the conventional notation for neutralino masses m(χ̃0
1−4) are defined by sorting

these eigenvalues as m(χ̃0
1) < m(χ̃0

2) < m(χ̃0
3) < m(χ̃0

4).
Finally, gluinos are color-octet fermions and do not mix to any other gauginos.

The MSSM Higgs sector In the MSSM, the description of EW symmetry breaking is slightly
complicated by the fact that there are two complex Higgs doublets rather than just one in the
ordinary SM. The MSSM Higgs potential is given by,

V =(|µ|2 +m2
Hu

)(|H0
u|2 + |H+

u |2) + (|µ|2 +m2
Hd

)(|H0
d |2 + |H−

d |2)
+
[
b(H+

u H
−
d −H0

uH
0
d) + c.c.

]
+

1

8
(g2 + g′2)(|H0

u|2 + |H+
u |2 − |H0

d |2 − |H−
d |2)2

+
1

2
g2|H+

u H
0∗
d +H0

uH
−∗
d |2.

(2.70)

Similarly to the case in SM, implementing the spontaneous symmetry breaking and requiring
∂V/∂H0

u = ∂V/∂H0
d = 0, one arrives:

sin(2β) =
2b

m2
Hu

+m2
Hd

+ 2|µ|2
, (2.71)

m2
Z =

|m2
Hd

−m2
Hu

|√
(1− sin2(2β))

−m2
Hu

−m2
Hd

− 2|µ|2. (2.72)
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The Higgs masses are found by the mass terms:

m2
A0 = 2|µ|2 +m2

Hu
+m2

Hd
, (2.73)

m2
H± = m2

A0 +m2
W , (2.74)

m2
h,H0 =

1

2

(
m2

A0 +m2
Z ∓

√
(m2

A0 −m2
Z)

2 + 4m2
Zm

2
A0 sin

2(2β)

)
, (2.75)

where H± represents the mass eigenstate of the charged Higgs boson, while A0 denotes the
CP-odd Higgs boson. The mass eigenstates of the CP-even neutral Higgs bosons are denoted as
H0 and h, with the lighter one h typically associated with the SM Higgs boson. Given that H0

has not been observed up to a mass of 400 GeV-1 TeV, a large mass difference between h and
H0 is generally favored, suggesting a large value of tan β.

2.3.4 Running Masses and GUT

Although the masses of SUSY particles are primarily treated as free parameters within the
MSSM framework, a quick analysis can be conducted. In the context of SUSY, it is frequently
assumed that mass unifications occur, particularly in the regime where:

• all sfermions masses converge to m1/2

• all gaugino masses converge to m0

• all Higgs boson Hu,Hd masses converge to (µ2 +m2
0)

1/2

This configuration is particually advantageous as it is avaiable to cause EW symmetry breaking
naturally at the EW scale, and is adopted in many minimal models including mSUGRA. Using
the general condition satisfied in the 1-loop renormalization of gaugino masses:

d

dt

(
Mi

αi

)
= 0, (i = 1, 2, 3). (2.76)

it turns that Mi/αi is constant in arbitrary scales. Therefore, one obtains:

Mi

αi

∣∣∣∣
Q=QEW

=
Mi

αi

∣∣∣∣
Q=QGUT

=
m1/2

αGUT
, (2.77)

which is rewritable to

M3 =
α3

α1
sin2 θWM2 =

3

5

α3

α1
cos2 θWM1, (2.78)

resulting in a rough prediction of gaugino masses near the TeV scale:

M1 :M2 :M3 ∼ 1 : 2 : 6. (2.79)

The mass hierarchy between gluino, wino, and bino is primarily driven by this relationship and
is a common assumption in SUSY phenomenology. However, it is important to acknowledge
that the assumption of mass unification might be overly stringent.
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Figure 8.4: RG evolution of scalar and gaugino mass parameters in the MSSM with MSUGRA
boundary conditions imposed at Q0 = 1.5 × 1016 GeV. The parameter µ2 +m2

Hu
runs negative,

provoking electroweak symmetry breaking.

running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed lines labeled Hu

and Hd are the running values of the quantities (µ2 + m2
Hu

)1/2 and (µ2 +m2
Hd

)1/2, which appear in
the Higgs potential. The other lines are the running squark and slepton masses, with dashed lines for
the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3 (from top to bottom),

and solid lines for the first and second family sfermions. Note that µ2 +m2
Hu

runs negative because of
the effects of the large top Yukawa coupling as discussed above, providing for electroweak symmetry
breaking. At the electroweak scale, the values of the Lagrangian soft parameters can be used to extract
the physical masses, cross-sections, and decay widths of the particles, and other observables such as
dark matter abundances and rare process rates. There are a variety of publicly available programs that
do these tasks, including radiative corrections; see for example [230]-[239],[208].

Figure 8.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
four different types of models assumptions. The first, in Figure 8.5(a), is the output from an MSUGRA
model with relatively low m2

0 compared to m2
1/2 (similar to fig. 8.4). This model features a near-

decoupling limit for the Higgs sector, and a bino-like Ñ1 LSP, nearly degenerate wino-like Ñ2, C̃1, and
higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest superpartner. The squarks are all much heavier
than the sleptons, and the lightest sfermion is a stau. (The second-family squarks and sleptons are
nearly degenerate with those of the first family, and so are not shown separately.) Variations in the
model parameters have important and predictable effects. For example, taking larger values of tan β
with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to those
of the other sparticles. Taking larger m2

0 will tend to squeeze together the spectrum of squarks and
sleptons and move them all higher compared to the neutralinos, charginos and gluino. This is illustrated
in Figure 8.5(b), which instead has m2

0 " m2
1/2. In this model, the heaviest chargino and neutralino

are wino-like.
The third sample sketch, in fig. 8.5(c), is obtained from a typical minimal GMSB model, with

111

Figure 2.9: RG evolution of scalar and gaugino mass parameters in the MSSM with mSUGRA
boundary conditions imposed at Q0 = 1.5 × 1016 GeV [19]. The parameter µ2 + m2

Hu
runs

negative, provoking EW symmetry breaking. The parameters are m0 = 300 GeV,m1/2 =
−A0 = 1000 GeV, tanβ = 15, and sign(µ) = +.

The running masses of sfermions offer insights into the mass spectra at the EW scale. These
masses can be determined clearly through the application of RGE:

m2
d̃L

= m2
0+K3+K2+

1

36
K1+∆d̃L

, (2.80)

m2
ũL

= m2
0+K3+K2+

1

36
K1+∆ũL , (2.81)

m2
d̃R

= m2
0+K3 +

1

9
K1+∆d̃R

, (2.82)

m2
ũR

= m2
0+K3 +

4

9
K1+∆ũR , (2.83)

m2
ẽL

= m2
0 +K2 +

1

4
K1+∆ẽL , (2.84)

m2
ν̃L

= m2
0 +K2 +

1

4
K1+∆ν̃L , (2.85)

m2
ẽR

= m2
0 +K1+∆ẽR , (2.86)

with identical formulas for the second-family squarks and sleptons. K1, K2, and K3 respec-
tively denote the contribution from the interaction of U(1)Y , SU(2)L and, SU(3)L which are
approximately:

K1 ∼ 0.15m2
1/2, K2 ∼ 0.5m2

1/2, K3 ∼ 6m2
1/2. (2.87)

and the correction factors ∆f̃ are given by the third componet of weak isospin, T3, and the
electric charge, q, as

∆f̃L
= (T3 − q sin2 θW )m2

Z cos(2β),

∆f̃R
= q sin2 θWm

2
Z cos(2β),

(2.88)

which split apart the components of the SU(2)L-doublet sleptons and squarks. The mass split-
tings for the left-handed squarks and sleptons are governed by model-independent sum rules

m2
ẽL

−m2
ν̃e = m2

d̃L
−m2

ũL
= g2(v2u − v2d)/2 = − cos(2β)m2

W . (2.89)
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The effect of running masses tends to be greater for squarks compared to sleptons because of the
SU(3)L interaction, which generally results in lighter masses for sleptons. The typical running
mass spectra is illustrated in Fig. 2.9.

2.4 MSSM and the Dark Matter Direct Detection

As mentioned in Section 2.2.3, MSSM with R-parity conservation provides good DM candi-
dates, especially neutralinos. The process of Higgs boson exchange between neutralinos and
nuclei induces the spin independent (SI) elastic scattering, as illustrated in Fig. 2.10(a). The
corresponding hχ̃0

1χ̃
0
1 coupling is given at tree level for higgsino-like LSP by [91],

chχ̃χ̃ ≃ −1

2
sign(µ)(1 + sign(µ) sin 2β)

(
tan2 θW

g1mW

M1 − |µ|
+

g2mW

|M2| − |µ|

)
, (2.90)

for wino-like LSP by,

chχ̃χ̃ ≃ −g2
2

mW

M2
2 − µ2

(M2 + µ sin 2β), (2.91)

and for bino-like LSP by,

chχ̃χ̃ ≃ −g1
2

mW tan θW
M2

1 − µ2
(M1 + µ sin 2β). (2.92)

One can see that the coupling becomes large for |µ| ∼ M1 or |µ| ∼ |M2|. As the DM direct de-
tection pushes the allowed parameter space into small chχ̃χ̃, large mixing between higgsino/bino
and higgsino/wino, which is equivalent to a small mass difference between them, is disfavored.
On the other hand, the completely pure Higgsino DM has already been ruled out, as the DM is
a Dirac fermion and the scattering cross-section for the spin dependent (SD) elastic scattering,
which is shown in Fig. 2.10(b), significantly exceeds the existing DM direct detection limits [92,
93].

2.5 MSSM and the Muon g − 2 Anomaly

The MSSM dominant contribution to muon magnetic moment is the one-loop diagram with
chargino-sneutrino and the neutralino-smuon loop, as summarized in Fig. 2.11. Numerically,
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Figure 7. Diagrams induce the couplings of the Higgsino DM with quarks in the presence of the
higher-dimensional operators.

results of the lattice QCD simulations [83, 84]. The SI elastic scattering cross section of

the Higgsino DM with a target nucleus is then given as follows:

σSI =
4

π
M2

red(Zfp +Nfn)
2 . (4.9)

In addition to the contribution, there exists the electroweak gauge boson contribution

at loop-level. The contribution is presented in refs. [85, 86], and we take it into account in

the following analysis.

The SD scattering is, on the other hand, induced by the Z-boson exchange process

illustrated in figure 7(b). The interactions are expressed in terms of the following effective

Lagrangian:

Leff = dqχ̃0
1γ

µγ5χ̃
0
1qγµγ5q . (4.10)

By evaluating the diagram, we obtain

dq =
GF√
2
cos 2θT q

3 . (4.11)

Since the coupling is suppressed by cos 2θ, and since the current experimental limits on

the SD scattering are much weaker than those on the SI one, we can safely neglect the

contribution in our scenario.

Figure 8 shows the SI scattering cross sections of the Higgsino DM with a proton as

functions of |M2| in solid lines. Here we take tanβ = 2, µ = 500GeV, M1 = M2 and

m̃ = |M2|. The φ2 = arg(M2) = 0, π/2 and π, cases are given in red-solid, green-dashed,

and blue short-dashed lines, respectively, and another choice of the CP-phase falls between

them. The upper blue-shaded region is already excluded by the LUX experiment [77].

The lower gray-shaded region represents the limitation of the direct detection experiments;

once the experiments achieve the sensitivities to the cross sections they will suffer from

the neutrino background and cannot distinguish the DM signal by means of the present

technique [87]. In addition, we show the effects of the resummation on the calculation in

the lower panel. As seen from the figure, the SI scattering cross sections highly depend on

the CP-phase in the Higgsino-gaugino sector. When the gaugino scale is low enough, the

future direct detection experiments may detect the signal of the DM. In higher gaugino

mass regions, the electroweak loop effects dominate the contribution to the SI scattering

cross sections and the resultant scattering cross sections become constant, though they are

much lower than the neutrino background limit.

– 14 –

(a) Spin independent elastic scattering
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Figure 4. Diagram which gives rise to the inelastic scattering process χ̃0
1N → χ̃0

2N .

the Higgsino-gaugino Yukawa couplings run differently from the gauge couplings below the

SUSY breaking scale [5–7],6 and accordingly the relations (3.3) do not hold at the gaugino

mass scale. This then affects the ratios Rci and Rdi , especially when the SUSY breaking

scale is much higher than the gaugino mass scale.

4 Higgsino dark matter search

As mentioned in the Introduction, the neutral Higgsino LSP with a mass of around TeV

scale can be a dark matter candidate. In fact, the thermal relic abundance of the Higgsino

LSP is consistent with the observed DM density when it has ∼ 1TeV mass [61]. In

this section, we assume that the Higgsino LSP occupies the dominant component of the

DM in the Universe, and consider the constraints on the DM from the direct detection

experiments.7 The mass of the Higgsino DM is assumed to be lower than 1TeV to satisfy

the environment selection requirement discussed in the Introduction.

4.1 Inelastic scattering

Without the dimension-five effective operators, the Higgsino DM forms a Dirac fermion.

In this case, the Z-boson exchange process induces the vector-vector coupling between

the DM and a nucleon. Due to the coupling, the spin-independent (SI) scattering cross

sections between the DM and nucleons are so large that this Dirac Higgsino scenario turns

out to be already excluded by the direct detection experiments. However, thanks to the

higher dimensional operators, the neutral components of Higgsino split into two Majorana

fermions χ̃0
1 and χ̃0

2 with the mass difference ∆m given in eq. (2.14). Since a Majorana

fermion does not have vector interactions, the Majorana Higgsino DM can avoid the bound

from the direct detection experiments.

Nevertheless, if the mass difference ∆m is as small as O(100) keV, inelastic scattering

processes χ̃0
1N → χ̃0

2N (N denotes a nucleon) may occur through the diagram in figure 4.

The inelastic scattering is also restricted by the direct detection experiments, depending

on the mass difference [72, 73]. Let us consider the constraints on the mass difference ∆m

by studying the process. This bound then can be interpreted as an upper bound on the

gaugino mass scale, as we will see in what follows.

6The RGEs of the Higgsino-gaugino couplings are given in appendix C. In addition, we have included

finite threshold corrections at the SUSY breaking scale.
7As for the indirect search of the Higgsino DM, a robust limit is given in ref. [71] based on the observations

of Milky Way’s dwarf galaxies by Fermi Gamma-ray Space Telescope. According to the results, the current

bound on the DM mass is mDM >∼ 200− 300GeV.

– 10 –

(b) Inelastic scattering

Figure 2.8: Diagrams inducing elastic and inelastic scattering between neutralinos and quarks. The figures
are taken from Ref. [49].

Figure 2.9: Dependence of the SI elastic
scattering cross-section on the gaugino
mass derived from Equation 2.16 with
"1 = "2, ` = 100 GeV, and tan V =
50. The blue area indicates the re-
gion excluded by the LZ experiment at
<j = 100 GeV [21]. The gray region rep-
resents the range where the sensitivity is
restricted by irreducible backgrounds from
coherent neutrino scattering. This region is
referred to as the “neutrino floor”. The ver-
tical gray dashed lines illustrate the mass
differences between the lightest chargino
and neutralino for the given gaugino mass
("1 = "2).
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2.4.3 Indirect dark matter detection

The indirect dark matter detection of anti-protons and gamma-rays produced from the annihilation
of neutralinos is also very effective in the search for higgsinos. The most stringent limit to the
annihilation cross-section of higgsino-like LSPs is O(10�25

) cm3 s−1, set by the Fermi-LAT
experiment [50] through the observation of gamma-ray spectrum from ,

+
,

� and // final
states. The annihilation cross-section of higgsino-like LSPs at <j ⇡ 1.0 TeV is expected to be
hfEi ⇡ 1.3 ◊ 10−26 cm3 s−1.

2.4.4 Electron Electric Dipole Moment (EDM)

The electron EDM is a very powerful probe for measuring the CP violation induced by elec-
troweakinos in the MSSM. The loop corrections to the electron EDM induced by charginos and
neutralinos are illustrated in Figure 2.10.

30

(a)

J
H
E
P
0
1
(
2
0
1
5
)
0
2
9

h

q q

χ̃0
1 χ̃0

1

(a) SI

Z

q q

χ̃0
1 χ̃0

1

(b) SD

Figure 7. Diagrams induce the couplings of the Higgsino DM with quarks in the presence of the
higher-dimensional operators.

results of the lattice QCD simulations [83, 84]. The SI elastic scattering cross section of

the Higgsino DM with a target nucleus is then given as follows:

σSI =
4

π
M2

red(Zfp +Nfn)
2 . (4.9)

In addition to the contribution, there exists the electroweak gauge boson contribution

at loop-level. The contribution is presented in refs. [85, 86], and we take it into account in

the following analysis.

The SD scattering is, on the other hand, induced by the Z-boson exchange process

illustrated in figure 7(b). The interactions are expressed in terms of the following effective

Lagrangian:

Leff = dqχ̃0
1γ

µγ5χ̃
0
1qγµγ5q . (4.10)

By evaluating the diagram, we obtain

dq =
GF√
2
cos 2θT q

3 . (4.11)

Since the coupling is suppressed by cos 2θ, and since the current experimental limits on

the SD scattering are much weaker than those on the SI one, we can safely neglect the

contribution in our scenario.

Figure 8 shows the SI scattering cross sections of the Higgsino DM with a proton as

functions of |M2| in solid lines. Here we take tanβ = 2, µ = 500GeV, M1 = M2 and

m̃ = |M2|. The φ2 = arg(M2) = 0, π/2 and π, cases are given in red-solid, green-dashed,

and blue short-dashed lines, respectively, and another choice of the CP-phase falls between

them. The upper blue-shaded region is already excluded by the LUX experiment [77].

The lower gray-shaded region represents the limitation of the direct detection experiments;

once the experiments achieve the sensitivities to the cross sections they will suffer from

the neutrino background and cannot distinguish the DM signal by means of the present

technique [87]. In addition, we show the effects of the resummation on the calculation in

the lower panel. As seen from the figure, the SI scattering cross sections highly depend on

the CP-phase in the Higgsino-gaugino sector. When the gaugino scale is low enough, the

future direct detection experiments may detect the signal of the DM. In higher gaugino

mass regions, the electroweak loop effects dominate the contribution to the SI scattering

cross sections and the resultant scattering cross sections become constant, though they are

much lower than the neutrino background limit.
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(b)

Figure 2.10: Diagrams inducing (a) spin independent and (b) spin dependent elastic scattering
between neutralinos and quarks. The figure is taken from [90].
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various loop contributions can be approximated as Ref. [94],

∆aµ(W̃
±, H̃±, ν̃µ) ≃ 15× 10−9

(
tanβ

10

) [
(100 GeV)2

M2µ

] [
2 · fC

(
M2

2

m(ν̃µ)2
,

µ2

m(ν̃µ)2

)]
,

(2.93a)

∆aµ(W̃
0, H̃0, µ̃±L ) ≃ −2.5× 10−9

(
tanβ

10

) [
(100 GeV)2

M2µ

] [
6 · fN

(
M2

2

m(µ̃L)2
,

µ2

m(µ̃L)2

)]
,

(2.93b)

∆aµ(H̃
0, B̃0, µ̃±L ) ≃ 0.76× 10−9

(
tanβ

10

) [
(100 GeV)2

M1µ

] [
6 · fN

(
M2

1

m(µ̃L)2
,

µ2

m(µ̃L)2

)]
,

(2.93c)

∆aµ(H̃
0, B̃0, µ̃±R) ≃ −1.5× 10−9

(
tanβ

10

) [
(100 GeV)2

M1µ

] [
6 · fN

(
M2

1

m(µ̃R)2
,

µ2

m(µ̃R)2

)]
,

(2.93d)

∆aµ(µ̃
±
L , µ̃

±
R, B̃

0) ≃ 1.5× 10−9

(
tanβ

10

)[
(100 GeV)2M1µ

m(µ̃L)2m(µ̃R)2

] [
6 · fN

(
m(µ̃L)

2

M2
1

,
m(µ̃R)

2

M2
1

)]
,

(2.93e)

where fC , fN are the charged and neutral loop functions respectively,

fC(x, y) = xy

[
5− 3(x+ y) + xy

(x− 1)2(y − 1)2
− 2 log x

(x− y)(x− 1)3
+

2 log y

(x− y)(y − 1)3

]
, (2.94a)

fN (x, y) = xy

[
−3 + x+ y + xy

(x− 1)2(y − 1)2
+

2x log x

(x− y)(x− 1)3
− 2y log y

(x− y)(y − 1)3

]
. (2.94b)

The arguments in the left-hand side of Eq. 2.93 show the SUSY particles which propagate in each
loop diagram. For a certain loop to have sufficient contribution to the muon anomalous magnetic
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Figure 2.11: One-loop Feynman diagrams that contribute to the muon anomalous magnetic
momentum.
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momentum, all three SUSY particles in the loop must be light. The SUSY contributions to the
muon anomalous magnetic momentum are enhanced when tan β is large or masses of SUSY
particles in the loop are light. When masses of SUSY particles in the loop are O(100) GeV and
tanβ is O(10), Eq. 2.93 become O(10−9) which can explain the muon g − 2 anomaly.
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Chapter 3

SUSY Mass Hierarchy Motivated by
Muon g − 2 Anomaly and Dark
Matter

In this chapter, a class of SUSY scenarios which are motivated by the muon g− 2 anomaly and
dark matter is analyzed and the target scenario is specified.

3.1 Muon g − 2 Anomaly and Dark Matter Motivated SUSY
scenarios

There are four major SUSY scenarios, depending on which diagram in Fig. 2.11 dominates the
contribution to the muon anomalous magnetic momentum. Here we assume that only one type
of loop in Fig. 2.11 dominates the contribution.1

(A) scenario : M2, µ,m(µ̃L) ≪M1,m(µ̃R). Fig. 2.11(a)(b) dominates.

(B) scenario : M1, µ,m(µ̃L) ≪M2,m(µ̃R). Fig. 2.11(c) dominates.

(C) scenario : M1, µ,m(µ̃R) ≪M2,m(µ̃L). Fig. 2.11(d) dominates.

(D) scenario : M1,m(µ̃L),m(µ̃R) ≪M2, µ. Fig. 2.11(e) dominates.

By permutation of the three SUSY particles in each loop, six different mass hierarchy sub-
scenarios are possible in each scenario, resulting in a total of 24 (= 4×3!) possible sub-scenarios.
We systematically analyze each of these sub-scenarios and summarize which sub-scenarios is
viable in terms of the DM and study the constraints from the LHC.

Table 3.1 lists the nature of the DM for all sub-scenarios. The naming convention of the
sub-scenario follows “ Sheavy-Smiddle-Slight” format where the symbols Sheavy, Smiddle, and Slight
represent single SUSY particle, or collectively a bunch of approximately mass degenerate SUSY
particles. Symbol “W” stands for wino, “H” stands for higgsino, “B” stands for bino, and “L”
(“R”) stands for left-handed (right-handed) smuon. The symbol “H” collectively represents the
charged and two neutral higgsinos, and the “W” represents the charged and neutral wino. For

1We could consider the case where multiple loops contribute to the muon anomalous magnetic momentum,
but that would be too complicated, and we will not consider that case. In that case, however, it is expected
that constrains will become tighter as the number of light SUSY particles increase and search becomes easier in
general.
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Table 3.1: The nature and faced constraints of the DM (“DM condition”). Line in gray indicates
a sub-scenario that does not satisfy the dark matter condition.

(A) scenario DM condition

W-H-L (a) : Sneutrino LSP
W-L-H (c) : Underabundant
H-W-L (a) : Sneutrino LSP
H-L-W (c) : Underabundant
L-W-H (c) : Underabundant
L-H-W (c) : Underabundant

(B) scenario

H-B-L (a) : Sneutrino LSP
H-L-B (d) : Fulfill DM relic density with slepton-bino coannihilation
B-H-L (a) : Sneutrino LSP
B-L-H (c) : Underabundant
L-H-B (e) : Overabundant or excluded by DM direct detection
L-B-H (c) : Underabundant

(C) scenario

H-B-R (b) : Charged LSP
H-R-B (d) : Fulfill DM relic density with slepton-bino coannihilation
B-H-R (b) : Charged LSP
B-R-H (c) : Underabundant
R-H-B (e) : Overabundant or excluded by DM direct detection
R-B-H (c) : Underabundant

(D) scenario

B-L-R (b) : Charged LSP
B-R-L (a) : Sneutrino LSP
L-B-R (b) : Charged LSP
L-R-B (d) : Fulfill DM relic density with slepton-bino coannihilation
R-B-L (a) : Sneutrino LSP
R-L-B (d) : Fulfill DM relic density with slepton-bino coannihilation

example the W-H-L stands for the sub-scenario where wino, higgsino, left-handed smuon are
heavy in that order.

The nature of the DM and the constraints can be summarized into five categories depend-
ing on the species of Slight and Smiddle. (a) The case when Slight is the left-handed smuon
and the sneutrino is the LSP. The sneutrino couples to Z boson with gauge strength and is
strongly constrained by DM direct detection up to a very heavy mass, beyond which it becomes
overabundant [26, 95]. (b) When Slight is the right-handed smuon, the LSP is charged and
unsuitable for DM. (c) When Slight is the wino or higgsino, the LSP will be the lightest neu-
tralino χ̃0

1, and constitues only a part of DM. Wino (higgsino) DM fulfills the DM relic density
when m(χ̃0

1) ∼ 3 TeV (1 TeV), which tends to be too heavy to explain muon g − 2 anomaly.
(d) When the LSP is bino and NLSP is the smuon, bino LSP fulfills the DM relic density when
∆m(ℓ̃, χ̃0

1) ≲ 100 GeV [96]. (e) When the LSP is bino and NLSP is the higgsino, mixing between
the bino and higgsino tends to be large to explain the correct DM relic density, and almost all
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region is excluded already by the DM direct detection search [97, 98].

The discussion of DM conditions indicates that smuon LSP : case (a)(b), bino LSP with
higgsino NLSP : case (e) are not promising, and we are left with twelve mass hierarchies where
the LSP is wino/higgsino : case (c) or the LSP is bino and the NLSP is smuon: case (d).

Table 3.2 summarizes the relevant collider signatures which have competitive sensitivities
at LHC for mass hierarchies case (c) and case (d). The production cross-section of bino like
neutralino is too small to aim at LHC wich respect to the available integrated luminosity, and
the bino production channel can be ignored.2

For the Slight production mode, we have to consider wino or higgsino pair production. The
collider signature for the wino production will be disappearing tracks [99]. The disappearing
track signature is important when the mass splittings between the lightest chargino and lightest
neutralino is below 200 MeV. Charged and neutral winos tend to have mass splitting of this
order due to radiative corrections. Pure-higgsino also has mass splitting of this order, but in
the models motivated by muon g− 2 anomaly, the mass of wino or bino should be close to that
of higgsino, resulting in a mixing of higgsino with wino or bino and a higgsino mass splitting of
O(1 GeV). Therefore the collider signature for the higgsino production will be soft leptons or
displaced tracks [100]. These disappearing/displaced track and soft lepton signatures are well
covered by ATLAS and CMS experiments [101–110] at LHC.

For the Smiddle and Sheavy production which decays directly to Slight, the signatures which

Table 3.2: The expected collider signatures including the four different modes in terms of the
productions and decays as described in the main text and Fig. 3.1. The prohibited modes are
indicated by “N/A”, and the modes with negligible experimental sensitivity is labeled as “-”.
The collider signature of the cascade decay in W-L-H (L-B-H/R-B-H) sub-scenario is shown in
blue (red), which may have unique sensitivity to the corresponding sub-scenario.

(A) scenario
Relevant collider signatures

Slight prod. Smiddle prod. Sheavy prod. + direct Sheavy prod. + cascade

W-L-H soft lepton/
displaced track

2ℓ+ Emiss
T di-boson + Emiss

T 4ℓ/3ℓ/2ℓ + Emiss
T

H-L-W disappearing track - - -
L-W-H soft lepton/

displaced track
di-boson + Emiss

T - -

L-H-W disappearing track di-boson + Emiss
T - -

(B) scenario

H-L-B N/A 2ℓ+ Emiss
T di-boson + Emiss

T -
B-L-H soft lepton/

displaced track
2ℓ+ Emiss

T N/A N/A

L-B-H soft lepton/
displaced track

N/A - di-boson +2ℓ/1ℓ + Emiss
T

(C) scenario

H-R-B N/A 2ℓ+ Emiss
T di-boson + Emiss

T -
B-R-H soft lepton/

displaced track
2ℓ+ Emiss

T N/A N/A

R-B-H soft lepton/
displaced track

N/A - di-boson +2ℓ + Emiss
T

(D) scenario

L-R-B N/A 2ℓ+ Emiss
T 2ℓ+ Emiss

T N/A
R-L-B N/A 2ℓ+ Emiss

T - N/A

2There exists a bino-higgsino-Higgs vertex, therefore if both bino and higgsino were light, it could be possible
to have bino+higgsino production through s-channel Higgs. However since Higgs which have a narrow width must
be very off-shell, bino can be considered not to be directly produced.
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mass

Slight prod. Sheavy prod. 
+ direct

Smiddle prod. Sheavy prod. 
+ one-step

Sheavy

Smiddle

Slight

               cascade

Figure 3.1: A schematic diagram for the production and decay modes. The number of particles
with close masses is just one example.

have sufficient sensitivities are typically two charged lepton + Emiss
T (“2ℓ + Emiss

T ”) or two
bosons (W,Z, h) + Emiss

T (“di-boson + Emiss
T ”) where Emiss

T represents the missing transverse
momentum imbalance. We do not show the soft production which occurs when Slight decays
into the pseudo-degenerate LSP. These 2ℓ+Emiss

T and di-boson + Emiss
T signatures are also well

covered by several optimized analyses [104, 105, 111–121].

In the Sheavy production, cascade decay through Smiddle is also possible. However, the number
of the promising collider signatures is limited. For example, the wino pair production cross-
section is generally large and in the H-L-W and L-W-H sub-scenarios, the heavier higgsino or
smuon pair production tends to have less sensitivity compared to the wino search. In the H-L-W,
L-H-W, H-L-B, H-R-B sub-scenarios, higgsino decay through smuon or smuon decay through
higgsino have usually negligible branching ratios due to small coupling between the smuon
and higgsino which is mainly determined by the Yukawa coupling. These discussions leave
us with three sub-scenarios with potentially promising cascade decay signatures. A cascade
decay of the W-L-H sub-scenario leads to the signature of four/three/two charged leptons +
Emiss

T (“4ℓ/3ℓ/2ℓ + Emiss
T ”) for which diagram is shown in Fig. 3.2(a). On the other hand,

cascade decays of L-B-H and R-B-H sub-scenarios lead to the signature of two bosons (W,Z, h)
+ two/one charged leptons + Emiss

T (“di-boson + 2ℓ/1ℓ + Emiss
T ”) for which diagram is shown

in Fig. 3.2(b). For these sub-scenarios, there are analyses that cover the Sheavy direct decay,
Smiddle (for W-L-H sub-scenario) and Slight production, but there are no analysis dedicated to
the Sheavy cascade decay. Since unique sensitivity may be obtained by focusing on Sheavy cascade
decay, we will discuss W-L-H and L-B-H sub-scenarios below. Although the situation for the
R-B-H sub-scenario is same as the L-B-H sub-scenario, the right-handed smuon pair production
cross-section is an order of magnitude smaller than that of the left-handed smuon and therefore
we do not include it here.

3.2 Identification of Viable MSSM Mass Space

To identify the viable MSSM mass space, we perform the MSSM parameter scan and the re-
interpretation of the relevant ATLAS SUSY searches. We investigate the two sub-scenarios,
W-L-H and L-B-H, given by the mass orderings of M1,M2, µ, m(ℓ̃L), and m(ℓ̃R). The sign of
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Figure 3.2: Feynman diagrams of the cascade decay signatures in the W-L-H sub-scenario and
L-B-H/R-B-H sub-scenario. The decays of χ̃0

2 and χ̃±
1 are ignored as they only result in low-

momentum particles that are almost never reconstructed.

M1 is fixed to positive and all combinations of the signs of M2 and µ are scanned. Since the
sign of M1 can be freely chosen, this setting does not lose any generality. We assume that the
colored sector is heavy, MA to be large, and take the slepton trilinear coupling a l̃ to be zero. We
also assume that the stau is decoupled. This is to ensure the stability of the EW vacuum [122]
which is related to the stau-Higgs potential.

Here, we briefly review the experimental constraints that are relevant for the EW sector
of the MSSM, which are the deviation of the muon anomalous magnetic momentum from its
SM prediction, W boson mass, the measurement of the DM relic density, and the limits from
DM direct detection experiments. For the Higgs boson mass, we assume that the radiative
corrections to the light CP-even Higgs boson, largely originating from the top/stop sector, yield
a value in agreement with the experimental data, mh = 125 GeV, and therefore is not included
in the parameter scan constraints.

1. Muon g− 2 constraint: We use the experimental result ∆aexpµ = (24.9± 5.0)× 10−10 as
a selection at the 2 σ level, and models that are not consistent with ∆aexpµ within 2σ are
discarded. MSSM contribution to muon anomalous magnetic momentum up to two-loop
order is calculated using GM2Calc v2.1.0 [123], implementing two-loop corrections from
Ref. [124–126].

2. W boson mass constraint: EW SUSY particles can induce shifts in W boson mass,
mW [127–129]. We use the experimental world average, mexp

W = 80.379 ± 0.012 GeV,
and the models are required to predict the mW within 2σ from the central value. It has
be to noted that in this average, the newest result by CDF collaboration, mCDF−new

W =
80.4335± 0.0094 GeV [130], is not included.

3. Dark matter relic density constraint: For the experimental data, we use the latest
result from Plank [26] as an upper bound, ΩCDMh

2 ≤ 0.120. The relic density in the
MSSM is calculated with MicroOMEGAs v5.0.8 [131–133].

4. Dark matter direct detection constraint: We use the constraint on the spin-independent
DM scattering cross-section, σSIp , from LZ experiment and discard models with larger DM
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scattering cross-section compaired to the 90% confidence limit. The theoretical calculation
is performed using MicroOMEGAs v5.0.8 [131–133]. We scale the spin-independent DM
scattering cross-section by a factor of Ωχ̃0

1
h2/0.120 to account for the fact that χ̃0

1 provides
only a fraction of the total DM relic density of the universe.

For each sub-scenario, the mass hierarchy and the range of parameters are set as follows.

W-L-H sub-scenario

100 GeV ≤ |µ| ≤ 1000 GeV, |µ| ≤ m(ℓ̃L),

m(ℓ̃L) ≤ |M2|, 1 ≤ tanβ ≤ 62.
(3.1)

M1,m(ℓ̃R) are assumed to be decoupled.

L-B-H sub-scenario

100 GeV ≤ |µ| ≤ 1000 GeV, |µ| ≤M1,

M1 ≤ m(ℓ̃L), 1 ≤ tanβ ≤ 62.
(3.2)

|M2|,m(ℓ̃R) are assumed to be decoupled.

The lower (upper) limit on tan β is obtained by requiring that yt(yb and yτ ) not be non-
perturbatively large above the EW scale [19].

The mass points are generated by scanning randomly over the input parameter ranges which
is specified above. We employ the Multinest v3.10 [134–136] package for the scan, using flat
priors for all parameters. The Markov Chain Monte Carlo method based on the Metropolis-
Hastings algorithm is adopted to perform the scan of MSSM parameter space. The Gaussian
distributed constraints are implemented in the likelihood, L, to guide the scan which take the
form

− logL =
∑
i

(µ̂i − µi)

2(σ2i + τ2i )
, (3.3)

where i runs over the constraints mentioned above. The µ̂i denotes the predicted value of
observable i, µi is the corresponding central value of experimental measurement, and σi (τi)
is the experimental (theory) uncertainty. As the MSSM spectrum and SLHA file generator,
we use Spheno v4.0.4 [137, 138]. The SLHA output files are then passed as input files to
GM2Calc v2.1.0 and MicroOMEGAs v5.0.8 for the calculation of the muon anomalous magnetic
momentum and the DM observables, respectively. Finally mass points are checked whether they
satisfy the muon g − 2 constraint, the W boson mass constraint, the DM relic density, and the
DM direct detection constraint.

3.2.1 W-L-H sub-scenario

In Fig. 3.3, we show the result of the parameter scan for the W-L-H sub-scenario. Only the points
with M2×µ > 0 survive all scan constraints since the muon g−2 experimental value is positive.
Fig. 3.3(a) shows the scan result in m(χ̃0

3) vs. m(χ̃0
1) plane and the color code represents the

∆aMSSM
µ −∆aexpµ . The allowed LSP mass, m(χ̃0

1), ranges from 100 GeV to 500 GeV, where wino
mass, m(χ̃0

3), is found in the range between 500 GeV and 4500 GeV. For the constraints from
DM direct detection, it can be seen from Eq. 2.90 that the hχ̃0

1χ̃
0
1 coupling becomes large for

|µ| ∼ |M2| or |µ| ∼ M1. Consequently, the LZ direct detection bound [27] pushes the allowed
paramter space into the almost pure higgsino-LSP region, namly, to larger values for |M2/µ| and
M1/|µ|. Fig. 3.3(b) shows the σSI×Ωχ̃0

1
h2/0.120 vs. m(χ̃0

1) plane, and the color code represents
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Figure 3.3: Scan result for the W-L-H sub-scenario. (a) The color code represents the ∆aMSSM
µ −

∆aexpµ . (b) The color code represents the DM relic density. Black line shows the LZ direct
detection bound [27].
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Figure 3.4: Scan result for the W-L-H sub-scenario. (a) Red, blue, and green dots represent the
case with m(χ̃0

1) = 150 GeV, 250 GeV, and 350 GeV, respectively. (b) The color code represents
the wino cascade decay branching ratio.

the DM relic density. The points are bounded by the LZ limit from above. It can be seen that
a two order of magnitude improvement in the LZ limit is required to eliminate all points. The
mass difference of each SUSY particle dictate the kinematics of collider signatures. Fig. 3.4(a) is
the scan result in the ∆m(χ̃0

3, ℓ̃L) vs. ∆m(ℓ̃L, χ̃
0
1) plane. Region satisfying the scan constraints

becomes smaller as the LSP mass increases.

The importance of considering the cascade decay is not only because the signal signature
is distinctive, but also because the branching ratio of the wino cascade decay is large enough
to consider when this W-L-H sub-scenario is realized. Fig. 3.4(b) shows the wino cascade
decay branching ratio on the ∆m(χ̃0

3, ℓ̃L) vs. ∆m(ℓ̃L, χ̃
0
1) plane. Wino cascade branching ratio

is obviously not negligible and it reaches 70% when ∆m(χ̃0
3, ℓ̃L) > 500 GeV. The cascade

branching ratio decreases as the ∆m(χ̃0
3, ℓ̃L) becomes smaller due to phase space suppression.
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Figure 3.6: Overlay of the SUSY scan results for the W-L-H sub-scenario and the sensitivity of
the current analyses. Red line represents the exclusion contour for wino pair production, and
the existing analyses are sensitive to the region below the red line. Blue lines represent the
exclusion contour for smuon pair production, and the existing analysis is sensitive to the region
between the blue lines. Gray points are the mass points that are already sensitive to current
analyses, while green points are the mass points that are not yet explored.

To account for the current ATLAS sensitivity to the W-L-H sub-scenario, we need to consider
wino pair production, left-handed smuon pair production, and also higgsino pair production.
Fig. 3.5 shows the current sensitivity to the higgsino pair production. Due to the non-negligible
wino component in higgsino, ∆m(χ̃0

2, χ̃
0
1) spreads to about 2-10 GeV (while ∆m(χ̃0

2, χ̃
0
1) would

be about ∼ 300 MeV for pure higgsino [140]). This mass difference region is covered in LHC
analyses designed to search higgsinos (soft lepton analyses), but it is difficult to cover up to
500 GeV by direct higgsino search using the current LHC data statistics due to the small higgsino
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pair production cross-section and low signal acceptance. On the other hand, for wino pair
production and left-handed smuon pair production sensitivity, re-interpretation of the ATLAS
results is necessary. Here, we assume that wino (χ̃0

3, χ̃
±
2 ) always decays in one-step. Note that

this assumption makes the exclusion a bit stronger than it would be with the actual branching
ratios. Three ATLAS multi-lepton searches [105, 111, 141] are taken into account and the
sensitivity of these analyses are estimated using SimpleAnalysis framework [142]. Among the
three analyses, the 3ℓ+Emiss

T analysis [105] is found to be the most sensitive analysis to the wino
pair production. Combined sensitivity of the three anaylses reachs up to wino mass m(χ̃0

3) =
1450 GeV. For the left-handed smuon pair production, the 2ℓ+Emiss

T analysis [111] is relevant.
It was found that smuon between 220 GeV and 640 GeV is covered by the 2ℓ + Emiss

T analysis
when m(χ̃0

1) = 150 GeV. Fig. 3.6 is the overlay of the SUSY scan results and the sensitivity of
the current ATLAS analyses. ATLAS SUSY analyses well cover the parameter space for this
scenario, and only the region where ∆m(ℓ̃L, χ̃

0
1) is small (< 70 GeV) and ∆m(χ̃0

3, ℓ̃L) is large
(> 1200 GeV), is yet unexplored when m(χ̃0

1) = 150 GeV.

3.2.2 L-B-H sub-scenario

Fig. 3.7 is the result of the parameter scan. Only the points with M2 × µ > 0 survive all
constraints. Fig. 3.7(a) shows the results in the m(ℓ̃L) vs. m(χ̃0

1) plane and the color code
represents the ∆aMSSM

µ − ∆aexpµ . The allowed LSP mass, m(χ̃0
1), ranges from 100 GeV to

400 GeV, where left-handed smuon mass, m(ℓ̃L), is found in the range between 250 GeV and
950 GeV. Fig. 3.7(b) shows the σSI×Ωχ̃0

1
h2/0.120 vs. m(χ̃0

1) plane, and the color code represents

the DM relic density. The points are bounded from above by the LZ limit [27], and it can be seen
that an improvement of more than two orders of magnitude in the LZ limit is needed to eliminate
all points. Fig. 3.8(a) is the scan result in the ∆m(ℓ̃L, χ̃

0
3) vs. ∆m(χ̃0

3, χ̃
0
1) plane. Each color

corresponds to LSP masses of 200 GeV, 250 GeV, and 300 GeV. It can be seen that the region
satisfying the constraints in the ∆m(ℓ̃L, χ̃

0
3) vs. ∆m(χ̃0

3, χ̃
0
1) plane becomes slightly smaller as

the LSP mass increases. Since the coupling between smuon and higgsino is determined by the
Yukawa coupling and is very small, the importance of considering the cascade decay in the L-B-H
sub-scenario is significantly high. This can be seen from Fig. 3.8(b) which shows the left-handed
smuon cascade branching ratio. This branching ratio reaches 80% when ∆m(ℓ̃L, χ̃

0
3) ≳ 50 GeV
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and 90% when ∆m(ℓ̃L, χ̃
0
3) ≳ 100 GeV and decreases rapidly as the ∆m(ℓ̃L, χ̃

0
3) becomes smaller

due to phase space suppression.

To account for the current ATLAS sensitivity to the L-B-H sub-scenario, we need to consider
left-handed smuon pair production and higgsino pair production. Fig. 3.9 shows the current
sensitivity to the higgsino pair production. Due to the non-negligible bino component in higgsino,
∆m(χ̃0

2, χ̃
0
1) spreads to about 7-25 GeV. This region of ∆m(χ̃0

2, χ̃
0
1) should be covered by the

soft lepton analyses, but it is difficult to cover up to 400 GeV by direct higgsino search using the
current LHC data statistics by the same reason mentioned in the W-L-H sub-scenario section.
For the L-B-H sub-scenario cascade decay, several ATLAS multi-lepton analyses [105, 111, 143]
were found to have sensitivity to some extent. Fig. 3.10 shows the reinterpreted sensitivity of
the ATLAS analyses to the L-B-H sub-scenario which assumes the same mass for the selectron
and smuon and 100% cascade branching ratio of sleptons. Sensitivities are estimated using the
ATLAS official reconstructed signal samples. In Fig. 3.10, green mass points which are obtained
in the SUSY parameter scan are also drawn. These mass points explain the muon g−2 anomaly
within 2σ, W boson mass (mexp

W = 80.379 ± 0.012 GeV [144]) within 2σ, and satisfy the dark
matter relic density constraint (Ωχ̃0

1
h2 ≤ 0.120) [26], the dark matter direct detection constraint

by the latest LZ experiment [27], and the ATLAS higgsino search constraints [101, 104, 105].
It can be seen that the green points are mainly in the region where ∆m(χ̃0

3, χ̃
0
1) > 90 GeV.

This is becuase the spin-independent DM scattering cross-section is heavily enhanced by the
bino component in LSP [91] (Eq. 2.90), and the region not excluded by DM direct detection
are with (almost) pure higgsino LSP by large ∆m(χ̃0

3, χ̃
0
1). Existing analysis barely exclude

the region which can explain the muon g − 2 anomaly and satisfy the DM direct detection
constrains, which motivates a new dedicated search for the L-B-H sub-scenario. The reason why
the current gaugino and slepton searches do not have sensitivities to L-B-H sub-scenario is that
it tends to have a hadronic jet veto, while L-B-H sub-scenario signals can have hadronic jets
from bosons even in the multi-lepton channel. On the other hand, gluino and squark searches
lose sensitivities to L-B-H sub-scenario because these searches have a too strict Emiss

T selection
(typically > 300 GeV). Low mass smuon which is the main target of the LHC search has small
Emiss

T , and from this point of view it is important to reduce backgrounds by not relying on the
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Figure 3.8: Scan result for the L-B-H sub-scenario. (a) Red, blue, and green dots represent the
case with m(χ̃0

1) = 200 GeV, 250 GeV, and 300 GeV, respectively. (b) The color code represents
the left-handed smuon cascade decay branching ratio.
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.

strict Emiss
T selection.

3.3 Target SUSY Scenario

This thesis focuses on the MSSM scenarios where the light-flavored left-handed slepton (ℓ̃L; ẽL
or µ̃L) together with a degenerated sneutrino (ν̃) are the heaviest states, the bino-dominated
state (χ̃0

3) is in the intermediate mass range, and the higgsino consists the LSP (χ̃0
1/χ̃

±
1 /χ̃

0
2).

We call this model as the slepton-bino-higgsino model. While the slepton-bino-higgsino model
involving smuons drive more motivation in light of muon g − 2 anomaly, slepton-bino-higgsino
model with selectrons are also considered in this analysis. Though the SM prediction of electron
anomalous magnetic moment [145–148] has not yet been established, the measured value [149,
150] indicate a deviation from the prediction, providing some motivation for light selectrons.
Cascade decay of the left-handed sleptons is targeted, of which feynman diagram is shown
in Fig. 3.11. A benchmark model in which model parameters other than masses are fixed
for convenience is considered in this thesis. This model, also referred to as the “simplified
model” [151], serves as a benchmark model, allowing one to establish the criteria for selecting
events in this analysis and for comparing the search sensitivity with the other previous searches.
Although certain assumptions, such as the branching ratio, are necessary for constructing the
model, the resultant simplified model is considered realistic enough in this case. This section
outlines the configuration for building the simplified model in this thesis.

Production mode This thesis considers the direct production of sleptons and sneutrinos
mediated by the off-shell W and Z bosons. Only ℓ̃L, ν̃, χ̃

0
3, and χ̃

0
1/χ̃

±
1 /χ̃

0
2 are assumed to be
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(b) m(χ̃0
1) = 150 GeV
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(c) m(χ̃0
1) = 200 GeV
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Figure 3.10: Reinterpreted sensitivity of the ATLAS analyses to the L-B-H sub-scenario which
assumes the same mass for the selectron and smuon. The observed limits obtained by the
previous searches in ATLAS are also shown in the shaded areas [105, 111, 143]. Green mass
points explain the muon g − 2 [36] anomaly within 2σ, W boson mass [144] within 2σ, and
satisfy the dark matter relic density constraint [26], the dark matter direct detection constraint
by the LZ experiment [27] and the ATLAS higgsino search constraints [101, 104, 105].

light enough to be produced in LHC and the focus is on the following production modes:

pp→ ℓ̃+L ℓ̃
−
L , ℓ̃±L ν̃, ν̃ν̃. (3.4)

The slepton and sneutrino states are assumed to be degenerate:

m(ℓ̃±L ) = m(ν̃). (3.5)

Since ν̃ν̃ production results in the di-boson + Emiss
T signature which is already widly targeted,

the main target in this thesis is the ℓ̃+L ℓ̃
−
L and ℓ̃±L ν̃ production.

Decay mode The cascade decay branching ratio is assumed to be 100%.3 Sleptons (sneutrinos)
decay into leptons (neutrinos) and χ̃0

3:

ℓ̃±L → ℓ±χ̃0
3, ν̃ → νχ̃0

3. (3.6)

3As seen from Fig. 3.8(b), this assumption results in stronger exclusions than actual branching ratios, especially
in the small ∆m(ℓ̃L, χ̃

0
3) region.
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Figure 3.11: Feynman diagram of the targeted signal. The decays of χ̃0
2 and χ̃±

1 are ignored as
they only result in low-momentum particles that are almost never reconstructed.

Table 3.3: χ̃0
3 branching ratio for the signal.

Process ∆m(χ̃0
3, χ̃

0
1) < mh ∆m(χ̃0

3, χ̃
0
1) ≥ mh

χ̃0
3 →W±χ̃∓

1 50% 50%
χ̃0
3 → Zχ̃0

2 25% 12.5%
χ̃0
3 → Zχ̃0

1 25% 12.5%
χ̃0
3 → hχ̃0

2 – 12.5%
χ̃0
3 → hχ̃0

1 – 12.5%

The χ̃0
3 have several decay modes via weak bosons and Higgs:

χ̃0
3 →W±χ̃∓

1 , χ̃0
3 → Zχ̃0

2, χ̃0
3 → Zχ̃0

1, χ̃0
3 → hχ̃0

2, χ̃0
3 → hχ̃0

1, (3.7)

where decay through Higgs is only allowed when ∆m(χ̃0
3, χ̃

0
1) ≥ mh. The χ̃0

3 branching ratio
depends on the mass splitting of χ̃0

3 and χ̃0
1. Table 3.3 shows the assumed branching ratios

for χ̃0
3. The branching ratios for ∆m(χ̃0

3, χ̃
0
1) ≥ mh are set to its typical value [152], while the

branching ratios for ∆m(χ̃0
3, χ̃

0
1) < mh are assumed for convenience, since they vary considerably

depending on the phase space. Higgsinos are assumed to be mass degenerated,4

m(χ̃0
2) = m(χ̃

±
1 ) = m(χ̃0

1) + 0.5 GeV. (3.8)

While the muon g − 2 anomaly and the dark matter direct detection motivated models have
a higgsino mass splitting of ∆m(χ̃0

2, χ̃
0
1) ∼ 10 GeV (Fig. 3.9), assuming the higgsinos to be

degenerate will make the SUSY search generally more difficult as the number of decay objects
with enough momentum to be reconstructed in the detector decreases. SUSY particles that are
not involved in the decay chains are set decoupled.

This thesis focuses on the final state with exactly three leptons. Since the final state with
three leptons require at least one boson to decay leptonically, the signal is reduced because of
the boson branching ratio, but the backgrounds can be efficiently reduced by requiring multiple-
leptons.

4A mass splitting of 0.5 GeV is used to avoid potential technical issues when setting it exactly to zero. This
choice is arbitrary and has no impact on the analysis.
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Chapter 4

Experimental Apparatus: The
ATLAS Detector at the LHC

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [153] is a 27 km long circular proton accelerator embedded
underground of the Geneva area. It is designed to collide protons at a center-of-mass energy of√
s = 14 TeV, at four detector sites (ATLAS [154], CMS [155], ALICE [156], and LHCb [157])

built on the accelerator ring. ATLAS and CMS are general purpose detectors designed to study
a vast range of physics programs, while LHCb and ALICE are specialized in studying b-hadrons
and heavy-ion collisions respectively.

Fig. 4.1 provides an overall view of the LHC accelerator system. The operation started in
2010, offering proton-proton (pp) collisions at a center-of-mass energies of 7 TeV and 8 TeV with
4.7 fb−1 and 20.3 fb−1 of integrated luminosity until 2012 (Run 1). The center-of-mass energies
has been almost doubled to 13 TeV in the runs starting from 2015 (Run 2). In the initial stage
of the acceleration system, protons extracted from hydrogen gas are accelerated to 50 MeV in
the linear accelerator 2 (LINAC 2). The protons progress through further acceleration stages,
reaching energies of 1.4 GeV in the Proton Synchrotron Booster (PSB), 26 GeV in the Proton
Synchrotron (PS), and finally, 450 GeV in the Super Proton Synchrotron (SPS). Protons entering
the LHC are divided into two beam pipes and accelerated to 6.5 TeV in opposite directions.

The instantaneous luminosity is defined as [159]:

L =
frevnbN

2
b γ

4πϵβ∗ F, (4.1)

where frev is the revolution frequency, nb is the number of bunches per beam colliding at the
interaction point (IP), Nb is the bunch population, γ is the relativistic gamma factor, ϵ is the
transverse normalized emittance, β∗ is the value of the β function at the IP, and F is the
geometric luminosity reduction factor. The typical values of these parameters for each year are
shown in Table 4.1.

4.2 The ATLAS detector

4.2.1 Overview

ATLAS (A Toroidal LHC Apparatus) is a general purpose detector, aiming to a wide range of
physics programs from precision measurements to the energy frontier experiments, through a
dedicated measurement of particles produced in the pp collisions. The detector extends over
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Figure 4.1: The LHC and associated booster accelerator system [158].

Table 4.1: Selected LHC parameters of pp collisions at
√
s = 13 TeV in 2015-2018 [160]. The

values are representative of the best accelerator performance during normal physics operation.
In 2017 run, two dierent conditions were applied. “8b4e” denotes a pattern of eight bunches
separated by 25 ns followed by a four bunch-slot gap.

Parameter 2015 2016 2017 2018

Frequency (frev [Hz]) 11253 11253 11253 11253
Bunch spacing [ns] 25 25 25/8b4e 25
Maximum number of colliding bunch pairs (nb) 2232 2208 2544/1909 2554
Typical proton bunch population (Nb/10

11 protons) 1.1 1.1 1.1/1.2 1.1
β∗ [m] 0.8 0.4 0.3 0.3-0.25
Geometric luminosity reduction factor (F ) 0.94 0.94 0.94 0.94

44 m in width and 25 m in height weighing 7000 tons in total, covering the IP by a cylindrical
barrel and two end-caps, achieving a nearly full solid angle coverage. The cut-away image is
shown in Fig. 4.2.

The purpose of the detector is to identify the particle species and to determine the particle’s
energy and momentum with two complementary concepts of measurement, the fast measure-
ment to provide triggers and the precision measurement for physics analyses. To satisfy these
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |h | < 3.2.
The hadronic calorimetry in the range |h | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|h | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |h | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |h | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –

Figure 4.2: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tons [154].

functionalities at the same time, following sub-detectors are arranged in a designed order from
the inner to the outer with respect to the IP.

• Inner detector is placed to identify and measure electrically charged particles, as well as
to reconstruct primary vertices. Charged particle interact with materials by ionizing the
atoms inside. The path of flight can be reconstructed as a track, by recording the position
of ionization. In ATLAS, a complex of discrete layers of silicon sensors and a continuously
volumed gas chambers are placed in the innermost part. The momentum can be measured
by applying a magnetic field, and quantifying the curvature of the trajectory.

• Calorimeter is installed to measure the energy of electrons, photons, and hadrons. Elec-
trons and photons traveling inside materials lose their energy through electromagnetic
showering; photons create e+e− pairs and electrons emit bremsstrahlung photons; the
daughter electrons and photons are multiplicated by the recursive splitting; ending up
in a particle shower. Most of the energy are absorbed after traversing about 20 radiation
lengths (X0) of material. Hadrons (mostly pions) also cause similar cascade reactions. The
shower branch evolves by interacting with nucleus in the material via strong interaction,
meanwhile produced π0’s promptly decay into two photons which shower electromagnet-
ically. This results in a shower with a combination of a long hadronic shower and small
local EM clusters in it.

• Muon Spectrometer is placed to measure the muons penetrating the detector. Among
all the SM particles that interact with material, only muons penetrate the calorimeter.
This is due to muons have a sufficiently long lifetime and a mass realizing the minimum
electromagnetic interaction with material (Minimum ionizing particle; MIP). The muon
spectrometer located the outermost serves for identifying such muons as well as measuring
the tracks together with the information from the inner tracker.

In the following sections, each of the sub-detector system is overviewed, comprehensively based
on references [154] and [161].
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Figure 4.3: The coordinate system of the ATLAS detector, with the x-axis pointing toward the
center of the LHC and the y-axis pointing toward the sky. z > 0 is called A-side and z < 0 is
called C-side. Polar angle θ and azimuthal angle ϕ are defined by the cylindrical representation
(θ, ϕ, z). The distance from the z-axis is represented by r. The pseudorapidity η is used to
describe the area covered by each detector.

4.2.2 Coordinate System

For referencing the position in the detector as well as the orientation of particles, a right-handed
Cartesian coordinate system is defined where the IP is the origin; the x-axis pointing to the
center of the LHC ring; the y-axis and z-axis are accordingly the direction of sky and the
beam direction, respectively. Polar angle θ and azimuthal angle ϕ are defined by the cylindrical
representation (θ, ϕ, z): θ ranges from 0 to π with respect to the z-axis, and ϕ runs from −π
to π from the x-axis. The two end-caps in the ATLAS detector are referred to as “A-side” and
“C-side”, corresponding to the position of positive and negative coordinate in the z-axis. The
distance from the z-axis is represented by r.

Since the pp collision vertices are approximately at the IP, the angles of the generated
particles or their systems are defined in the same manner. The rapidity y is defined as

y := artanh βz =
1

2
log

E + pz
E − pz

, (4.2)

where the velocity is β = (βx, βy, βz), E is the energy, and the momentum is p = (px, py, pz).
The pseudorapidity is then defined as the massless limit of the rapidity,

η :=
1

2
log

E + E cos θ

E − E cos θ
= − log

(
tan

θ

2

)
. (4.3)

In addition, the transverse energy ET := E sin θ and transverse momentum pT =
√
p2x + p2y are

often used in the analysis.
Angular distance between two particles are commonly expressed by ∆R, defined as:

∆R :=
√
(∆η)2 + (∆ϕ)2. (4.4)
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Poor knowledge of the actual geometry of the active detec-
tor elements results in a deterioration of the resolution of
reconstructed track parameters. The criteria for the minimum
precision required were defined in order to limit the degra-
dation of the resolution of the track parameters for high-
momentum tracks to less than 20% in comparison to a per-
fectly aligned detector [2]. In addition, correlated geomet-
rical distortions can lead to systematic biases in the recon-
structed track parameters. Correlated systematic biases can
be introduced either by real detector deformations to which
the alignment procedure has little sensitivity or by the pro-
cedure used to determine the alignment parameters. These
correlated biases are referred to as ‘weak modes’ of the align-
ment.

In this document, the ATLAS ID alignment procedure and
its performance during Run 2 of the LHC is presented. A new
layer of pixel sensors was included in the detector for Run 2,
which posed additional challenges for the alignment of the
detector compared to those faced during Run 1 [3,4]. The
greatest new challenge was the short-timescale movement of
parts of the detector during data taking.

This paper is organised as follows: a brief description of
the ATLAS detector is given in Sect. 2. Section 3 presents the
formalism of the ATLAS track-based ID alignment. Section 4
introduces the different alignment levels and Sect. 5 discusses
the detector stability and describes the time-dependent align-
ment. The performance of the ATLAS Run 2 alignment is
presented in terms of track parameter biases in Sects. 6 and
7. Concluding remarks are made in Sect. 8.

2 The ATLAS detector

The ATLAS detector [1] at the LHC is a multipurpose parti-
cle detector with a forward–backward symmetric cylindrical
geometry that covers nearly the entire solid angle around
the collision point. The global ATLAS reference frame is a
right-handed Cartesian coordinate system, where the origin
is at the nominal pp interaction point, corresponding to the
centre of the detector. The positive x-axis points to the cen-
tre of the LHC ring, the positive y-axis points upwards and
the z-axis points along the beam direction. Polar coordinates
(r,φ) are used in the transverse plane, φ being the azimuthal
angle around the beam pipe. The pseudorapidity is defined
in terms of the polar angle θ as η = − ln tan(θ/2). Angular
distance is measured in units of $R ≡

√
($η)2 + ($φ)2.

ATLAS consists of the ID (described in Sect. 2.1), elec-
tromagnetic and hadronic calorimeters, a muon spectrometer
and a magnet system. Lead/liquid-argon sampling calorime-
ters provide electromagnetic energy measurements with high
granularity and a steel/scintillator-tile hadronic calorimeter
covers the central pseudorapidity range of |η| < 1.7. The
endcap and forward regions are instrumented with liquid-

argon calorimeters for measurements of both electromag-
netic and hadronic showers up to |η| = 4.9. The outer part
of the detector consists of a muon spectrometer with high-
precision tracking chambers for coverage up to |η| = 2.7, fast
detectors for triggering over |η| < 2.4, and three large super-
conducting toroid magnets with eight coils each. The ATLAS
detector has a two-level trigger system to select events for
offline analysis [5].

2.1 Inner Detector structure

The ATLAS ID [2,6] consists of three subdetectors utilising
three technologies: silicon pixel detectors, silicon strip detec-
tors and straw drift tubes, all surrounded by a thin supercon-
ducting solenoid providing a 2 T axial magnetic field [7].
The ID is designed to reconstruct charged particles within a
pseudorapidity range of |η| < 2.5 (see Fig. 1 for a schematic
view of the ID barrel region and Table 1 for a list of the main
detector characteristics). The material distribution inside the
ID has been studied in data through use of hadronic interac-
tions and photon conversion vertices [8,9]. During the sec-
ond LHC data-taking run (2015–2018) with pp collisions at
a centre-of-mass energy

√
s = 13 TeV, the ID collected data

with an efficiency greater than 99% [10].
The innermost part of the Inner Detector consists of a high-

granularity silicon pixel detector and includes the insertable
B-layer (IBL) [11,12], a new tracking layer added for Run 2
which is closest to the beam line and designed to improve
the precision and robustness of track reconstruction. The
IBL consists of 280 silicon pixel modules arranged on 14
azimuthal carbon fibre staves surrounding the beam pipe at

Fig. 1 A 3D visualisation of the structure of the barrel of the ID. The
beam pipe, the IBL, the Pixel layers, the four cylindrical layers of the
SCT and the three layers of TRT barrel modules consisting of 72 straw
layers are shown
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Figure 4.4: Cross-section of the ATLAS inner detectors [162].
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Figure 4.3: Drawing showing the sensors and structural elements traversed by two charged tracks
of 10 GeV pT in the end-cap inner detector (h = 1.4 and 2.2). The end-cap track at h = 1.4 traverses
successively the beryllium beam-pipe, the three cylindrical silicon-pixel layers with individual sen-
sor elements of 50⇥400 µm2, four of the disks with double layers (one radial and one with a stereo
angle of 40 mrad) of end-cap silicon-microstrip sensors (SCT) of pitch ⇠ 80 µm, and approxi-
mately 40 straws of 4 mm diameter contained in the end-cap transition radiation tracker wheels.
In contrast, the end-cap track at h = 2.2 traverses successively the beryllium beam-pipe, only the
first of the cylindrical silicon-pixel layers, two end-cap pixel disks and the last four disks of the
end-cap SCT. The coverage of the end-cap TRT does not extend beyond |h | = 2.

4.2 Inner-detector sensors

This section describes the detector sensors of the pixel, SCT and TRT sub-systems - silicon pixel
and micro-strip sensors in section 4.2.1, and straw tubes filled with a Xe/CO2/O2 gas mixture
in section 4.2.2. As discussed in section 3.3, the detector sensors are subject to large integrated
radiation doses. They have therefore been developed and controlled to withstand the expected
irradiation, with a safety factor of approximately two.

4.2.1 Pixel and SCT detector sensors

The pixel and SCT sensors [63, 64] are required to maintain adequate signal performance over
the detector lifetime at design luminosity (with the exception of the pixel vertexing layer, as dis-
cussed above). The integrated radiation dose has important consequences for the sensors of both
detectors. In particular the required operating voltage, determined by the effective doping concen-
tration, depends on both the irradiation and the subsequent temperature-sensitive annealing. The
sensor leakage current also increases linearly with the integrated radiation dose. The n-type bulk
material effectively becomes p-type after a fluence Fneq of ⇠ 2⇥1013 cm�2. The effective doping
concentration then grows with time in a temperature-dependent way. To contain this annealing
and to reduce the leakage current, the sensors will, as noted above, be operated in the temperature
range –5�C to –10�C. The sensors must further meet significant geometrical constraints on their
thickness, granularity and charge-collection efficiency.
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Figure 4.5: Schematic of the ID in the end-cap region. The two red lines show the trajectory
of charged particles with pT of 10 GeV traversing the ID. The charged particle passing through
η = 1.4 penetrates the beam pipe, three layers of pixel detectors, four layers of SCTs, and about
40 tubes of the TRT detector. The IBL is omitted from this picture. The figure is taken from
[154].

4.2.3 Inner Detectors

The inner detector (ID) is placed in the innermost part of the ATLAS detector, designed to
measure the tracks of charged particles, as well as precisely determining the position of vertices
of the hardest scattering in interest. It consists of a silicon tracker (the Pixel detector and
the Semiconductor Tracker) and the Transition Radiation Tracker for continuous tracking. The
detector arrangement is illustrated in Fig. 4.4 and Fig 4.5. The outer radius is surrounded by the
central solenoid, providing a magnetic field of 2 T along the z-axis, to bend the tracks traveling
inside the ID volume.

Insertable B-Layer and Pixel detector The innermost layer of the ID, called the Insertable
B-layer (IBL), was installed during the long shutdown period (2013-2015) before Run 2. The
pixel size of IBL is ∆ϕ×∆z = 50 µm× 250 µm. The IBL covers the entire ϕ region by tilting
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the modules by about 26 degrees in the ϕ derection relative to beam axis. The IBL provides
hit information near the beam pipe r = 33.25 mm, which improves the tracking and vertexing
performance. Three pixel layers of the Pixel detector are installed in the barrel and end-cap
region. The pixel size of the Pixel detector is ∆ϕ×∆z = 50 µm× 600 µm.

Semiconductor Tracker The Semiconductor Tracker (SCT) module consists of two strips
with a pitch of 80 µm, mounted back to back with a 40 mrad stereo angle. The two-dimensional
position information of the particle can be measured from the intersection of two readout strips.
The barrel region has four layers of SCT modules, and the end-cap region has nine layers of
SCT modules.

Transition Radiation Tracker The Transition Radiation Tracker (TRT) consists of 73 (160)
layers of drift tubes with a diameter of 4 mm in the barrel (end-cap) region, aligned along the
beam axis. The drift tubes are filled with Xe (or Ar)-rich gas and operated as drift chambers.
The space between the tubes is filled with polyprene fibers, and transition radiation, which occurs
when a charged particle traverse the tubes, is used for particle identification, particually for the
e/π separation. The signal produced by transition radiation generally exhibits greater amplitude
than the standard gas ionization. Consequently, two distinct thresholds are established in the
TRT: a lower threshold to capture the ionization signal generated by a particle’s passage, and a
higher threshold that captures the signal associated with the transition radiation.

4.2.4 Calorimeter

The ATLAS Calorimeter located outside the ID is composed of the electromagnetic calorimeter
(EM calorimeter), the hadronic calorimeter (HC), and the forward calorimeter. The whole view
is given by Fig. 4.6. Electromagnetic calorimeters measure the energy of electrons and photons
using electromagnetic showers, while hadronic calorimeters measure the energy of hadrons using
hadronic showers.

Electromagnetic calorimeter The electromagnetic calorimeter is a sampling calorimeter
with a lead absorber, filling its gap with liquid argon (LAr). Charged particles entering the lead
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Figure 1.3: Cut-away view of the ATLAS calorimeter system.

Calorimeters must provide good containment for electromagnetic and hadronic showers, and
must also limit punch-through into the muon system. Hence, calorimeter depth is an important
design consideration. The total thickness of the EM calorimeter is > 22 radiation lengths (X0)
in the barrel and > 24 X0 in the end-caps. The approximate 9.7 interaction lengths (l ) of active
calorimeter in the barrel (10 l in the end-caps) are adequate to provide good resolution for high-
energy jets (see table 1.1). The total thickness, including 1.3 l from the outer support, is 11 l
at h = 0 and has been shown both by measurements and simulations to be sufficient to reduce
punch-through well below the irreducible level of prompt or decay muons. Together with the large
h-coverage, this thickness will also ensure a good Emiss

T measurement, which is important for many
physics signatures and in particular for SUSY particle searches.

1.3.1 LAr electromagnetic calorimeter

The EM calorimeter is divided into a barrel part (|h | < 1.475) and two end-cap components
(1.375 < |h | < 3.2), each housed in their own cryostat. The position of the central solenoid in
front of the EM calorimeter demands optimisation of the material in order to achieve the de-
sired calorimeter performance. As a consequence, the central solenoid and the LAr calorimeter
share a common vacuum vessel, thereby eliminating two vacuum walls. The barrel calorimeter
consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each end-cap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering the region
1.375 < |h | < 2.5, and an inner wheel covering the region 2.5 < |h | < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete f symmetry without azimuthal cracks. The
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Figure 4.6: Cut-away view of the ATLAS calorimeter [154].
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supplies which power the readout are mounted in an external steel box, which has the cross-section
of the support girder and which also contains the external connections for power and other services
for the electronics (see section 5.6.3.1). Finally, the calorimeter is equipped with three calibration
systems: charge injection, laser and a 137Cs radioactive source. These systems test the optical
and digitised signals at various stages and are used to set the PMT gains to a uniformity of ±3%
(see section 5.6.2).

5.3.1.2 Mechanical structure
Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes

Figure 5.9: Schematic showing how the mechan-
ical assembly and the optical readout of the tile
calorimeter are integrated together. The vari-
ous components of the optical readout, namely
the tiles, the fibres and the photomultipliers, are
shown.

The mechanical structure of the tile calorime-
ter is designed as a self-supporting, segmented
structure comprising 64 modules, each sub-
tending 5.625 degrees in azimuth, for each of
the three sections of the calorimeter [112]. The
module sub-assembly is shown in figure 5.10.
Each module contains a precision-machined
strong-back steel girder, the edges of which
are used to establish a module-to-module gap
of 1.5 mm at the inner radius. To maximise
the use of radial space, the girder provides both
the volume in which the tile calorimeter read-
out electronics are contained and the flux return
for the solenoid field. The readout fibres, suit-
ably bundled, penetrate the edges of the gird-
ers through machined holes, into which plas-
tic rings have been precisely mounted. These
rings are matched to the position of photomul-
tipliers. The fundamental element of the ab-
sorber structure consists of a 5 mm thick mas-
ter plate, onto which 4 mm thick spacer plates
are glued in a staggered fashion to form the
pockets in which the scintillator tiles are lo-
cated [113]. The master plate was fabricated
by high-precision die stamping to obtain the dimensional tolerances required to meet the specifica-
tion for the module-to-module gap. At the module edges, the spacer plates are aligned into recessed
slots, in which the readout fibres run. Holes in the master and spacer plates allow the insertion of
stainless-steel tubes for the radioactive source calibration system.

Each module is constructed by gluing the structures described above into sub-modules on a
custom stacking fixture. These are then bolted onto the girder to form modules, with care being
taken to ensure that the azimuthal alignment meets the specifications. The calorimeter is assembled
by mounting and bolting modules to each other in sequence. Shims are inserted at the inner and
outer radius load-bearing surfaces to control the overall geometry and yield a nominal module-
to-module azimuthal gap of 1.5 mm and a radial envelope which is generally within 5 mm of the
nominal one [112, 114].
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Figure 4.7: Illustration of a Tile HC module [154].

absorber lose their energy through electromagnetic showering, and ionized free electrons in LAr
drift to the electrodes by the electric field. The long drift time (600 ns) leads to a significant
contribution from other bunch crossings. The readout signal is amplified by a pre-amplifier, and
shaped into a 13 ns width signal pulse by a bi-polar shaper to manage the 25 ns width bunch
crossings.

Hadronic calorimeter The ATLAS hadronic calorimeter consists of the barrel Tile HC (|η| <
1.7) and end-cap LAr HC (1.5 < |η| < 3.2). Barrel Tile HC is segmented into three sections,
the central barrel section (|η| < 1.0) and the two extended barrel sections (1.0 < |η| < 1.7),
using different channel dimensions. Fig. 4.7 schematizes one module in the Tile HC. Generated
scintillation photons are read out by the photo-multiplier tubes equipped at the ends of the
module via wavelength shifting fibers. The end-cap HC is the sampling calorimeter with layers
of liquid-argon sensor and copper absorber.

Forward calorimeter A set of LAr calorimeter layers are arranged in a very forward region
close to the beam axis covering (3.1 < |η| < 4.9), designed to capture the full content of highly
boosted jets or particles. Forward calorimeter is made by three sampling layers in which both
functions of EM calorimeter and hadronic calorimeter are integrated. The overlap region with
respect to the end-cap HC is deliberated to realize smooth transition.

4.2.5 Muon Spectrometer

Muon spectrometers (MS) are located outermost in the ATLAS, consisting of four sub-detectors;
Monitored Drift Tubes (MDT); Cathode Strip Chamber (CSC); Resistive Plate Chamber (RPC);
and the Thin Gap Chamber (TGC). The former two are dedicated to precision measurement of
muon tracks and the latter two are to triggering. The whole view is given in Fig. 4.8.

The magnetic field for tracking is sourced by the three pieces of toroidal superconducting
magnets: two end-cap toroids and a barrel toroid embedded inside the MS. The internal volume
of toroidal coils are vacant (“air-core”), in order to reduce the material with which muons
experience the multiple scattering. The global schematic of the magnet system is given in
Fig. 4.9(a), while the integrated magnetic filed profile at the position of MDT is shown in
Fig. 4.9(b).
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Figure 6.1: Cross-section of the bar-
rel muon system perpendicular to the
beam axis (non-bending plane), show-
ing three concentric cylindrical layers of
eight large and eight small chambers. The
outer diameter is about 20 m.

Figure 6.2: Cross-section of the muon system in
a plane containing the beam axis (bending plane).
Infinite-momentum muons would propagate along
straight trajectories which are illustrated by the dashed
lines and typically traverse three muon stations.

where a high momentum (straight) track is not recorded in all three muon layers due to the gaps
is about ±4.8� (|h |  0.08) in the large and ± 2.3� (|h |  0.04) in the small sectors. Additional
gaps in the acceptance occur in sectors 12 and 14 due to the detector support structure (feet). The
consequences of the acceptance gaps on tracking efficiency and momentum resolution are shown
in figures 10.37 and 10.34, respectively. A detailed discussion is given in section 10.3.4.

The precision momentum measurement is performed by the Monitored Drift Tube chambers
(MDT’s), which combine high measurement accuracy, predictability of mechanical deformations
and simplicity of construction (see section 6.3). They cover the pseudorapidity range |h | < 2.7
(except in the innermost end-cap layer where their coverage is limited to |h | < 2.0). These cham-
bers consist of three to eight layers of drift tubes, operated at an absolute pressure of 3 bar, which
achieve an average resolution of 80 µm per tube, or about 35 µm per chamber. An illustration of a
4 GeV and a 20 GeV muon track traversing the barrel region of the muon spectrometer is shown in
figure 6.4. An overview of the performance of the muon system is given in [161].

In the forward region (2 < |h | < 2.7), Cathode-Strip Chambers (CSC) are used in the inner-
most tracking layer due to their higher rate capability and time resolution (see section 6.4). The
CSC’s are multiwire proportional chambers with cathode planes segmented into strips in orthogo-
nal directions. This allows both coordinates to be measured from the induced-charge distribution.
The resolution of a chamber is 40 µm in the bending plane and about 5 mm in the transverse plane.
The difference in resolution between the bending and non-bending planes is due to the different
readout pitch, and to the fact that the azimuthal readout runs parallel to the anode wires. An illus-
tration of a track passing through the forward region with |h | > 2 is shown in figure 6.5.

To achieve the sagitta resolution quoted above, the locations of MDT wires and CSC strips
along a muon trajectory must be known to better than 30 µm. To this effect, a high-precision optical
alignment system, described in section 6.5, monitors the positions and internal deformations of
the MDT chambers; it is complemented by track-based alignment algorithms briefly discussed in
section 10.3.2.
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Figure 4.8: Cross-section of the ATLAS Muon spectrometer [154]. The cyan chambers represent
the MDT detector. The yellow chamber represents the CSC detector. The green chambers
represent the RPC detector and the magenta chambers represent the TGC detector. Infinite-
momentum muons would propagate along straight trajectories which examples are illustrated
by the blue dashed lines.
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Figure 2.9: R- and z-dependence of the radial
(Br) and axial (Bz) magnetic field components
in the inner detector cavity, at fixed azimuth.
The symbols denote the measured axial and ra-
dial field components and the lines are the re-
sult of the fit described in section 2.2.4.

Figure 2.10: Predicted field integral as a func-
tion of |h | from the innermost to the outermost
MDT layer in one toroid octant, for infinite-
momentum muons. The curves correspond to
the azimuthal angles f = 0 (red) and f = p/8
(black).

A number of large magnetisable components, shown schematically in figure 2.11, distort
the Biot-Savart field at different levels. Although amenable to experimental spot-checks (sec-
tion 2.2.5), such perturbations can only be determined using field simulations.

The highly anisotropic structure of the tile calorimeter cannot be satisfactorily modelled us-
ing only a scalar permeability and an effective steel-packing factor: a formalism incorporating a
magnetic permeability tensor, as well as a more sophisticated treatment of magnetic discontinu-
ities at material boundaries, is called for. The problem is compounded by the superposition of the
solenoid and toroid fields in the partially-saturated flux-return girder and in the tile calorimeter it-
self. A novel approach to magnetic-field modelling in such structures has therefore been developed
and implemented in the B-field simulation package ATLM [29]. This package, which incorporates
a careful description of the toroid and solenoid conductors as well as a detailed mathematical model
of the tile calorimeter, is used both to compute the Biot-Savart field by numerical integration (as
described above), and to predict, by a finite-element method, the field distortions caused by the
tile calorimeter, the flux-return girder and the shielding disk in both the ID cavity and the muon
spectrometer. Altogether, these distortions affect the field integral in the muon spectrometer by up
to 4%, depending on |h | and f ; in addition, they induce, at the level of the inner MDT layers, local
field distortions of up to |DB|⇠ 0.2 T.

A few discrete magnetic structures, either inside the muon spectrometer or close to its outer
layers, induce additional, localised magnetic perturbations. Their impact has been evaluated using
the 3D finite-element magnetostatics package TOSCA [30]. The largest perturbations are caused
by the air pads, jacks and traction cylinders which allow the calorimeters, the shielding disks, and
the end-cap toroids to slide along the rails. These affect primarily the field distribution across
the innermost MDT chambers in the lowest barrel sectors (BIL and BIS in sectors 12 to 14, see
figures 2.11 and 6.1), and in addition impact the field integral at the level of up to 10% over small
islands in h�f space.
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(b)

Figure 4.9: (a) Schematic of the ATLAS magnet system with one central solenoid and three
toroidals (one in barrel and two in end-cap). (b) Simulated magnetic field integral provided by
a single troid octant [154].

Monitored Drift Tubes The MDT consists of six or eight layers of drift tubes of 30 mm
diameter filled with Ar/CO2 mixture gas. Electrons produced by ionization are multiplied by
the electron avalanche effect and collected by the anode wire placed at the center of the drift
tube. The maximum drift time from the wall to the wire is about 700 ns. The MDT measures
the position of tracks based on the drift time of the electrons.

Cathode Strip Chamber The CSC is a Multi Wire Proportional Chamber (MWPC) placed
in the |η| > 2.0 region, where hit rates are expected to be too high for the MDTs to be sufficiently
tolerant. The detector is filled with Ar/CO2 mixture gas. Electron drift times of less than 40 ns
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results in a timing resolution of about 7 ns per plane. Two cathode strips are placed orthogonally,
allowing for the measurement of the r and ϕ coordinates.

Resistive Plate Chamber The RPC consists of two high resistive plates with a 2 mm insu-
lator inserted. The gas volume between the two plates is filled with C2H2F4 based gas mixture.
The high voltage application of 9.8 kV and thin gap widths produce a sharp signal rise. Strips
are placed orthogonally to calculate positions in the η and ϕ coordinates.

Thin Gap Chamber The TGC is a MWPC filled with CO2/n-C5H12 mixture gas, which
determines the r and ϕ position from a two-dimensional readout by wires and strips. The wires
and strips are placed with a pitch of 1.4 mm, shorter than the pitch between the wires, resulting
in a high detector time response and rate tolerance.

4.2.6 Trigger and Data Acquisition System

In the ATLAS detector, beam collisions occur at 40 MHz, resulting in a data acquisition rate
up to O(1) PB/s in case of acquiring every event. On the other hand, the cross-section of
events that produce weak bosons, Higgs bosons, or top quarks of our interest is 6-8 orders
of magnitude smaller compared to the total inelastic scattering cross-section that occurs in
pp collisions. Therefore, in the ATLAS experiment, the detector signals are used to quickly
determine the events whether to be recorded which is called the “trigger system”, and the
system that temporarily holds the data and records them when an event is triggered is called
the “data acquisition system”. Fig. 4.10 illustrates the trigger and data acquisition system in
Run 2.

Level-1 Trigger (L1 Trigger) The L1 Trigger consists of calorimeter-based Level-1 Calo
(L1Calo), muon-spectrometer-based Level-1 Muon (L1Muon), and Central Trigger, which com-
bines trigger decision from L1Calo and L1Muon. The trigger rate is reduced to ∼ 100 kHz by
the L1 Trigger. The L1 Trigger sends the η and ϕ information of issued triggers, called Region
of Interest (RoI), to the High-Level Trigger for more precise trigger decisions.

High-Level Trigger (HLT) The HLT uses the detector information around the RoI to recon-
struct objects with an algorithm similar to an offline algorithm to perform more precise trigger
decisions. The trigger rate is reduced to ∼ 1 kHz by the HLT.
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Figure 1. The ATLAS TDAQ system in Run 2 showing the components relevant for triggering as well as the
detector read-out and data flow.

The Level-1 (L1) trigger is a hardware-based system that uses custom electronics to trigger on
reduced-granularity information from the calorimeter and muon detectors [9]. The L1 calorimeter
(L1Calo) trigger takes signals from the calorimeter detectors as input [10]. The analogue detector
signals are digitised and calibrated by the preprocessor, and sent in parallel to the Cluster Processor
(CP) and Jet/Energy-sum Processor (JEP). The CP system identifies electron, photon, and ⌧-lepton
candidates above a programmable threshold, and the JEP system identifies jet candidates and
produces global sums of total and missing transverse energy. The signals from the LAr calorimeter
are bipolar and span multiple bunch crossings, which introduces a dependence of the amplitude on
the number of collisions occurring in neighbouring bunch crossings (out-of-time pile-up). Objects
with narrow clusters such as electrons are not strongly a�ected by small shifts in energy, however the
missing transverse momentum is very sensitive to small systematic shifts in energy over the entire
calorimeter. These e�ects are mitigated in the L1Calo trigger by a dedicated pedestal correction
algorithm implemented in the firmware [11].

The L1 muon (L1Muon) trigger uses hits from the RPCs (in the barrel) and TGCs (in the end-
caps) to determine the deviation of the hit pattern from that of a muon with infinite momentum [12].
To reduce the rate in the endcap regions of particles not originating from the interaction point, the
L1Muon trigger applies coincidence requirements between the outer and inner TGC stations, as
well as between the TGCs and the tile calorimeter.

– 3 –

Figure 4.10: The logic of ATLAS trigger system [163]. Trigger detectors have separated readout
line for trigger, sending input information for trigger decision to Central Trigger Processors
(CTP). The CTP reconstructs L1 objects and issue a global accept signal relieving the buffered
data, once the trigger criteria are satisfied. The η, ϕ position of identified trigger object is sent
to downstream HLT, in which offline-like software-based triggers run to further filter events.
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Chapter 5

Dataset and Monte Carlo Samples

This thesis uses data collected by the ATLAS detector in pp collisions at the LHC. In addition,
Monte Carlo (MC) simulations to describe the signal and background processes are used. Details
of the data and MC simulations are discussed in this chapter.

5.1 Actual collision data used for this work

During Run 2 (2015-2018), LHC has delivered
√
s = 13 TeV pp collision data with integrated

luminosity of 156 fb−1, of which 147 fb−1 were recorded by the ATLAS detector. As physics
analyses require that the recorded data pass standard data quality requirements in ATLAS [164],
the actual data used in the physical analysis corresponds to 140.1± 1.2 fb−1 with uncertainty of
0.83% [165], obtained primarily using the luminosity measurements of the LUCID-2 (LUminosity
Cherenkov Integrating Detector) [160]. The integrated luminosity of the data for physics analyses
during 2015, 2016, 2017, and 2018 is 3.24, 33.40, 44.63, and 58.79 fb−1, respectively.

Important parameter related to the instantaneous luminosity is the average number of in-
elastic interactions per bunch crossing, known as the “pile-up”. The pile-up degrades the per-
formance of the reconstructed physics objects and makes the identification of vertices and the
reconstruction of tracks more difficult. The evolution of the integrated luminosity, delivered by
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Figure 5.1: (a) The integrated luminosity which LHC delivered (green), ATLAS recorded
(yellow), and is good for physics analysis in ATLAS (light blue) during Run 2 period [164]. (b)
The luminosity recorded by ATLAS as a function of mean number of proton interactions per
bunch crossing in Run 2 period [164].
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the LHC, recorded by ATLAS, good for physics analysis, and the luminosity as a function of
pile-up are shown in Fig. 5.1.

5.2 Monte Carlo Samples

At the LHC, multiple pp collisions occur at every bunch crossing. Also, depending on the time
resolution of the detector, signals from other bunch crossings may affect the measurement. To
accurately estimate the number of background and signal yields, it is necessary to simulate
all the physical processes that contribute to the analysis. Section 5.2.1 briefly overviews the
simulated physics processes in pp collisions. Sections 5.2.2 and 5.2.3 provide details of the
configurations to generate simulation samples for the SM background and signal processes,
respectively. In addition to estimating the SM background and signal yields, samples generated
by MC simulations are used to assess the impact of systematic uncertainties. The systematic
uncertainties considered in this thesis will be further discussed in Chapter 9.

5.2.1 General Description

Event Generation The main physics processes from pp collisions can be estimated by fac-
torizing the calculation into two components: the perturbatively calculable part, corresponding
to the Matrix Element, and the perturbatively non-calculable part, corresponding to the parton
shower and fragmentation. Parton shower and fragmentation are predicted by phenomenologi-
cal models with parameters turned to match observations. The differential cross-section of an
observable O can be described as Ref. [166]

dσ

dO
=

∑
a,b

∫ 1

0
dxadxb

∑
F

∫
dΦF f

h1
a (xa, µF )f

h2
b (xb, µF )

dσ̂ab→F

dÔ
DF (Ô → O, µF ), (5.1)

where indices a and b represents the partonic constituents in the colliding hadrons h1, h2, and
dΦF is the standard phase space differential in the final state. The energy scale at which
the perturbatively calculable and non-calculable parts are separated is called the “factorization
scale” and is denoted as µF . The Parton Density Function (PDF) fhj (xj , µF ) describes the
momentum fraction that a parton of type j carries within the hadron h at the factorization
scale. The partonic scattering cross-section dσ̂ab→F can be calculated as

dσ̂ab→F =
1

2ŝab
|Mab→F (ΦF ;µF , µR)|2, (5.2)

where 1/2ŝab represents the parton flux factor. The strong coupling constant in the Matrix
Element is subject to quantum corrections, such as corrections to the quark and gluon self-
energies, with values varying with the energy scale, referred to as the renormalization scale.
The M is the Matrix Element, summed over all possible intermediate states and phase space of
ab→ F at the factorization scale µF and the renormalization scale µR. The following soft parton
emissions of particles described in the Matrix Element are complemented by the parton shower
approximation. Since the probability of one parton splitting into two can be calculated using the
Dokshitser-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations [167–169], the parton
shower approximation predicts the partonic final state by repeating the parton splitting process
until the momentum of the parton reaches O(1) GeV.

The final part of the Eq. 5.1 is the fragmentation function DF , which represents the evolution
from the partonic final state to the color-neutral final state, and Ô represents an observable at
the partonic final state. The fragmentation process is modeled by the Lund string model [170].
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Pile-up Simulation Pile-up arises from relatively soft pp inelastic scattering in the same
bunch crossing or from surrounding bunch crossings, which is complex and requires inten-
sive CPU consumption for simulation. The pile-up events produced with Pythia 8.186, A3
tune [171], and MSTW2008LO PDF set [172] are overlaid to the main physics process’ simula-
tion samples to match the pile-up distribution shown in Fig. 5.1(b).

Detector Simulation Events from all generators, except SUSY signals and 4-top processes,
are propagated through a full simulation of the ATLAS detector [173] based on Geant4 [174] to
model the interactions of particles with the detector. SUSY signals and 4-top processes undergo
simulation using the Atlfast3 (AF3) [175] fast simulation package. This package effectively
reduces simulation CPU costs in the detector simulation by parameterizing the detector response
against shower activities in detector materials.

5.2.2 SM Background Simulation Samples

This section outlines the configuration details for generating SM background processes. This
analysis relies on multi-lepton signatures and the background processes which contribute to the
targeted phase space are listed below. Vector boson processes, especially the multi-boson pro-
cesses are the main backgrounds for this analysis, with top and Higgs processes being secondary
contributions.

Vector boson production The production of single, two, and three vector bosons, known
as single boson (W/Z+jets), di-boson (WW,WZ,ZZ), and tri-boson (WWW,WWZ,
WZZ,ZZZ) processes are the main SM backgrounds in the targeted phase space in this anal-
ysis. For the single boson production, the t-channel production dominates over the s-channel
production induced by pure EW interactions.

The full-leptonically decaying di-boson events are generated using Sherpa 2.2.12 [176]. Events
of Z → ee, Z → µµ, W+ jets, and semi-leptonically decaying di-boson processes are simulated
with Sherpa 2.2.11. Z → ττ samples are simulated with Sherpa 2.2.14 and tri-boson processes
are simulated with Sherpa 2.2.2. The NNPDF3.0nnlo [177] set of parton distribution func-
tions (PDFs) is used together with a dedicated set of tuned parton shower parameters developed
by the Sherpa authors [178]. Since the cross-section is calculated at next-to-next-to leading or-
der (NNLO) accuracy for single boson productions, the total cross-section calculated by Sherpa
is normalized to NNLO accuracy.

Electroweak corrections to single boson and di-boson production [179] can play a significant
role in phase space where the boson is recoiled with large transverse momentum. The higher
order EW corrections contain contributions from virtual loops and from real emission of gauge
bosons. The Sherpa configuration only contains the virtual-loop terms, since applying the full
NLO EW corrections is not currently possible. Moreover, the real emission of a gauge boson
leads to a fundamentally different experimental signature that is typically produced in separate
samples. Amplitudes for the EW virtual corrections are calculated by OpenLoops [180–183]
and implemented in the Sherpa event generator for multi-jet merged set-ups. The cross-section
calculated at NLO QCD and NLO EW accuracy, where the higher-order terms in QCD and EW
couplings are summed (additive scheme), can be expressed as:

σNLO
n,QCD+EW = σn,LO +∆σNLO

n,QCD +∆σNLO
n,EWvirt

, (5.3)

where σn,LO denotes the Born-level cross-section and ∆σNLO
n,QCD the NLO QCD corrections to the

Born process. The ∆σNLO
n,EWvirt

term only contains the virtual-loop components. Two additional
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NLO QCD and NLO EW combination schemes are provided by the Sherpa framework. The
first is the multiplicative scheme, which is defined as:

σNLO
n,QCD×EW = (σn,LO +∆σNLO

n,QCD)× (1 + ∆σNLO
n,EWvirt

). (5.4)

The second scheme is referred to as the exponentiated scheme, and is defined as:

σNLO
n,QCD×eEWvirt

= (σn,LO +∆σNLO
n,QCD)× e

∆σNLO
n,EWvirt . (5.5)

In this thesis, the additive scheme is used as nominal andmultiplicative and exponentiated scheme
are used for the theoretical systematic uncertainties evaluation which will be also discussed in
Section 9.1.

Top production In the LHC, about 90% of the top-quark production is generated by gluon-
initiated production, and the remaining 10% is generated by quark-initiated production. Single-
top production can be classified into three processes: t-channel production, associated Wt-
channel, and s-channel production.

The Matrix Element part of tt̄, single-top tW , t-channel, and s-channel processes is calculated
by Powheg [184–187] at next-to-leading order (NLO) accuracy with NNPDF3.0nnlo PDF
set. The output from Powheg is passed to Pythia 8 [188] to simulate the parton shower
and hadronization step, using the A14 tune [189]. The A14 tune is a set of parameters tuned
to match observables sensitive to underlying events, jet structure, and additional jet emissions.
Parameters are tuned using data measured by ATLAS during the LHC Run 1 period. The decay
of heavy-flavor particles is simulated with EvtGen 1.6.0 [190]. The total cross-section calculated
by Powheg is normalized to the NNLO+NNLL accuracy. Other top-quark-involved processes
(tt̄Z, tZ, tWZ, tt̄WW , 3-top and 4-top) are modelled using MadGraph5 aMC@NLO 2 [191]
+ Pythia 8.

Higgs production Though small cross-section in LHC, Higgs processes could be a important
background for SUSY searches. Several production modes (ggF : gluon-gluon fusion, V h :
associated production with W/Z, and tt̄h production) are included.

The Matrix Element part is simulated by Powheg at NNLO+NNLL (NLO) accuracy for
ggF (V h, tt̄h) and with NNPDF3.0nnlo PDF set. The output from Powheg is passed to
Pythia 8 to simulate the parton shower and hadronization step, using the A14 or AZNLO tune.

The MC generator setup for the SM backgrounds used in this thesis is summarized in Ta-
ble 5.1.

5.2.3 Signal Simulation Samples

This section describes the simulation samples of the signal model described in Section 3.3. Signal
simulation samples are produced for each production mode, ℓ̃+L ℓ̃

−
L , ℓ̃

±
L ν̃, and ν̃ν̃ via the off-shell

W and Z bosons.

The samples are generated from leading-order (LO) matrix elements with up to two extra
partons usingMadGraph5 aMC@NLO 3.3.1 interfaced with Pythia 8.307, with the A14 tune,
for the modeling of the SUSY decay chain, parton showering, hadronization and the description
of the underlying event. Parton luminosities are provided by the NNPDF2.3lo PDF set. Jet-
parton matching has been done following the CKKW-L prescription [192, 193] with a matching
scale set to one quarter of the pair-produced SUSY particle mass. An overview of the signal grid
is shown in Fig. 5.2, together with the total number of generated MC events after the generator
level selections which require events to have two or more leptons. The cross-sections and their
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Figure 5.2: An overview of the signal grid used in this analysis for m(χ̃0
1) of (a) 100 GeV and

(b) 150 GeV. The color of the dots indicates the total number of generated MC events as written
in the figure.
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Figure 5.3: Production cross-section as a function of slepton mass for each production process,
at the NNLO+NNLL accuracy.

uncertainties are calculated to NLO+NLL accuracy using the Resummino [194] package which
are summarized in Fig. 5.3. Since the decay of electroweakinos is calculated by Pythia, the
polarization of the W/Z boson produced by the chargino or neutralino decay is not considered.
We have checked that even if MadSpin [195, 196] which takes spin into account is used in
the event generation, there is no significant difference in the kinematics between MadSpin and
Pythia.

The MC generator setup for signal samples used in this thesis is also summarized in Table 5.1.
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Table 5.1: Summary of generator setup for the SM backgrounds and signal samples. The
corresponding event generator, parton shower, set of tuned parameters, PDF set, and cross-
section normalization are shown for each sample.

Process Matrix Element Parton Shower Tune PDF set Cross-section

SUSY processes MadGraph5 aMC@NLO 3.3.1 Pythia 8.307 A14 NNPDF2.3lo NLO+NLL
W/Z+jets Sherpa 2.2.11/2.2.14 standard NNPDF3.0nnlo NNLO
Di-bosons Sherpa 2.2.11/2.2.12 standard NNPDF3.0nnlo Generator NLO
Tri-bosons Sherpa 2.2.2 standard NNPDF3.0nnlo Generator NLO

tt̄ PowhegBox 2 Pythia 8.230 A14 NNPDF2.3lo NNLO+NNLL
Single-top PowhegBox 2 Pythia 8.230 A14 NNPDF2.3lo NNLO+NNLL

tt̄W Sherpa 2.2.10 standard NNPDF3.0nnlo Generator NLO
tt̄Z, tZ, tWZ MadGraph5 aMC@NLO 2.3 Pythia 8.210 A14 NNPDF3.0nnlo Generator NLO

tt̄WW , 3-top, 4-top MadGraph5 aMC@NLO 2.2 Pythia 8.186 A14 NNPDF2.3nnlo Generator LO
Higgs (ggF) PowhegBox 2 Pythia 8.212 AZNLO CTEQ6L1 NNNLO+NLO(EWK)
Higgs (V h) PowhegBox 2 Pythia 8.230 AZNLO CTEQ6L1 NNLO+NLO(EWK)
Higgs (tt̄h) PowhegBox 2 Pythia 8.230 A14 NNPDF2.3lo Generator NLO

Table 5.2: A summary of trigger requirements. A logical OR is performed for a given year.

Electron Triggers Muon Triggers

2015

HLT e24 lhmedium L1EM20VH HLT mu20 iloose L1MU15

HLT e60 lhmedium HLT mu50

HLT e120 lhloose

2016, 2017, 2018

HLT e26 lhtight nod0 ivarloose HLT mu26 ivarmedium

HLT e60 lhmedium nod0 HLT mu50

HLT e140 lhloose nod0

5.3 Trigger Selection

Since the signal event has isolated leptons from the decay of sleptons, the direct decay of W , Z
bosons, or the indirect decay of a Higgs boson, such a lepton is used to trigger events in data
taking. Single-lepton trigger chains listed in Table 5.2 are used to maximize the data statistics.

The numbers following “HLT e” or “HLT mu” indicate the ET or pT threshold in GeV at HLT.
The “lhtight”, “lhmedium”, and “lhloose” denote the requirement of an electron identifica-
tion using the likelihood discriminant of the multivariate techniques. “L1EM20” stands for the
L1 trigger imposing a 20 GeV transverse energy threshold on electron objects. “V” and “H”
indicate that the ET correction is made for the η direction and the hadron calorimeter infor-
mation is not used in the construction of the electron objects, respectively. The “nod0” means
no information on the impact parameter is used. “iloose” and “ivarmedium” represent the
additional requirements of the muon isolation. On the other hand, “L1MU15” means that muon
pT above 15 GeV is required in the L1 trigger. The efficiency curve as a function of offline lepton
pT is shown in Fig. 5.4 and 5.5 [197, 198].

Events are required to have at least one signal lepton, whose definition is described in Sec-
tion 6.10, matched to the trigger fired in that event. This lepton is not required to be the
leading lepton in an event, but it must exceed the offline pT threshold for the trigger to assure
the plateau efficiency. For electrons, the offline threshold is 1 GeV larger than the HLT trigger
threshold. For muons, this is 1.05 times the HLT trigger threshold. The trigger is simulated in
MC, and selection is applied in the same way as actual collision data.



5.3. TRIGGER SELECTION 59

20 40 60 80 100 120 140

 [GeV]TE

0.7

0.75

0.8

0.85

0.9

0.95

1

T
rig

ge
r 

E
ffi

ci
en

cy ATLAS

 = 13 TeVspp data 2015-2018, 

Single electron trigger combination
Offline tight, isolation FCTight

2015
2016

2017
2018

20 40 60 80 100 120 140

 [GeV]TE

0.8

0.9

1

D
at

a/
M

C

Figure 5.4: Evolution of the single-electron trigger combination efficiency as a function of the
offline electron ET during Run 2 [197]. Efficiency is given with respect to offline tight identifica-
tion and the FCTight isolation working point. The ratios of data to MC simulation efficiencies
are also shown. The error bars indicate statistical and systematic uncertainties combined in
quadrature.

20 40 60 80 100 120
 [GeV]

T
Muon p

0.7

0.8

0.9

1

D
at

a/
M

C

0.4

0.5

0.6

0.7

0.8

0.9

1

T
rig

ge
r 

ef
fic

ie
nc

y

Data 2016

Data 2017

Data 2018

ATLAS
-1 = 13 TeV, 135.7 fbs

| < 1.05η, |µµ →pp data, Z 

(a)

20 40 60 80 100 120
 [GeV]

T
Muon p

0.8

0.9

1

1.1

D
at

a/
M

C

0.6

0.7

0.8

0.9

1

1.1

1.2

T
rig

ge
r 

ef
fic

ie
nc

y

Data 2016

Data 2017

Data 2018

ATLAS
-1 = 13 TeV, 135.7 fbs

| < 2.5η, 1.05 < |µµ →pp data, Z 

(b)

Figure 5.5: Efficiency of passing either the HLT mu26 ivarmedium or the HLT mu50 trigger in
the (a) barrel and (b) end-cap as a function of the muon pT, computed using data taken in
2016-2018 [198]. The error bars show the statistical uncertainties only.
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Chapter 6

Object Reconstruction and
Identification

Particles produced in pp collisions leave characteristic signals in the detector unique to their
respective particle types, as illustrated in Fig. 6.1. These signals are used to reconstruct four
vectors representing the produced particles, referred to as “objects”. In the first step, tracks,
vertices, and calorimeter clusters called the “Topo-clusters” are reconstructed as fragmentary
information of the produced particles. These objects are further combined to reconstruct objects
that closely resemble the true information of the produced particles. These reconstructed objects
called “physics objects” include jets, leptons, photons, and missing transverse momentum. This
chapter describes the reconstruction algorithm used in the analysis.

6.1 Overview of Event Reconstruction

Fig. 6.2 illustrates the event reconstruction flow used in this thesis. Raw detector information
is combined to form tracks, vertices, and topo-clusters, referred to as “low-level objects”. Sec-
tion 6.2, 6.3, and 6.4 discusses the algorithms for reconstructing low-level objects. The low-level
objects are combined to reconstruct physics objects, such as jets, muons, and electrons. These
physics objects must meet specific “identification” criteria and kinematic selections to form
“baseline” objects, which will be further discussed in Section 6.5, 6.6, and 6.7. To resolve the
potential ambiguity arising from the reconstruction of multiple baseline objects from a single
particle, a procedure called “overlap removal” is implemented, which will be further discussed
in Section 6.8. The missing transverse momentum is calculated using all baseline objects, which
will be described in Section 6.9. The baseline objects are subject to more stringent quality
and “isolation” requirements to ensure a higher purity of the objects, which are referred to as
“signal” objects. The definitions of the baseline and signal objects used in this analysis are
summarized in Section 6.10.

6.2 Tracks

Charged tracks are the fundamental units seeding various offline particle reconstruction and
calibration. Standard tracks used in ATLAS refers to ID tracks, reconstructed by the hits
created in the ID. The reconstruction algorithm consists of the following five main steps (the
detail can be found in Ref. [200]):

1. Space Point Creation : Adjacent hits in each layer of the Pixel and SCT detectors are
merged to form “clusters”. The clusters are then converted to three-dimensional position
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Figure 5.2: Schematic of the event reconstruction flow utilized in this thesis. The low-level objects are
combined to form physics objects. The energy or momentum of physics objects is calibrated and required
to pass baseline selections to form baseline objects. The overlap removal step resolves the ambiguity of
baseline objects. The missing transverse momentum is calculated using all baseline objects. Finally, all
physics objects must pass more stringent quality and isolation requirements to form signal objects. In this
thesis, signal selections are also required for tracks, and these tracks are considered physics objects.
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Figure 6.1: Schematic view of various particles passing through the ATLAS detector, leaving
characteristic signals in the detector [199]. The figure shows hit information represented by
yellow dots and energy deposits displayed through red and blue bars in the electromagnetic and
hadronic calorimeters, respectively.
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Figure 5.1: Schematic view of various particles passing through the ATLAS detector, leaving characteristic
signals in the detector. The figure shows hit information represented by yellow dots and energy deposits
displayed through red and blue bars in the electromagnetic and hadronic calorimeters, respectively.
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Figure 5.2: Schematic of the event reconstruction flow utilized in this thesis. The low-level objects are
combined to form physics objects. The energy or momentum of physics objects is calibrated and required
to pass baseline selections to form baseline objects. The overlap removal step resolves the ambiguity of
baseline objects. The missing transverse momentum is calculated using all baseline objects. Finally, all
physics objects must pass more stringent quality and isolation requirements to form signal objects. In this
thesis, signal selections are also required for tracks, and these tracks are considered physics objects.
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Figure 6.2: Schematic diagram of the event reconstruction flow utilized in this thesis [199]. The
low-level objects are combined to form physics objects. The energy or momentum of physics
objects is calibrated and required to pass baseline selections to form baseline objects. The overlap
removal step resolves the ambiguity of baseline objects. The missing transverse momentum is
calculated using all baseline objects. Finally, all physics objects must pass more stringent quality
and isolation requirements to form signal objects. In this thesis, signal tracks are not used as
physics objects.
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information called “space points”.

2. Pixel & Strip Seed Finding Track seeds are formed by combining three space points
from the pixel or the SCT detector.5 Selections on longitudinal impact parameters of track
seeds are applied at this point to suppress low-quality track seeds and reduce computational
time. From Run 2, fake track seeds are further suppressed by requiring an additional space
point in another layer called the “confirmation space point”.

3. Track Finding : Track seeds are extrapolated and fitted by the combinatorial Kalman
filter method [201] to determine the pixel and SCT modules through which the track could
pass.

4. Ambiguity Resolving : During the track finding step, multiple track candidates can be
reconstructed with overlap, and the ambiguity among them must be resolved. To resolve
the overlap between tracks, “track scores” are calculated based on the number of hits and
holes, the track pT, and other criteria. Tracks with low scores are considered as fake and
discarded at this point. When multiple tracks share the same clusters, called “shared hits”,
they are assigned to the track with lower scores. Tracks with multiple shared hits are also
considered fake tracks and are discarded.

5. TRT Extended Track Refit : Tracks are extended to the TRT detector, and if hits are
found successfully, the fitting procedure and track scoring are repeated. If the track score
is higher than the Pixel and SCT detector only fit, the TRT hit is added to the track. If
the track score is lower, the TRT hit is recorded as an “outlier” of the track.

The reconstructed tracks are described with five parameters (d0, z0, ϕ, θ, q/p) as illustrated
in Fig. 6.3. The transverse impact parameter, denoted by d0, refers to the closest transverse dis-
tance between the z-axis and the track. On the other hand, the longitudinal impact parameter,

Figure 6.3: Schematic view of the track parameters. The track parameters are calculated based
on the closest point of the track to the beam axis in the x-y plane, referred to as the “perigee”
point [202]. The hard-scatter primary vertex lies on the gray x-y plane.

5A seed is composed of space points purely from either the Pixel detector or the SCT, or two from the Pixel
detector (SCT) and one from the SCT (Pixel detector).
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denoted by z0, refers to the distance between the hard-scatter primary vertex, which definition
is mentioned in Section 6.3, and the nearest point of contact between the beam position and the
track along the longitudinal axis. ϕ and θ are the azimuthal and polar angles of the tracks. q/p
is the ratio between the charge and the momentum of the track.

6.3 Primary Vertices

The positions of pp collisions are identified using the reconstructed ID tracks. These vertices
called “primary vertices” (PV)6 are important for providing reference point of re-tracking and
object calibrations. PVs are reconstructed by calculating the intersection of reconstructed tracks.
Tracks used to reconstruct the PV along the beam axis must pass the selection criteria in
Ref. [203]. The PVs are reconstructed through the following steps.

1. Vertex Finding : A vertex seed is defined by taking the beam spot position as the x, y
position and the closest point between the track and the beam spot as the z position.

2. Vertex Fitting : After defining a vertex seed, the seed and the tracks are used as inputs
to the adaptive vertex fitting algorithm [204]. After each fit, the tracks are reweighted
depending on the compatibility with the vertex position, and the fitting procedure is
repeated. After reaching the minima of the fit, tracks incompatible with the final vertex
position are used as inputs for the new vertex reconstruction procedure.

The above two steps are repeated until all input tracks are associated with PVs or no additional
PVs are reconstructed. Though 10-30 PVs are reconstructed per bunch crossing, usually there
is only one PV causing the meaningful scattering. Such a “hard-scatter” vertex is identified as a
PV with the highest sum of associated track pT, and the position is used as the origin for object
calibrations.

6.4 Topo-clusters

Energy deposits in the calorimeter cells are combined to form “topo-clusters”. Topo-clusters are
used to reconstruct jets, electrons, and photons and quantify hadron activity around leptons.
To discriminate energy deposits from noise (electronic noise, pile-up, etc.) in the calorimeter
cells, the calorimeter cell significance is defined by dividing the measured energy deposit by the
average noise level in the electromagnetic scale. Topo-clusters are reconstructed by finding a
seed cell with 4σ significance and merging neighboring cells which are above 2σ significance.
The above process is repeated, and once no more cells can be merged, all adjacent cells are
merged to define the boundary. If two seed cells are connected to each other by the cells above
2σ significance, they are merged to form a single topo-cluster.

6.5 Electrons

Electron objects are formed with the following four steps described briefly. More details can be
found in Ref. [205].

6The “primary” is meant to distinguish against the vertices generated by late decaying particles known as
“secondary vertices”.
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Reconstruction The electron reconstruction algorithm proceeds as following.

1. Supercluster reconstruction : “Superclusters” with variable sizes are formed by com-
bining topo-clusters. The clusters are formed around the electron cluster seeds using a
clustering algorithm [206] that allows for duplicates to be removed.

2. Track and supercluster matching : The supercluster is loosely matched with an ID
track reconstructed based on the angular distance ∆R. The loosely matched track receives
further correction by a re-tracking using the Gaussian Sum Fitter (GSF) [207] to account
for the energy loss by bremsstrahlung. Closest track in ∆R with respect to the supercluster
is chosen as “primary” track.

3. Energy determination : The information from track momentum and calibrated super-
cluster energy are combined using a multivariate algorithm [208].

Identification Electron identification is performed using a likelihood discriminant with the
following inputs.

• Variables of the primary track associated with the electron

• Lateral and longitudinal shower shape in the electromagnetic calorimeter

• Information regarding the alignment of the track and calorimeter

The likelihood discriminant is modeled by probability density functions (pdfs) with Z → ee
(ET > 15 GeV) and J/ψ → ee (ET < 20 GeV) events as signals and di-jet events as backgrounds.
Separate pdfs are derived from electrons in data events for each ET and η range to incorporate
the energy and position dependence. This thesis uses the LooseAndBLayerLLH and TightLLH
working points for electron identification. The LooseAndBLayerLLH working point requires a
threshold to the likelihood discriminant to achieve a detection efficiency of 93% for electrons
with ET = 40 GeV, and additionally requires a hit in the Insertable B-Layer (IBL) to suppress
electrons from photon conversions. The TightLLH working point requires a slightly stricter
threshold to the likelihood discriminant to achieve a detection efficiency of 77% for electrons
with ET = 40 GeV.

Isolation This thesis uses the Tight VarRad working point for electron isolation. The track-
based isolation variable for electrons, denoted as pvarcone30T , is defined as the scalar sum of the pT
of tracks with pT > 1 GeV and within a variable cone size around the electron. The radius of
the cone is adjusted based on the momentum of the electrons, as electrons decaying from high-
momentum hadronic sources tend to be closely aligned with other decay particles. The radius
used for pvarcone30T is defined as ∆R = min(0.3, 10/pT [GeV]). The calorimeter-based isolation

variable for electrons, denoted as Etopoetcone20
T , is defined as the scalar sum of topo-clusters

within ∆R < 0.2 of the electron. Combining the track-based and calorimeter-based isolation
variables, electrons are required to pass the selection,

pvarcone30T /pT < 0.06, Etopoetcone20
T /pT < 0.06. (6.1)

Energy Calibration The energy scale and resolution of electrons are calibrated using the
Z → ee process. The correction factor for the energy scale applied to the data is denoted as αi,
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where i represents the η region. Similarly, the correction factor for the energy resolution applied
to the simulation is denoted as ci. The two correction factors are defined as

Edata, corr =
Edata

(1 + αi)
, (6.2)(σE

E

)MC, corr
=

(σE
E

)MC
⊕ ci, (6.3)

where αi and ci are derived by minimizing the difference between the invariant mass distribution
in data and simulation.

In addition, electrons which are reconstructed with an incorrect charge assignment are sup-
pressed using electron cluster and track properties, such as q× d0, E/p, qAV G, and ∆Φres [209].
qAV G is the average charge of the candidates to match the calorimeter energy cluster and ∆Φres

is the ∆ϕ between the cluster position in the second layer of the EM calorimeter and the
momentum-rescaled track, extrapolated from the perigee point. These variables, as well as the
electron pT and η, are combined into a single classifier using a boosted decision tree (BDT).
A selection requirement on the BDT output is chosen to achieve a rejection factor for wrong
sign electrons of around 6.33, while selecting properly measured electrons with an efficiency of
98.27% in Z → eeMC. This selection is applied using the ElectronChargeIDSelector (ECIDS)
package.

Two additional variables exist to help rejecting electrons from converted photons and photons
mis-reconstructed as electrons. The electron “AmbiguityType” variable tells if an electron has
also been reconstructed as a photon. The “AddAmbiguity” variable has been implemented to
offer further rejection of material and internal conversions. Material (internal) conversions have
a reconstructed displaced vertex with radius r > 20 mm (r < 20 mm) with respect to the
beamline. AmbiguityType = 0 and AddAmbiguity ≤ 0 ensures that the electron candidate is
certainly not a photon, and is not a material or an internal conversion candidate.

6.6 Muons

Muon objects are formed with the following four steps, which are briefly described. More details
can be found in Ref. [210].

Reconstruction Muons are reconstructed using the ID and MS information. Track candi-
dates in ID and MS are reconstructed independently and are combined to form muons called
“combined” muons (CB muons).

Identification Additional selection criteria are applied to suppress muon candidates from in-
flight decays of charged mesons, such as strange mesons or pions. Muons from in-flight decays
are expected to have a “kink” topology, and this characteristic can be discerned by assessing
the compatibility between the momentum measurements obtained from the ID and the MS. For
CB muons, the “q/p significance” is used to quantify the “kink” topology, defined as

|(q/p)ID − (q/p)MS|√
σ2ID + σ2MS

, (6.4)

where σ corresponds to the momentum resolution and subscripts represent the detectors used
for measurement.
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In this thesis, the Medium working point is used for muon identification. Additional require-
ments on the number of MDT or CSC stations with at least three hits, denoted as “precision
stations”, are applied. In the |η| < 0.1 region, where the MS is not fully equipped, the number
of MDT or CSC stations with less than three hits anticipated based on its trajectory, denoted
as “precision hole station”, is also used. The Medium working point is defined to achieve a
detection efficiency of 97% for muons with pT = 20 GeV, CB muons are required to pass q/p
significance < 7 and at least two precision stations, except for the |η| < 0.1 region. In the
|η| < 0.1 region, CB muons with at least one precision station and at most one precision hole
station are also allowed.

Isolation Muons from semi-leptonic decays of hadronic sources can be suppressed by measur-
ing hadronic activities around the muons using track and calorimeter information. The PFlow
algorithm [211] is used to remove the overlap of activities of charged particles, as discussed in
Section 6.7.

In this thesis, the PflowTight VarRad working point is used for muon isolation. The track-
based isolation variable, denoted as pvarcone30T , is defined in the same way as for electrons. The
calorimeter-based isolation variable, denoted as Eneflow20

T , is defined as the scalar sum of neutral
particle-flow objects within ∆R < 0.2 of the muon. Combining the track-based and calorimeter-
based isolation variables, muons are required to pass the selection described as(

pvarcone30T + 0.4× Eneflow20
T

)
/pT < 0.045. (6.5)

Momentum calibration The momentum distribution of muons in data and simulation sam-
ples do not match perfectly due to incomplete knowledge of the alignment of detectors and
energy deposits in calorimeters or detector material. Therefore, the momenta are calibrated
using the invariant mass of J/ψ → µµ and Z → µµ processes for low and high pT, respectively.
Correction factors are measured for the momentum of the CB muons, as well as the ID and
MS tracks associated with the CB muon. The calibration step is validated by comparing the
corrected CB muon momentum with the momentum combined from measurements in the ID
and MS.

6.7 Jets

Hadron jets emerge as focused clusters of particles originating from the hadronization process of
quarks and gluons produced in high-energy pp collisions. Tracks and topo-clusters are combined
to form hadron jets following the procedures described briefly below. In the following, hadron
jets will be abbreviated as “jets”. More details can be found in Ref. [211].

Particle Flow (PFlow) algorithm Individual hadrons in a jet typically have an energy as
low as a few GeV. In this low-energy range, the resolution of tracks is much better than that
of calorimeter clusters. Therefore, the energy resolution of reconstructed jets is improved by
prioritizing the use of track information for the energies from charged hadrons. However, since
charged hadrons interact with both the ID and the calorimeters, it is essential to remove the
overlap. In the PFlow algorithm [211], the energy deposit of charged particles which is estimated
from tracks is subtracted from the matched topo-clusters.

Reconstruction A new set of tracks and topo-clusters, provided by the PFlow algorithm,
is combined by the Anti-kt algorithm [212] to form jets. Tracks must be associated with the
primary vertex, and positions of the topo-clusters are recalculated relative to the primary vertex.
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Jet Vertex Tagger (JVT) Significant fraction of reconstructed jets are originated from pile-
up, particularly when they are low-pT. In order to suppress the contamination, a pile-up jet
rejection is applied using the Jet Vertex Tagger (JVT) discriminant [213] exploiting the vertex
information. The initial step is to classify tracks in the jet as either originating from the hard-
scatter vertex or pile-up vertices. Subsequently, the ratio of the total momentum of the tracks
to the jet energy is computed for each classification and used for discrimination. The sum of
the track pT from the pile-up vertices is proportional to the number of pp collisions in each
event. The sum of the track pT is divided by the number of tracks to eliminate this dependency.
The ratio between the sum of the track pT from the hard-scatter vertex and pile-up vertices is
called the corrected Jet Vertex Fraction (corrJVF). Since the corrJVF becomes smaller when the
number of tracks from the hard-scatter vertex is small, the selection for the corrJVF is adjusted
according to the sum of the pT of the tracks relative to the jet energy. Jets with pT < 60 GeV
and within the ID acceptance (|η| < 2.5) are required to pass the FixedEffPt working point of
the JVT.

Flavor tagging Jets containing b-hadrons, referred to as b-jets, are characterized by the long
lifetime of the b-hadrons and multiplicity of decay objects from b-hadrons. Identifying b-jets
involves a two-stage approach: low-level algorithms that produce discriminants based on track
inputs and a high-level algorithm that combines the output from low-level algorithms to maxi-
mize performance. The low-level algorithm is broadly categorized into two methods: one utilizes
the impact parameters of individual tracks associated with jets, while the other reconstructs sec-
ondary vertices using tracks. In this thesis, the DL1dv01FixedCutBeff85% working point is used
for b-jet flavor tagging. The identification criteria are tuned to an average identification effi-
ciency of 85% as obtained for b-jets in simulated tt̄ events, corresponding to rejection factors
of 29, 2.6, and 3.9 for jets originating from light quarks and gluons, c-quarks, and τ -leptons,
respectively [214].

Energy Reconstruction The measurement from reconstructed jets in sampling calorimeters
represents only a fraction of the total energy. To obtain the complete energy, it is necessary to
scale the measured energy and calibrate the measured energy resolution. The energy scale and
resolution of the jets, referred to as Jet Energy Scale (JES) and Jet Energy Resolution (JER),
are calibrated through the following steps.

1. Pile-up correction : The energy deposit from pile-up contributions is subtracted from
the measured energy in the first step. The medium transverse energy density ρ is calcu-
lated from topo-clusters using kt jets [215, 216] and multiplied by the area of the jet for
subtraction [217].

2. MC-based calibration : The energy response in simulations is corrected to match the
response measured in the data. The energy response, denoted as R = Ereco/Etruth, is
measured as a function of η and the energy of the jets and then applied to the simulations.

3. Global sequential calibration : The energy response between the truth jet and the
reconstructed jet may differ depending on other sources, such as the flavor of the jets.
To account for these variations, additional variables that characterize the jets are used
to correct the energy response, such as the fraction of the measured energy from tracks
associated with the jet.

4. In-situ calibration : The final calibration step is applied exclusively to the data to
address the residual difference between the reconstructed jets in the data and the truth jets
in the simulations. The energy ratio between jets and well-measured reference objects, such
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as Z bosons, photons, and low-pT jets, is measured in both the data and the simulation.
The calibration process consists of three steps. In the first step, using the multijet process,
the “η intercalibration” is applied to calibrate the jets in the forward regions (0.8 ≤ |η| ≤
4.5). The second step involves using Z + jets and γ+ jets processes to calibrate jets with
pT in the range of 17 < pT < 1000 GeV and 25 < pT < 1200 GeV, respectively. Finally,
the calibration step using the multijet process is applied to calibrate jets with high pT up
to 2.4 TeV.

6.8 Overlap Removal between the Reconstructed Objects

The overlap removal procedure utilizes collections of electrons, muons, and jets to eliminate
overlapping objects based on the ∆R between two objects or whether the objects share ID tracks.
When high-momentum hadronic sources undergo semi-leptonic decays, the alignment between
jets and leptons becomes very close. The ∆R is adjusted with the lepton pT to avoid overlap
between these objects. The sequence of removing overlap between the reconstructed objects is
detailed in Table 6.1. First, the electron-electron overlap removal7 and electron-muon overlap
removal aim to remove electrons from the bremsstrahlung photon radiated from the original
lepton. Next, as an electron is usually clustered as well as a jet, jets in proximity to electrons
are removed in the jet-electron overlap removal. Then, electrons from semi-leptonic decays of
heavy flavored hadrons is suppressed by the electron-jet overlap removal. Subsequently, to reduce
“jets” reconstructed from bremsstrahlung photon energy deposit in the EM calorimeter and ID
track of the muon, jet-muon overlap removal is performed. Finally, the muon-jet overlap removal
is performed to suppress muons from from semi-leptonic decays of heavy flavored hadrons.

6.9 Missing Transverse Energy

In the LHC, the transverse energy of particles produced from the pp collision is conserved and
equals to zero. The total transverse momentum of particles that do not leave signals in the
detector, such as neutrinos or neutralinos, can be calculated by taking the negative vector sum
of the transverse momentum of the reconstructed physics objects and the “soft term” [218]. The
soft term consists of tracks associated with the primary vertex but not with the baseline objects.
The vector sum is called the missing transverse momentum (pmiss

T ), and its magnitude is called

Table 6.1: The order of overlaps removed between reconstructed objects. The sequence is done
from top to bottom. “Target” refers to the object that will either be discarded or kept based on
each criterion between “Reference” object. ∆R is calculated as the positional difference between
the reference and target object.

Target Reference Criterion

Electron Electron Reject an electron if they share a track with a electron with higher pT
Electron Muon Reject an electron if associated ID track is shared with a muon
Jet Electron Reject a jet if not a b-jet and ∆R < 0.2 with a electron
Electron Jet Reject an electron if ∆R < min(0.4, 0.04 + 10 GeV/peT) with a jet
Jet Muon Reject a jet if not a b-jet and ∆R < 0.2 with a muon
Muon Jet Reject a muon if ∆R < min(0.4, 0.04 + 10 GeV/pµT) with a jet

7“A-B overlap removal” refers to the overlap removal where A is the target object and B is the reference
object.
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Table 6.2: Summary of object definitions utilized in this thesis.

Property Signal Baseline

Jets

Kinematic pT > 20 GeV, |η| < 2.8 pT > 20 GeV, |η| < 4.5

Pile-up mitigation JVT FixedEffPt for pT < 60 GeV, |η| < 2.5

b-tagging DL1dv01FixedCutBeff85% for pT > 20 GeV, |η| < 2.5

Electrons

Kinematic pT > 4.5 GeV, |η| < 1.37 or 1.52 < |η| < 2.47

Identification TightLLH LooseAndBLayerLLH

Isolation Tight VarRad –

Impact parameter |d0/σ(d0)| < 5, |z0 sin θ| < 0.5 mm |z0 sin θ| < 0.5 mm

Quality
pass ECIDS –

AmbiguityType = 0, AddAmbiguity ≤ 0 –

Muons

Kinematic pT > 3 GeV, |η| < 2.5

Identification Medium Medium

Isolation PflowTight VarRad –

Impact parameter |d0/σ(d0)| < 3, |z0 sin θ| < 0.5 mm |z0 sin θ| < 0.5 mm

the missing transverse energy (Emiss
T ). It is contructed by four independent terms as:

pmiss
T := −

∑
pe
T −

∑
pµ
T −

∑
pjet
T − psoft

T , (6.6)

where the first three terms (electron term / muon term / jet term) are the the vectoral sum of
pT of the objects after the calibration and the overlap removal. The last term is the soft term
accounting for the residual visible momentum mainly from soft jets and mis-identified muons.
This thesis uses the Tight working point for the Emiss

T to minimize pile-up dependence in the
soft term. The Tight working point calculates the Emiss

T without forward jets with |η| > 2.4 and
20 < pT < 30 GeV, where more pile-up jets fall in.

6.10 Object Definition in the Analysis

The selection criteria for kinematics, identification, and isolation of physics objects are summa-
rized in Table 6.2. For electrons and muons, two working points are defined. The “baseline”
working point refers to a set of relaxed selection criteria designed to supress additional prompt
leptons from the event. In contrast, the “signal” working point employs more stringent criteria
to effectively reject fake leptons, incorporating stricter identification, impact parameter cut, and
isolation requirements in addition to the baseline criteria. Search regions in this analysis are
defined with exactly three baseline and signal leptons.



70

Chapter 7

Event Selection

This chapter outlines the selections applied to define signal regions (SRs). SRs are optimized to
enhance targeted SUSY signals while reducing the SM backgrounds. Different level of event selec-
tion will be discussed from the event cleaning selection (Section 7.1), preselection (Section 7.2),
design of the SR binning, and the optimization of background rejection cuts (Section 7.3). The
signal composition in each SR is discussed in Section 7.4.

7.1 Event Cleaning

Data utilized for physics analyses must meet specific criteria to ensure the detector’s optimal
functioning. Events recorded during periods of detector malfunction or those containing unqual-
ified objects, such as cosmic muons and beam-induced backgrounds, should be excluded. The
presence of such events can lead to anomalous observables, such as exceptionally high jet pT or
Emiss

T . Even a small number of these contaminating events can significantly impact SRs, partic-
ularly in analyses targeting high-energy kinematics where only a limited number of background
events are anticipated.

Initially, data recorded with more than 10% of sub-detectors in an inappropriate state are
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excluded from the analysis. Subsequently, events influenced by noise bursts in LAr and SCT,
as well as those affected by corrupted data transmission in LAr and the Tile calorimeter, are
also vetoed. To eliminate cosmic muons, a requirement is imposed that the muon track must be
sufficiently close to the primary vertex, specifically defined by the conditions |z0 sin θ| < 1 mm
and |d0| < 0.2 mm. Beam-induced backgrounds consist of events featuring muons produced
by secondary cascades of protons that travel upstream of the IP. The energy deposits from
these muons can be reconstructed as jets, potentially reaching energies comparable to that
of the beam. Additionally, high-energy muons with suboptimal momentum measurement can
contribute to spurious high Emiss

T values, which may extend up to several TeV. Such muons
are characterized by the condition σ(q/p)/(q/p) > 0.4, where q denotes the muon charge, p
represents the momentum, and σ(q/p) indicates the fitting uncertainty. Any event containing
at least one of these poorly measured muons will be vetoed entirely. To reject the jets not
originating from the LHC beam collisions, event with jets flagged as “BadLoose” [219] are
vetoed. Jets from non-collision backgrounds can be identified by checking the shower shape and
direction of the jet relative to the IP. Moreover, jets generated by non-collision backgrounds do
not have associated tracks and can be distinguished by considering the ratio of the total pT of the
associated tracks to the total energy of the jet. Fig. 7.1 shows the ϕ distribution of Emiss

T (ϕMET)
in the preselection region, which will be defined in Table 7.1. The beam-induced background
will cause peaks in ϕMET distribution at |ϕMET| = 0, π because it is bent in that direction by
the recombination dipole. The figure shows that there is no peak around |ϕMET| = 0, π and the
data and MC simulations show good agreement.

7.2 Preselection

As mentioned in Section 3.3, the target of this thesis is the ℓ̃+L ℓ̃
−
L and ℓ̃±L ν̃ production with

the three lepton final state. The preselection is the common selection for all the SRs in this
analysis, which is defined in Table 7.1. Fig. 7.2 is a validation plot showing the leading lepton
pT, sub-leading lepton pT, 3rd leading lepton pT, mℓℓ, E

miss
T , mmin

T , and m3ℓ distribution of the
data and MC simulation after the preselection being applied, which shows a good agreement.
The standard definition of transverse mass, mT, when trying to reconstruct the W boson mass
is

m2
T(ℓ, ν) = 2pℓTE

miss
T [1− cos(ϕℓ − ϕMET)], (7.1)

which should have a kinematic edge at the W boson mass of 80.4 GeV. mmin
T is defined as the

minimum mT of all lepton-Emiss
T pairings for which the other two leptons form a same-flavor

opposite-sign (SFOS) pair. In three lepton final states, where the major background is WZ,
the lepton used in this equation is conventionally the one which is not already assigned to the
Z. However, since the Z boson can be off-shell, a selection which minimizes |mℓℓ −mZ | may
not choose the correct leptons. For this reason mmin

T was introduced by an earlier three lepton
search [220]. By using mmin

T for event selection, sensitivity to signals can be maximized, which
will be shown in Fig. 7.4(b)(c).

7.3 Optimization and Definition of SRs

Fig. 7.3(a) shows the lepton charge/flavor combination for the signals and backgrounds. Events
with more than one SFOS lepton pair are filled in SFOS bin. Events with zero SFOS pair and
more than one different-flavor opposite-sign (DFOS) lepton pair are in DFOS bin and events with
same-sign three leptons are filled in SS bin. Nearly 90% of the signal falls into the SFOS bin, and
SS lepton combination have a significantly large signal-to-background ratio compared to other
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Figure 7.2: Kinematic distribution after the preselection (Table 7.1). The dashed line illustrates
signal simulation samples with different masses. The hatched band includes the MC statistical
uncertainties. The bottom panel shows the ratio of the observed data and background yield
estimated directly from simulation samples.

lepton charge/flavor combinations. Number of signal events with DFOS pair is similar to that
of SS combination, while background level is ∼ 100 times larger compared to SS combination.
From these observations, we decided to use the SFOS and SS lepton combination as SRs. On the
other hand, Fig. 7.3(b) shows the nb-jets distribution. To reduce the top contribution, nb-jets = 0
selection is imposed to all SRs.

Two types of SRs, SROS and SRSS are defined. The SRs are designed to optimize the sig-

Table 7.1: Event preselection applied to all events for SRs.

Preselection
Variables

Trigger single-lepton

nbaselinelep , nsignallep = 3

pℓ1T , pℓ2T , pℓ3T [GeV] > 28, 20, 10
nb-jets = 0
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Figure 7.2: Kinematic distribution after the preselection (Table 7.1). The dashed line illustrates
signal simulation samples with different masses. The hatched band includes the MC statistical
uncertainties. The bottom panel shows the ratio of the observed data and background yield
estimated directly from simulation samples. (cont.)

nificance (Z) while assigning a total uncertainty of 30% to the background yields. This level of
background uncertainty is reasonable based on the systematic uncertainty estimation which will
be outlined in Chapter 9. The significance (Z) is defined as Ref. [221],

Z =

√
2

(
n ln

[
n(b+ σ2)

b2 + nσ2

]
− b2

σ2
ln

[
1 +

σ2(n− b)

b(b+ σ2)

])
, (7.2)

where b is the number of expected background events with uncertainty σ and n is the number
of signal events plus the number of background events.

On top of the preselection (Table 7.1), SROS requires to have at least one SFOS lepton
pair. Further cuts are applied to define the regions enriched with signals compared to the SM
backgrounds. The Emiss

T cut is useful to reduce Z + jets background, which have no real Emiss
T

owing to neutrinos, andWZ background which tends to have small Emiss
T since both bosons must

decay leptonically in a three lepton final state. The Emiss
T distribution is shown in Fig. 7.4(a). A

lower Emiss
T cut of 150 GeV is applied in SROS. Transverse mass mmin

T is also used to reduce WZ
background. A comparison between the usual mT calculated by using the lepton left over from
the Z boson and mmin

T is shown in Fig. 7.4(b)(c). It can be seen that the mT has a broader tail
compared to mmin

T in WZ. Because of the downward shift in background which is not present
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Figure 7.3: (a) Lepton charge/flavor combination in three lepton final state. Events with more
than one same-flavor opposite-sign (SFOS) lepton pair are in SFOS bin. Events with zero SFOS
pair and more than one different-flavor opposite-sign (DFOS) lepton pair are in DFOS bin and
events with three lepton same-sign are in SS bin. (b) nb-jets distribution in three lepton final
state. The dashed line illustrates signal simulation samples with different masses. The hatched
band includes the MC statistical uncertainties. The bottom panel shows the ratio of the observed
data and background yield estimated directly from simulation samples.

Table 7.2: Summary of selections for SR definition. The merged cells indicate the common
selections being applied across the regions in the same row. “–” indicates the absence of the
requirement on the variable speficied in the row. The number of same-flavor opposite-charge-
sign (SFOS) and different-flavor opposite-charge-sign (DFOS) lepton pairs are represented by
nSFOS and nDFOS respectively. If more than one SFOS lepton pairs are present in the event, the
invariant mass closest to 91.2 GeV is quoted for mℓℓ.

SROS-on SROS-off SRSS

Variables eee eeµ eµµ µµµ eee eeµ eµµ µµµ eee eeµ
2µ

(eµµ+ µµµ)

Trigger single-lepton

nbaselinelep , nsignallep = 3

pℓ1T , pℓ2T , pℓ3T [GeV] > 28, 20, 10
nb-jets = 0

nSFOS ≥ 1 ≥ 1 = 0
nDFOS – – = 0
mℓℓ [GeV] ∈ [81.2, 101.2] /∈ [81.2, 101.2] –
mmin

T [GeV] > 125 > 125 –
Emiss

T [GeV] > 150 > 150 > 50

a : ∈ [30, 200)
m3ℓ binning [GeV]a b : ∈ [200, 400) –

c : ∈ [400,+∞)

a The m3ℓ binning applies separately to each flavor channel of SROS.
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Figure 7.4: Emiss
T , mmin

T and mT distributions for SROS. Each plot is drawn without applying
selections to the variable illustrated. The dashed line illustrates signal simulation samples with
different masses. The hatched band includes the MC statistical uncertainties. The bottom panel
shows the significance (Z) calculated by accumulating the yields of the bins on the right side.
A total uncertainty of 30% is assumed for background yields.

in signal, mmin
T performs better as a discriminating variable than mT. A lower mmin

T cut of
125 GeV is applied in SROS.

SROS is divided into two regions, SROS-on and SROS-off, based on the invariant mass of the
SFOS lepton pair (mℓℓ). In case of more than one SFOS pair, the pair with mℓℓ closest to
the mass of the Z boson is used. SROS-on requires mℓℓ to be consistent with Z boson mass :
∈ [81.2, 101.2] GeV and SROS-off to be outside the Z boson mass window : /∈ [81.2, 101.2] GeV.

SROS-on and SROS-off are further binned by the trilepton invariant mass (m3ℓ). As shown
in Fig. 7.5, targeted signals exhibit a characteristic peak structure in m3ℓ distribution. The
position of cut-off in the m3ℓ distribution corresponds to the mass splitting of the ℓ̃L and χ̃0

1,
reflecting the events with the three leptons originating from the same side of the decay chain.
By binning into three regions, m3ℓ ∈ [30, 200),∈ [200, 400),∈ [400,∞) GeV, we achive a higher
sensitivity compared to the inclusive SR, and it also helps us to determine the detailed SUSY
mass hierarchy if some deviation from the SM is found. Each m3ℓ bin is denoted by the suffix,
a, b, and c. Finally, SROS is further divided into four separate flavor channels, eee, eeµ, eµµ,
µµµ8 to maximize the analysis power, resulting in a total of 24 (= 2× 3× 4) SR bins. Table 7.2

8This name only describes lepton flavor combination and does not imply pT order of leptons.
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Figure 7.5: Distributions of m3ℓ showing the expected SM background as well as signals with
various masses, for a selection of exactly three baseline and signal leptons and one or more SFOS
lepton pairs. The distributions are normalized to unity. Signals demonstrate a cut-off matching
the mass splitting of the ℓ̃L and χ̃0

1, while backgrounds do not. The dominant background in
this selection is WZ, with a smooth falling distribution.
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Figure 7.6: Emiss
T distribution for SRSS. Plot is drawn without applying the Emiss

T selection.
The dashed line illustrates signal simulation samples with different masses. The hatched band
includes the MC statistical uncertainties. The bottom panel shows the significance (Z) calculated
by accumulating the yields of the bins on the right side. A total uncertainty of 30% is assumed
for background yields.

summarizes the definition of SROS.

On the other hand, on top of the preselection (Table 7.1), SRSS requires all three leptons to
have the same charge. There are very few SM backgrounds which give rise to final states with
three same-sign leptons, and only full-leptonically decaying tri-boson (WZZ,ZZZ) remains as
an irreducible background. A loose Emiss

T cut, Emiss
T > 50 GeV, is also applied to reduce the

main WZ background while maintaining the number of signals, which Emiss
T distribution is
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shown in Fig. 7.6. The WZ background contaminates SRSS when the sign of one electron from
the Z boson decay is mis-identified. This is called as the charge-flip background and the details
will be described in Section 8.3. Small Emiss

T is expected in WZ since both bosons must decay
leptonically in a three lepton final state, while targeted signals have real missing energy from
the escaping neutralinos.

In addition, this search is carried out independently in the three separate flavor channels:
eee (SRSS-eee), eeµ (SRSS-eeµ), eµµ+ µµµ (SRSS-2µ).8 The eµµ and µµµ channels are merged
due to extremely low background level and difficulty in the background estimation in the µµµ
channel. This choice has been driven by the different SM background composition which is
expected depending of the flavors of the leptons in the final state. Moreover, higher sensitivity
is expected for the targeted signal by statistically combining the results in each independent
flavor channel. The definition of SRSS is also summarized in Table 7.2.

In this analysis, only the number of events in each SR bin is used to extract the signal, i.e.,
no shape fit is used. The method for signal extraction will be further discussed in Section 10.1.

7.4 Signal composition in SRs

Signal have several production modes and decay modes. Figures 7.7 and 7.8 show into which
SR the signals fall for each production mode and decay mode. Fig. 7.7 is for signal mass
m(ℓ̃±L , χ̃

0
3, χ̃

0
1) = (300, 200, 100) GeV where the χ̃0

3 → hχ̃0
1 decay is not allowed, and Fig. 7.8 is

for m(ℓ̃±L , χ̃
0
3, χ̃

0
1) = (400, 250, 100) GeV where the χ̃0

3 → hχ̃0
1 decay is allowed. It can be seen

that signals in SROS-on are mainly by ℓ̃±L ν̃ production with at least one leptonically decaying
Z boson which typical feynman diagram is shown in Fig. 7.9(a). SROS-off are dominated by
ℓ̃+L ℓ̃

−
L production with at least one leptonically decaying W boson decay as shown in Fig. 7.9(b).

Finally, signals in SRSS are mainly by ℓ̃±L ν̃ production and decay with same-sign W±W± pair
which diagram is shown in Fig. 7.9(c).
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Figure 7.7: Signal composition in terms of (a) production mode and (b) χ̃0
3 decay mode in each

SR. Signal mass is m(ℓ̃±L , χ̃
0
3, χ̃

0
1) = (300, 200, 100) GeV. The m3ℓ bins are merged and SRSS-2µ

is divided into SRSS-eµµ and SRSS-µµµ for illustration. χ̃0
3 → hχ̃0

1 is not allowed in this χ̃0
3 − χ̃0

1

mass splitting.
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Figure 7.8: Signal composition in terms of (a) production mode and (b) χ̃0
3 decay mode in each

SR. Signal mass is m(ℓ̃±L , χ̃
0
3, χ̃

0
1) = (400, 250, 100) GeV. The m3ℓ bins are merged and SRSS-2µ

is divided into SRSS-eµµ and SRSS-µµµ for illustration. χ̃0
3 → hχ̃0

1 is allowed in this χ̃0
3 − χ̃0

1

mass splitting.
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Chapter 8

Background Estimation

This chapter outlines the strategy used to estimate the yields of background processes that
mainly contribute to the SRs, followed by the strategy to validate this estimation approach.
The regions defined to constrain the background yields are called control regions (CRs), while
the regions for validation are called validation regions (VRs).

Section 8.1 provides an overview of the main backgrounds and briefly describes the estimation
methods. Details of the estimation strategy for each background are described in Sections 8.2,
8.3, and 8.4. Finally, Section 8.5 summarizes the consistency between data and the estimation
in VRs defined for each background estimation procedure.

8.1 Background Breakdown in the Signal Regions

The breakdown of physics processes in the SRs, estimated directly from the MC simulation
samples, is shown in Fig. 8.1. Backgrounds with one or more fake/non-prompt leptons which
do not originate from the hard scattering process are classified as “Fakes”. “Charge-flip” stands
for the backgrounds which contain one or more charge-flipped leptons. Top-like backgrounds (tt̄
and single-top) is not inculded in “Fakes” category even if it includes fake/non-prompt leptons
in the event, because of the independent estimation method. The “Others” category includes
contributions from W+ jets, Z + jets, di-boson (excluding full-leptonic W±Z and ZZ), and
Higgs processes. The main background consists of W±Z → ℓ±νℓ±ℓ∓, tri-boson and tt̄ in SROS

and charge-flip, fake backgrounds in SRSS.

Estimation strategy for each background is briefly summarized below.

WZ background in SROS: estimated by semi data-driven method
W±Z → ℓ±νℓ±ℓ∓ is a significant background process that contaminate the SROS. The
method used to estimate WZ follows a semi data-driven approach, where expected yields
are estimated from MC simulation that is normalized to data in a dedicated CR, which
detail will be described in Section 8.2. This approach relies on the fact that WZ is
produced via EW processes which can be accurately simulated using MC simulations.

Charge-flip background in SRSS: estimated by semi data-driven method
Charge-flip background is the main background in SRSS-eee and SRSS-eeµ. The charge-
flip events are mainly caused by the emission of a bremsstrahlung photon which through
interaction with detector material converts into a pair of secondary electron tracks. When
one of those tracks happens to better match the position of the calorimeter cluster than
the original electron track, which has a charge opposite to that of the prompt electron, it
can mimic the signal event. The charge-flip contribution coming from muons is negligible
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Figure 8.1: Background composition in terms of physics processes in each SR. Backgrounds
with one or more fake/non-prompt leptons which do not originate from the hard scattering
processes are classified as “Fakes”. “Charge-flip” stands for the backgrounds which contain
one or more charge-flipped leptons. Top-like backgrounds (tt̄ and single-top) is not inculded in
“Fakes” category in SROS even if it includes fake/non-prompt leptons in the event, because of the
independent estimation method. The “Others” category includes contributions from W+ jets,
Z + jets, di-boson (excluding full-leptonic W±Z and ZZ), and Higgs processes.

due to the overwhelmingly small probability of emitting a bremsstrahlung photon. The
contributions of the charge-flip events are evaluated by reweighting the MC simulations
using the scale factors obtained from Z → ee data. Detail of the methodology will be
described in Section 8.3.

Fake background in both SROS and SRSS: estimated by data-driven method
Fake background which contain fake/non-prompt leptons which do not originate from the
hard scattering processes contaminates all SRs. Fake and non-prompt leptons arise when
a light flavor jet is improperly identified as a lepton, when a heavy flavor hadron decays
semi-leptonically, or when a photon converts into a pair of leptons. While heavy flavor
decays and photon conversions actually result in a non-prompt but real lepton, we will
collectively refer to all of these as “fake” leptons for simplicity. It is normally challenging
to accurately model these events as there are many sources of fake lepton processes, each
of which is kinematically different and provides a relative contribution to the background
estimate that is dependent on the analysis phase-space. A data-driven “Fake Factor”
method [222, 223] is used to estimate the fake background, which will be described in
Section 8.4.

Top-like backgrounds (tt̄, single-top) in SROS: estimated directly by simulation
Top events with three leptons also include fake leptons which come predominantly from
b-jets originating from the decay of top quarks, which have a small theory uncertainty.
Though events typically involves one fake lepton, the tt̄ and single-top backgrounds are
exceptionally estimated using the MC simulation since the MC modeling is found to be
reasonable, which will be further discussed in Section 8.4.6.
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Other backgrounds : estimated directly by simulation
Other backgrounds are directly estimated fromMC simulations. Though almost all of them
are minor backgrounds, tri-boson backgrounds is the second or third leading background
in SROS. Since dedicated CRs or VRs for tri-boson processes is extremely hard to define,
tri-boson processes are directly estimated from MC simulations, and instead the cross-
section uncertainty is handled carefully (Section 9.1). There is some contribution from
WZ and ZZ in SRSS as seen in Fig. 8.1. These backgrounds do not yield a final state of
same-sign three-lepton at tree-level, but fall into SRSS when associated with a final state
radiation (FSR) photon which converts into e+e− pair. Since these electrons have all the
qualities of isolated electrons and the contribution to SRSS is minor, these backgrounds
are directly estimated by MC simulations.

8.2 Semi Data-driven Background Estimation for WZ

In this analysis, the W±Z → ℓ±νℓ±ℓ∓ process is main background in SROS. Backgrounds
originating from WZ are effectively constrained in CR that are kinematically close to SROS.
Normalization Factor (NF) for WZ is measured in CR, defined as

NF =
NData −Nnon-WZMC

NWZMC
, (8.1)

where NData and NWZMC represent the observed data and the expected yield for WZ in CR,
respectively. Nnon-WZMC represents the total expected yield from non-WZ backgrounds, in-
cluding the signal process. The measured NF is applied to the yields of WZ in SRs and VRs
estimated from MC simulation in order to obtain the expected yields.

8.2.1 Control Regions and Validation Regions

As discussed in Section 7.3, the SROS is defined in the mmin
T > 125 GeV and Emiss

T > 150 GeV
region. By lowering the mmin

T selection to 40 ≤ mmin
T < 80 GeV, we can obtain a region

where WZ dominates while signal contamination is low. This CR is denoted as CRWZ. The
purity of WZ in CRWZ is 94% and the signal contamination in this region does not exceed 3.2%.
Extrapolation along mmin

T is motivated by good modeling of mmin
T as shown in Fig. 8.2.

To ensure that the NF obtained in the CRWZ can be used in the SROS which is defined in high-
mmin

T range, we have defined several VRs which are summarized in Fig. 8.3. These VRs have
been defined by relaxing the mmin

T requirement to a medium-mmin
T range (80 ≤ mmin

T < 125 GeV)
or a low-Emiss

T range (80 ≤ Emiss
T < 150 GeV in SFOS on-shell region and 20 ≤ Emiss

T < 150 GeV
in SFOS off-shell region). To supress signal contamination in VRs, the Emiss

T range is adjusted
in SFOS off-shell region and njet = 0 cut is additionally imposed in low-Emiss

T region VRs.
Signal contamination in VRs does not exceed 12% of total background for un-excluded scenarios.
The VRs in SFOS on-shell (off-shell) region with medium-mmin

T range and low-Emiss
T range are

denoted as VRWZ-on-mmin
T (VRWZ-off-mmin

T ) and VRWZ-on-Emiss
T (VRWZ-off-Emiss

T ) respectively.
To summarize, the definition of the CR and VRs for the normalization of WZ is provided in
Table 8.1.

8.2.2 Fit Result for WZ normalization

The NF is determined by a background-only fit on the CRWZ. During the fit, the NF and all
nuisance parameters characterizing statistical and systematic uncertainties are allowed to float.
The details of the systematic uncertainties and the statistical procedure will be described in
Chaper 9 and Section 10.1. The NF of the WZ is derived to be 1.07± 0.06 assuming no signal
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T > 125 GeV. The dashed line illustrates
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uncertainties. The bottom panel shows the ratio of the observed data and background yield
estimated directly from simulation samples.
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Figure 8.3: Schematic views of region definition for WZ background estimation. The red,
green, and blue areas show the SRs, CR, and VRs used for the estimation of WZ. A single NF
is constrained by the CR in the low mmin

T range. The NF is extrapolated to the high mmin
T range

and multiplied to the WZ yields in the SRs. The VRs to validate the extrapolation of the NF
are defined in the medium-mmin

T and low-Emiss
T range. (a) “SFOS on-shell” stands for the region

with one or more SFOS lepton pairs in the event which have an invariant mass consistent with
the Z boson mass. (b) “SFOS off-shell” stands for the region with one or more SFOS lepton
pairs in the event with none of them having an invariant mass consistent with the Z boson mass.



8.2. SEMI DATA-DRIVEN BACKGROUND ESTIMATION FOR WZ 85

Table 8.1: Summary of the selection criteria for the CR and VRs for WZ, for the SROS-on and
SROS-off selection. The merged cells indicate the common selections being applied across the
regions in the same row. “–” indicates the absence of the requirement on the variable speficied
in the row. The number of same-flavor opposite-charge-sign (SFOS) is represented by nSFOS. If
more than one SFOS lepton pairs are present in the event, the invariant mass closest to 91.2 GeV
is quoted for mℓℓ.

CRWZ VRWZ-on-mminT VRWZ-on-EmissT VRWZ-off-mminT VRWZ-off-EmissT

Variables

Trigger single-lepton

nbaselinelep , nsignallep = 3

pℓ1T , pℓ2T , pℓ3T [GeV] > 28, 20, 10
nb-jets = 0
nSFOS ≥ 1

mℓℓ [GeV] – ∈ [81.2, 101.2] /∈ [81.2, 101.2]
mmin

T [GeV] ∈ [40, 80) ∈ [80, 125) ∈ [125,+∞) ∈ [80, 125) ∈ [125,+∞)
Emiss

T [GeV] ∈ [150,+∞) ∈ [150,+∞) ∈ [80, 150) ∈ [50,+∞) ∈ [20, 150)
njets – – = 0 – = 0

a : ∈ [30, 200)
m3ℓ binning [GeV] – b : ∈ [200, 400)

c : ∈ [400,+∞)

WZ purity 94% 93% 80% 87% 54%

Table 8.2: Observed data and estimated yields using results from the background-only fit in
the CRWZ. The uncertainties include both statistical and systematic uncertainties which will be
discussed in Chapter 9.

Region CRWZ

Observed 356

Fitted SM events 356 ± 19

WZ 335 ± 19
ZZ 2.8 ± 0.6
V V V 4.0 ± 1.5
tt̄ 4.1 ± 1.4
tt̄X 6.6 ± 1.2
Fakes 0.1 ± 2.6

0.1

Others 2.8 ± 1.6

contamination. The yields in the VRs are estimated by multiplying the derived NF by the
yields of WZ obtained from MC simulation samples. Estimated yield in CRWZ is summarized
in Table 8.2. The estimated yields and post-fit distributions in each VR are summarized in
Tables 8.3-8.4 and Fig. 8.4. The observed data are in good agreement with the estimated
numbers and distributions in all VRs.
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Table 8.3: Observed data and estimated yields using results from the background-only fit in
VRWZ-on-mmin

T and VRWZ-off-mmin
T . The uncertainties include both statistical and systematic

uncertainties which will be discussed in Chapter 9.

Region VRWZ-on-mmin
T -a VRWZ-on-mmin

T -b VRWZ-on-mmin
T -c

Observed 51 37 16

Fitted SM events 57 ± 5 42.8 ± 3.1 15.9 ± 1.3

WZ 52 ± 5 40.0 ± 3.0 15.0 ± 1.3
ZZ 0.89 ± 0.21 0.52 ± 0.28 0.12 ± 0.05
V V V 0.9 ± 0.5 0.7 ± 0.4 0.23 ± 0.15
tt̄ 0.4 ± 0.5

0.4 0.11 ± 0.11 0.03 ± 0.04
0.03

tt̄X 1.40 ± 0.27 1.18 ± 0.26 0.37 ± 0.11
Fakes 0.9 ± 0.8 0.00 ± 0.25

0.00 0.10 ± 0.16
0.10

Others 0.032 ± 0.011 0.24 ± 0.26
0.24 < 0.004

Region VRWZ-off-mmin
T -a VRWZ-off-mmin

T -b VRWZ-off-mmin
T -c

Observed 263 106 36

Fitted SM events 264 ± 19 132 ± 10 35.0 ± 2.7

WZ 205 ± 16 108 ± 9 29.9 ± 2.5
ZZ 8.1 ± 1.6 2.9 ± 0.6 0.72 ± 0.17
V V V 7.6 ± 3.1 7.3 ± 3.0 2.8 ± 1.2
tt̄ 22 ± 6 5.5 ± 1.6 0.46 ± 0.31
tt̄X 2.9 ± 0.6 2.4 ± 0.5 0.73 ± 0.18
Fakes 4.9 ± 3.1 2.3 ± 1.5 0.00 ± 0.22

0.00

Others 13 ± 6 3.5 ± 2.0 0.32 ± 0.23

8.3 Charge-flip Background Estimation

The charge-flip background is the main background in SRSS-eee and SRSS-eeµ. Charge-flip
is predominantly caused by matching of an incorrect track to the electron candidate (Type-
1 charge-flip) or the mis-measurement of the curvature of the primary electron track (Type-2
charge-flip). The primary cause for the Type-1 charge-flip is the pair of electrons generated by the
bremsstrahlung photon; three tracks are located in close proximity, with two of them having the
correct charge assignment, which creates ambiguity in identifying the primary electron track.
The schematic of Type-1 charge-flip is shown in Fig. 8.5(a). The main cause for the Type-2
charge-flip is the unconvered bremsstrahlung photon or the almost straight tracks of the high-
energy leptons; bremsstrahlung photon can traverse the ID without creating any track and the
electron track has usually very few hits or high-energy lepton tracks are approximately straight
and it is difficult to determine their curvature. The schematic of Type-2 charge-flip is shown in
Fig. 8.5(b). Because muons are much less likely to cause bremsstrahlung due to its heavy mass
and also because of the much longer lever arm of the MS compared to the calorimeter, muon
charge-flip probability is negligibly small. The fraction of the two charge-flip types depends on
the electron pT and its dependency is shown in Fig. 8.6. It can be seen that Type-1 charge-flip
dominates in low pT region and Type-2 charge-flip starts to account for more than 50% of the
total charge-flip for electrons with pT > 100 GeV.

Charge-flip is simulated by Geant4 in MC samples, but it is not reliable to use it immedi-
ately. This is due to the fact that charge-flip mainly occurs as a result of particle interactions
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Table 8.4: Observed data and estimated yields using results from the background-only fit in
VRWZ-on-Emiss

T and VRWZ-off-Emiss
T . The uncertainties include both statistical and systematic

uncertainties which will be discussed in Chapter 9.

Region VRWZ-on-Emiss
T -a VRWZ-on-Emiss

T -b VRWZ-on-Emiss
T -c

Observed 9 7 3

Fitted SM events 7.9 ± 1.6 8.1 ± 2.0 1.8 ± 0.6

WZ 6.6 ± 1.6 7.4 ± 1.9 1.5 ± 0.5
ZZ 0.49 ± 0.20 0.21 ± 0.10 0.044 ± 0.035
V V V 0.52 ± 0.24 0.56 ± 0.25 0.18 ± 0.09
tt̄ < 0.05 < 0.05 < 0.05
tt̄X 0.063 ± 0.023 0.026 ± 0.021 0.010 ± 0.011

0.010

Fakes 0.20 ± 0.24
0.20 0.00 ± 0.11

0.00 0.001 ± 0.013
0.001

Others < 0.002 < 0.002 0.10 ± 0.12
0.10

Region VRWZ-off-Emiss
T -a VRWZ-off-Emiss

T -b VRWZ-off-Emiss
T -c

Observed 11 10 3

Fitted SM events 12.0 ± 2.9 12.7 ± 3.5 5.1 ± 1.4

WZ 6.1 ± 2.0 7.2 ± 2.3 2.7 ± 1.0
ZZ 0.21 ± 0.08 0.34 ± 0.10 0.15 ± 0.09
V V V 1.5 ± 0.6 1.9 ± 0.8 1.4 ± 0.6
tt̄ 1.8 ± 0.8 0.74 ± 0.30 0.04 ± 0.05

0.04

tt̄X 0.08 ± 0.04 0.11 ± 0.05 0.029 ± 0.012
Fakes 0.00 ± 0.30

0.00 0.00 ± 0.20
0.00 0.31 ± 0.27

Others 2.3 ± 1.5 2.3 ± 2.0 0.5 ± 0.6
0.5

with the detector material, necessitating a highly precise modeling of the detector material to
reliably predict these events. A data-driven approach is used to tackle this problem; the prob-
ability of an electron undergoing charge-flip is measured from the data in Z → ee events and
compared to the prediction of the MC simulation. Z → ee events are used because they are easy
to tag and have a sufficient number of statistics for the lepton momentum region of interest. In
this analysis, a scale factor is derived for the electron charge-flip probability which is applied to
simulated events. The measurement of the charge-flip probability are presented in the following.

8.3.1 Methodology for Charge-flip Scale Factor Estimation

The charge-flip probability is measured performing a likelihood fit on a Z → ee data sample
in the range of mee ∈ [80, 100] GeV. The mee distribution of same-sign (SS) and opposite-sign
(OS) data and MC in mee ∈ [60, 120] GeV region is shown in Fig. 8.7(a). The mee distribution
of each charge-flip type is shown in Fig. 8.7(b). SS data and MC have a mass peak around mZ

which is caused by the charge-flip of one electron from Z → ee. It can be seen that charge-flip
occurs with a probability of O(10−3). The mass peak of SS data and MC is shifted to lower
mℓℓ compared to OS data and MC. Fig. 8.7(b) shows that only Type-1 charge flip exhibits this
feature. This is because the track and the calorimeter cluster in Type-1 charge-flip mainly arise
from the conversion electron which have lower momentum and energy compared to the original
electron.

The numbers of SS and OS electron pairs in the sample (N ij = N ij
SS + N ij

OS) are inputs of
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Figure 8.4: Example kinematic distributions after the background-only fit, showing the data
and the post-fit expected background. The figure shows the Emiss

T and mmin
T distributions in

VRs for estimating WZ events. The last bin includes overflow. The “Others” category includes
contributions from W+ jets, Z + jets, di-boson (excluding full-leptonic W±Z and ZZ), Higgs,
and single-top processes. The hatched band includes the combined statistical and systematic
uncertainties which will be discussed in Chapter 9. The bottom panel shows the ratio of the
observed data to the predicted yields.

the fit. The probability to observe N ij
SS SS pairs follows the Poisson probability:

f(N ij
SS , λ) =

λN
ij
SSe−λ

N ij
SS !

, (8.2)

with λ = [Pi(1 − Pj) + Pj(1 − Pi)]N
ij denotes the expected number of SS pairs in bin (i, j) of

a given kinematical distribution for the electron, given the charge-flip probabilities Pi and Pj .
The log likelihood can be written as

− logL(P |NSS ,N) =
∑
i,j

log{N ij [Pi(1− Pj) + Pj(1− Pi)]}N ij
SS −N ij [Pi(1− Pj) + Pj(1− Pi)].

(8.3)
The charge-flip probability is parameterized as a function of electron pT and |η|. Two type
of parametrization is used; full 2D paramterization, P (pT, |η|), which have Nη−bin × NpT−bin
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Figure 8.5: Schematic of the charge-flip. (a) Charge-flip caused by the matching of an incorrect
track to the electron candidate. The primary cause for the incorrect association of a track with
the electron candidate is the pair of electrons generated by the bremsstrahlung photon; three
tracks are located in close proximity, with two of them having the correct charge assignment,
which creates ambiguity in identifying the primary electron track. (b) Charge-flip caused by the
mis-measurement of the curvature of the primary electron track. The main cause for the mis-
measurement of the curvature of the primary electron track is the unconvered bremsstrahlung
photon or the almost straight tracks of the high-energy leptons; bremsstrahlung photon can
traverse the ID without creating any track and the electron track has usually very few hits
or high-energy lepton tracks are approximately straight and it is difficult to determine their
curvature.

parameters; and 1D × 1D paramterization, P (pT, |η|) = σ(pT) × f(|η|), which decreases the
number of parameters to Nη−bin + NpT−bin − 1. In the 1D × 1D paramterization, σ(pT) is
set to 0.01 for the first pT bin to ensure the proper normalization of P (pT, |η|). This 1D × 1D
parametrization assumes that bremsstrahlung probability is pT dependent; it effectively extracts
the η dependence of bremsstrahlung probability and scales it with a pT scale. Fit with 1D× 1D
paramterization has a much smaller statistical uncertainty and allows us to measure charge-flip
probability of highly energetic electrons (pT > 200 GeV). We use two definitions of pT and η
binning; “fine binning” for the measurement of scale factors with 11 pT and 15 η bins; and
“coarse binning” for the evaluation of parametrization systematic uncertainties with 4 pT and
7 η bins which will be further discussed later.

A schematic view of the charge-flip scale factor measurement is shown in Fig. 8.8. mee ∈
[80, 100] GeV is defined as the main region to measure scale factors and the mass sidebands
are defined in mee ∈ [60, 80) GeV and mee ∈ (100, 120] GeV. MC charge-flip probabilities are
measured in the main region using MCs with fake and FSR events removed. FSR is a process
where a photon is emitted already in the MC generator as one of final state particles and may
convert to a pair of electron-positron in the simulation, which results in the OS or SS electron pair
with 50%-50% probability. mee distribution for FSR events is shown in Fig 8.7(b). Charge-flip
is by definition purely a detector effect and should therefore not be a consequence of generator
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Figure 8.7: Z → ee peak used for charge-flip scale factor measurement. (a) The opposite-sign
(black) and same-sign (red) Z → ee peak. The solid lines correspond to the SM contribution
without correction for charge-flip. The hashed band includes the MC statistical uncertainties.
Data are represented by the solid dots. (b) Charge-flip type composition in the same-sign Z → ee
peak. Same-sign electron pair due to final state radiation is denoted as FSR. Type-1 charge-flip
is due to the electron candidate being matched to an incorrect track. Type-2 charge-flip is due
to the mis-measurement of the curvature of the primary electron track.

level effects, therefore FSR events must be removed from the scale factor measurement. For
the data charge-flip probabilities measurement, we need to remove the FSR contribution and
processes other than Z → ee such as fake lepton events. FSR events in data are subtracted
using MC which is denoted as “FSR subtraction” in Fig. 8.8. Since the modeling of fake lepton
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events in MC is generally not good, a sideband subtraction method is implemented. Average
number of data in two sidebands is used as the background number in the main region and is
subtracted from data which is denoted as “Sideband subtraction” in Fig. 8.8.

Charge-flipped electrons in simulated events are corrected with a charge-flip scale factor,
wCF . This is defined as wCF = P (pT, |η|; data)/P (pT, |η|; MC). Note that charge-flip probabil-
ities are not used directly in the analysis but rather scale factors are derived as ratio of data to
MC charge-flip probabilities. This is becuase 1D× 1D parametrization introduces a bias in the
charge-flip probability originating from the assumption that bremsstrahlung probability is pT
dependent, as shown in Fig. 8.9(a) which compares the measured MC charge-flip probability and
the MC truth charge-flip probability with the fine (pT, |η|) binning. As seen in Fig. 8.9, the bias
by the 1D×1D parametrization appears in the low-η high-pT bins as under-estimation compared
to the MC truth charge-flip probability and as over-estimation in the high-η high-pT bins. With
the fine binning, 2D parametrization did not converge because of the lack of statistics, however
it has a better agreement with the MC truth charge-flip probability which we have confirmed in
the coarse (pT, |η|) binning, Fig. 8.9(b). The 1D × 1D parametrization bias in the charge-flip
probability will also appear in the measured data charge-flip probability and it is expected to
cancel out when we calculate the scale factors, wCF = P (pT, |η|; data)/P (pT, |η|; MC). The
potential remaining bias in the scale factors is taken into account by the systematic uncertainty
which is evaluated by comparing the 1D×1D and 2D parametrization scale factors in the coarse
(pT, |η|) binning.

The data-driven method of determining the charge-flip scale factors is affected by the fol-
lowing systematic uncertainties:

Main region
w/o fakes, FSR

MC charge-flip
probability

Sideband low
FSR only

Main region
FSR only

Sideband high
FSR only

MC

Sideband low Main region Sideband high

𝑚!! :   60 GeV                        80 GeV                      100 GeV                     120 GeV

Data Data 
charge-flip
probability

FSR subtraction

Sideband subtraction

Figure 8.8: Schematic view of the charge-flip scale factor measurement. mee ∈ [80, 100] GeV
is defined as the main region to measure scale factors. Low and high mass sidebands in mee ∈
[60, 80) GeV and mee ∈ (100, 120] GeV respectively are defined for the background subtraction
in data. MC charge-flip probabilities are measured in the main region using MCs with fake and
FSR events removed. Contribution from FSR events in data are subtracted using MC (FSR
subtraction). mee sidebands are used to subtract contribution besides Z → ee including fake
lepton events. Average number of data in two sidebands is used as the background number in
the main region (Sideband subtraction).
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Figure 8.9: Comparison of the measured MC charge-flip probability and the MC truth charge-
flip probability. x-axis is (η bin number) ×NpT−bin+ (pT bin number). Lower panel shows the
ratio of estimated and true charge-flip probabilities in MC simulation. (a) 1D×1D parametriza-
tion in fine (pT, |η|) binning. (b) 1D × 1D and 2D parametrization in coarse (pT, |η|) binning.

• Fit uncertainty of the likelihood fit parameters : Charge-flip scale factors, derived
for the SS MC events, have a fit uncertainty assigned through the likelihood fit. They are
varied corresponding to the magnitude of the uncertainty to obtain the final statistical
uncertainty of the charge-flip background prediction.

• FSR subtraction variation : Contribution from FSR photons is subtracted from Z →
ee peak, since they produce a OS or SS electron pair with 50%-50% probability. FSR
subtraction systematic uncertainties are calculated by comparing scale factors with and
without FSR subtraction. The difference between the scale factors with FSR subtraction
as nominal and without FSR subtraction is assigned as a symmetric uncertainty to scale
factors.

• Sideband subtraction variation : mee sideband, ∈ [60, 80), (100, 120] GeV, is used
to subtract contribution besides Z → ee. Average of the two sidebands is used as the
background number in the main region. Sideband subtraction systematic uncertainties
are calculated by comparing scale factors with and without sideband subtraction. The
difference between the scale factors with sideband subtraction as nominal and without
sideband subtraction is assigned as a symmetric uncertainty to scale factors.

• 1D × 1D, 2D parametrization non-closure : Potential difference between 1D × 1D
paramterization and 2D paramterization is accounted for by applying the symmetric sys-
tematic uncertainties obtained by comparing the scale factors between 1D × 1D param-
terization and 2D paramterization in coarse (pT, |η|) binning. Coarse (pT, |η|) binning is
used since 2D paramterization fit did not converge for fine (pT, |η|) binning which is used
for the 1D × 1D parametrization fit.

8.3.2 Measurement of Charge-flip Scale Factor

Event selection summarized in Table 8.5 is used to extract Z → ee events. This region is
denoted as CRCF. Charge-flip probabilities vary between 0.001% to 20% depending on pT and
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Table 8.5: Definitions of the CR to measure charge-flip scale factors. nSFOS represents the
number of same-flavor opposite-charge-sign (SFOS) lepton pairs.

CRCF

Variables

Trigger single-electron

nbaselinelep , nsignallep = 2

pℓ1T , pℓ2T [GeV] > 28, 10
nb-jets = 0
nSFOS = 1
mee [GeV] ∈ [60, 120]
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Figure 8.10: Charge-flip probabilities in data and MC (upper panel) and the scale factors (lower
panel) as the function of electron pT at a specific |η| slice (0.8 ≤ |η| < 1.15; left) or as the
function of electron |η| at a specific pT slice (30 ≤ pT < 35 GeV; right). The uncertainties on
the data charge-flip probability and the scale factors include both the statistical and systematic
components.

|η| (examples are in Fig. 8.10, all plots in Appendix B). High pT electrons tends to have larger
charge-flip probability due to the increasing bremsstrahlung probability and the track being
straighter. Also high |η| electrons tends to have larger charge-flip probability due to more
detector materials in the forward region.

Scale factors are calculated based on charge-flip probabilities. Nominal scale factors and
relative uncertainties for each systematic variation are shown in Fig. 8.11. These scale factors
are derived as the ATLAS-wide official charge-flip scale factor and will also be used by other
analyses which are affected by the charge-flip background. The largest MC mismodeling appears
at low |η| and high pT region. FSR subtraction and sideband subtraction systematic uncertainties
dominates the uncertainty at low pT region, while the high pT region uncertainty is mainly from
the parametrization non-closure and the fit uncertainty due to small statistics.

A closure test was performed to verify the likelihood fit. SS pairs with the invariant mass
mee ∈ [80, 100] GeV are selected from data and compared to the charge-flip prediction by
applying charge-flip scale factors to SS MC events. The resulting distributions, which is shown
in Fig. 8.12, exhibit a good agreement compared to the initial distributions of the SS Z → ee
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Figure 8.11: The electron charge-flip scale factors and uncertainties. (a) Nominal scale factors.
Uncertainties of the likelihood fit are also shown as errors. (b),(c),(d) Relative uncertainties for
each systematic uncertainties.

events which are also shown for comparison. These distributions allow to conclude that the
reweighting procedure applied to the SS MC events takes into account possible mismodeling of
the MC events with respect to the data, and works well.
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Figure 8.12: Results of the charge-flip closure test. Distributions are shown without (left
column) and with (right column) charge-flip scale factors. Distributions besides mℓℓ use events in
the range mℓℓ ∈ [80, 100] GeV. The black hatched band includes the MC statistical uncertainties
and red hatched band includes the systematic uncertainties on charge-flip scale factors. The
bottom panel shows the ratio of the observed data to the predicted yields.
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Figure 8.12: Results of the charge-flip closure test. Distributions are shown without (left column)
and with (right column) charge-flip scale factors. Distributions besides mℓℓ use events in the
range mℓℓ ∈ [80, 100] GeV. The black hatched band includes the MC statistical uncertainties
and red hatched band includes the systematic uncertainties on charge-flip scale factors. The
bottom panel shows the ratio of the observed data to the predicted yields. (cont.)
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Figure 8.13: WZ OS events reweighting using the Z → ee MC charge-flip probability. Left
(right) column shows the pT,|η| and Emiss

T distribution for eee (eeµ) events. Red line is the
reweighted OS distribution with black hatch band showing the MC statistical uncertainties.
Black dots show the SS distribution with MC statistical uncertainties. Lower panel shows the
ratio of the SS MC and the reweighted OS MC events.
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8.3.3 Charge-flip Source Dependency

Charge-flip scale factors are measured using Z → ee events, however the main charge-flip source
for SRSS is WZ. To account for the potential difference between Z → ee and WZ, a study on
charge-flip source dependency was conducted using Z → ee and WZ MCs. WZ OS events are
reweighted into SS events using the Z → ee MC truth charge-flip probability. The weight used
to reweight the OS eee events is

w =
ϵ1(1− ϵ2)(1− ϵ3) + (1− ϵ1)ϵ2ϵ3

1− (ϵ1(1− ϵ2)(1− ϵ3) + (1− ϵ1)ϵ2ϵ3)
, (8.4)

where ϵ1, ϵ2 and ϵ3 are charge-flip probabilities for the three electrons in the OS event and ϵ1 is
the charge-flip probability for the electron that would result in a SS event if this electron charge
were mis-identified. On the other hand, the weight used to reweight the OS eeµ events is

w =
ϵ1(1− ϵ2)

1− (ϵ1(1− ϵ2) + (1− ϵ1)ϵ2)
, (8.5)

where ϵ1 and ϵ2 are charge-flip probabilities for the two electrons in the OS event and ϵ1 is the
charge-flip probability for the electron that would result in a SS event if this electron charge
were mis-identified. pT and |η| of all electrons and Emiss

T distribution in reweighted OS and
SS WZ events are presented in Fig. 8.13. Reweighted OS distributions are compatible within
statistical uncertainty both in eee and eeµ events. Conservatively, we decided to apply a 20%
flat systematic uncertainty to account for the difference in the charge-flip source.

8.3.4 Validation Regions for Charge-flip Background

To check the charge-flip estimation in SRSS-eee and SRSS-eeµ, VRs in low Emiss
T region is defined

as Table 8.6. To increase the statistics, region which does not require ECIDS for the leading
lepton, VRSS-noECIDS, is also defined. Signal contamination in VRSS-eee and VRSS-eeµ does
not exceed 8% for un-excluded scenarios. Yields are summarizied in Table 8.7 and an example
kinematic distribution in VRSS-noECIDS is shown in Figure 8.14. The observed data are in good
agreement with the estimated numbers in all VRs.

Table 8.6: Definitions of the VRs for validating the estimations of the charge-flip events in SRSS.
In rows where only one value is given it applies to all regions. nSFOS represents the number
of same-flavor opposite-charge-sign (SFOS) lepton pairs and nDFOS represents the number of
different-flavor opposite-charge-sign (DFOS) lepton pairs in three leptons.

VRSS (-noECIDS)

Variables eee eeµ

Trigger single-lepton

nbaselinelep , nsignallep = 3

pℓ1T , pℓ2T , pℓ3T [GeV] > 28, 20, 10
nb-jets = 0

nSFOS = 0
nDFOS = 0
Emiss

T [GeV] < 50
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Table 8.7: Observed data and estimated yields using results from the background-only fit in
VRSS-eee, VRSS-eeµ, VRSS-noECIDS-eee and VRSS-noECIDS-eeµ. The uncertainties include both
statistical and systematic uncertainties which will be discussed in Chapter 9.

Region VRSS-eee VRSS-eeµ VRSS-noECIDS-eee VRSS-noECIDS-eeµ

Observed 2 1 4 4

Total 1.6 ± 0.4 1.2 ± 0.4 4.2 ± 1.2 5.0 ± 1.0

Charge-flip 1.03 ± 0.32 0.97 ± 0.30 2.5 ± 0.7 3.1 ± 0.8
Fakes 0.45 ± 0.21 0.20 ± 0.20 1.6 ± 0.9 1.9 ± 0.6
WZ 0.07 ± 0.07 0.015 ± 0.013 0.09 ± 0.08 0.08 ± 0.07
ZZ 0.013 ± 0.007 < 0.008 0.019 ± 0.023

0.019 0.008 ± 0.010
0.008

V V V < 0.005 0.008 ± 0.011
0.008 < 0.005 0.008 ± 0.011

0.008

tt̄ < 0.05 0.04 ± 0.07
0.04 < 0.05 0.04 ± 0.07
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Figure 8.14: Example kinematic distributions for the expected backgrounds and the data, ob-
tained from a background-only fit including syetematics uncertainties. The figure shows the
Emiss

T distribution in the merged region of VRSS-noECIDS-eee and VRSS-noECIDS-eeµ. The “Oth-
ers” category includes contributions from W+ jets, Z + jets, di-boson (excluding full-leptonic
W±Z and ZZ), Higgs, and single-top processes. The hatched band includes the combined sta-
tistical and systematic uncertainties which will be discussed in Chapter 9. The bottom panel
shows the ratio of the observed data to the predicted yields.

8.4 Fake/Non-prompt Lepton Background Estimation

Fake backgrounds which contain fake/non-prompt leptons not originating from the hard scat-
tering processes, arise when a light flavor jet is improperly identified as a lepton, when a heavy
flavor hadron decays semi-leptonically, or when a photon converts into a pair of leptons. Fake
leptons in the three lepton final state mainly arise from two types of processes:

1. Di-boson and Z + jets are backgrounds in this analysis when the bosons decay lepton-
ically and a jet or photon fakes an electron or muon.

2. tt̄ and single-top, collectively referred to as top-like backgrounds, which all have similar
final states and can thus be treated simultaneously. As tt̄ has the largest cross-section
among the top-like backgrounds and b-jets tend to result in fake leptons more frequently
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than light flavor jets or photon conversions, tt̄ is typically the dominant process contribut-
ing to the top-like backgrounds.

It is normally challenging to accurately model these events. Thus, a data-driven technique is
used for estimating these backgrounds excluding the top-like backgrounds. The “Fake Factor
method” [222, 223] is used, which relies on inverted lepton identification and isolation criteria
to estimate the fake lepton background. The Fake Factlor method will be further discussed in
Section 8.4.1 and the measurement of Fake Factors will be described in Section 8.4.2. Systematic
uncertainties of the fake estimation is listed in Section 8.4.3 and the validation of the Fake Factors
is done in Section 8.4.4. Due to the lack of statistics, fake lepton events in SRSS-2µ are estimated
using the “unusual” Fake Factor method. The estimation method and validation is described in
Section 8.4.5.

The top-like backgrounds, meanwhile, come predominantly from b-jets originating from the
decay of top quark which have small theory uncertainties. MC based approach is used for
top-like backgrounds, which will be further discussed in Section 8.4.6.

8.4.1 Fake Factor Method

The Fake Factor method uses two sets of lepton identification criteria. The first is the standard
lepton identification used by the analysis (referred to as signal, tight, or ID lepton criteria). The
second is an orthogonal criteria (referred to as loose or anti-ID lepton criteria) which is designed
to be enriched in fake leptons by relaxing or inverting various lepton identification criteria. The
definitions of the ID and anti-ID lepton criteria for electrons and muons in this analysis are
described in Table 8.8.

The Fake Factor F is defined as the ratio of the number of ID leptons to the number of
anti-ID leptons, which is measured in a kinematic region primarily consisting of fake leptons.
To ensure that only fake leptons are considered in the measurement of F , MC simulation is used
to remove contamination of events containing real prompt leptons. Thus, the Fake Factor takes

Table 8.8: ID and anti-ID electron and muon definitions used for the Fake Factor method.

Electrons Muons

ID

Pass TightLLH identification Pass Medium identification
|η| < 1.37 or 1.52 < |η| < 2.47 |η| < 2.5
Tight VarRad isolation PfowTight VarRad isolation
|d0/σ(d0)| < 5 |d0/σ(d0)| < 3
|z0 sin θ| < 0.5 mm |z0 sin θ| < 0.5 mm
Pass overlap removal Pass overlap removal
Pass ECIDS veto –
Pass Ambiguity cut –

Anti-ID

Pass LooseAndBLayerLLH identification Pass Medium identification
|η| < 1.37 or 1.52 < |η| < 2.47 |η| < 2.5
|z0 sin θ| < 0.5 mm |z0 sin θ| < 0.5 mm
Pass overlap removal Pass overlap removal
Pass ECIDS veto –
Pass Ambiguity cut –
Not ID Not ID
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the form:

F (i) =
Ndata

ID (i)−Nprompt MC
ID (i)

Ndata
anti-ID(i)−Nprompt MC

anti-ID (i)
, (8.6)

where N is the number of events and i refers to the ith bin (e.g. pT bin). Once the Fake
Factors have been measured in this fake-dominated region, it can then be used to obtain the
fake background estimate in the SRs. For the Fake Factor method, an “anti-ID CR” is used,
which is identical to the SR (or CR/VR) except that one or more of the ID leptons selections are
replaced to an anti-ID lepton selection. The estimation for the number of three lepton events
containing at least one fake lepton, NEst. Fake, is then:

NEst. Fake = F1(N
data
LTT −Nprompt MC

LTT ) + F2(N
data
TLT −Nprompt MC

TLT ) + F3(N
data
TTL −Nprompt MC

TTL )

−F1F2(N
data
LLT −Nprompt MC

LLT )− F1F3(N
data
LTL −Nprompt MC

LTL )− F2F3(N
data
TLL −Nprompt MC

TLL )

+F1F2F3(N
data
LLL −Nprompt MC

LLL )

(8.7)

where the subscript indicates the lepton identification of each lepton (e.g. “LTT” stands for when
the leading lepton is loose and the sub-leading and third leptons are tight) and the F1, F2, F3

correspond to the Fake Factor of each lepton.

8.4.2 Measurement of Fake Factors

The Fake Factors used in the analysis are derived from a region dominated by Z + jets events with
fake leptons. This region requires events to have three baseline leptons with at least one SFOS
pair of leptons. To suppress WZ and be orthogonal with the analysis SRs, further requirements
of 20 ≤ Emiss

T < 50 GeV, mℓℓ ∈ [81.2, 101.2] GeV, and mmin
T < 30 GeV are imposed, where in

cases of ambiguity the mℓℓ pairing is chosen to be the one which minimizes |mℓℓ −mZ |. The
lower cut to Emiss

T is imposed to make the Fake Factors applicable to SRs, which are defined
in the high-Emiss

T region. The ability of the Fake Factors to be applied to SRs will be further
discussed in Section 8.4.3. A b-jet veto is imposed to suppress tt̄, and events are required to
pass the single-lepton trigger, which is being matched to the leptons from the Z boson, such
that we don’t obtain a trigger bias for the unpaired lepton. Leptons which trigger the single
lepton trigger are required to satisfy the offline pT threshold. Furthermore, the leptons paired to
form a Z boson candidate are required to pass the ID lepton criteria, while the remaining, fake-
candidate, lepton must satisfy either the ID or the anti-ID criteria. As a substantial number of
events were found to havem3ℓ consistent withmZ (due to Z+γ events where the photon radiates
off of a lepton), a requirement m3ℓ > 105 GeV is also imposed. The selection criteria used to
define this Fake Factor measurement region (CRFF) are summarized in Table 8.9. The lepton pT
threshold is reduced to 10 GeV for all leptons to increase statistics and to remove the bias in the
lepton pT distribution introduced by pT cuts that depend on the pT order of the leptons. WZ
background in CRFF is normalized by using the CR (CRWZ-fakes) which have high WZ purity
by changing the Emiss

T and mmin
T requirement (20 ≤ Emiss

T < 50 GeV, 40 ≤ mmin
T < 80 GeV)

compared to CRFF. The WZ NF is found to be 1.13± 0.02.
The distribution of the lepton pT in CRFF is shown in Fig. 8.15. Results of the Fake Factor

extraction in CRFF are shown in Fig. 8.16. The Fake Factors shown in Fig. 8.16(a)(b) will be
used for the final estimation of the fake background in the SRs. Typical Fake Factor values
are 0.04–0.08 (0.08–0.12) for electrons (muons) in a pT range of 4.5–50 (3.0–30) GeV. The data
vs. MC Fake Factor agreement is generally worse for electrons than muons, due to the more
complicated fake composition. While the fake muons are almost always the result of a heavy
flavor decay, the fake electrons are a mixture of heavy and light flavor fakes. The η, ϕ, Emiss

T ,
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and mmin
T dependence of Fake Factors are also shown in Fig. 8.16. Weak dependence on η and

ϕ makes further binning of Fake Factors by η or ϕ unnecessary. Also weak dependence on Emiss
T

and mmin
T makes it possible to extrapolate this Fake Factors to SRs which have large Emiss

T and
mmin

T (Fake Factor usage to SRs are further studied in Section 8.4.3).

8.4.3 Systematic Uncertainties of the Fake Factor Method

A set of dedicated systematic uncertainties is added to the final fake estimation to reflect the
limitation of data-driven method.

• Statistical uncertainties : The statistical uncertainties on the Fake Factors are ac-
counted for by error propagation obtaining the variations F (pT)± 1σ. All the pT bins are
independent measurements with their own F (pT) and σ, and as a result all the statistical
uncertainties have been treated separately. For each event the variation for 1σ up and
down is stored to the pT bin the variation belongs to. Storing the variation for each pT
bin separately allows the fit to pull on each independent measurement of F (pT). In case
of an event with two or more anti-ID leptons where the two leptons fall into the same pT
bin, their F is fully correlated. The uncertainty propagated in that case is (F (pT)± 1σ)2.

• WZ cross-section in MC subtraction : As shown in Fig. 8.15, there is prompt con-
tamination in the CRFF, mainly in the ID region. The largest background that is subtracted
in the measurement region is WZ. The uncertainty on the inclusive cross-section of WZ
is 5% [224]. Conservatively, the WZ background subtraction is shifted up and down by
10% to derive Fake Factors, taking into account that Fake Factors are measured per lepton
pT bin. The Fake Factors that account for the uncertainty of the cross-section of WZ is
propagated to the uncertainty on the fake estimation. The Fake Factors for this systematic
uncertainty are shown in Fig. 8.17.

• Emiss
T cut dependence : The Fake Factors are measured in the CRFF, limited in Emiss

T ∈
[20, 50) GeV. To account for possible composition changes in data, an alternative set of

Table 8.9: Definitions of the fake lepton enriched CR used to measure the FFs. In rows where
only one value is given it applies to all regions. nSFOS represents the number of same-flavor
opposite-charge-sign (SFOS) lepton pairs in three leptons. If more than one SFOS lepton pair
is present in the event, the invariant mass of the SFOS lepton pair closest to the Z mass is used
as mℓℓ.

CRFF

Variables

Trigger single-lepton

nbaselinelep , nsignallep = 3

pℓ1T , pℓ2T , pℓ3T [GeV] > 10, 10, 0
nb-jets = 0

nSFOS ≥ 1
mℓℓ [GeV] ∈ [81.2, 101.2]
mmin

T [GeV] < 30
Emiss

T [GeV] ∈ [20, 50)
m3ℓ [GeV] > 105
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Figure 8.15: Distribution of the lepton pT in CRFF region detailed in Table 8.9. Top plots are
for ID leptons and bottom plots are showing anti-ID lepton distributions. The hatched band
includes the MC statistical uncertainties. The bottom panel shows the ratio of the observed
data and background yield estimated directly from simulation samples.

Fake Factors has been measured. For the alternative Fake Factors, the CRFF Emiss
T cut is

changed to Emiss
T ∈ [20, 40) GeV or to Emiss

T ∈ [20, 60) GeV. The Fake Factors for this
systematic uncertainty are shown in Fig. 8.18.

• Fake lepton composition : The composition of the fake leptons in the CRFF and SRs do
not match exactly as shown in Fig. 8.19-8.20. “Fake HF” refers to fake leptons originating
from heavy-flavor jets, “Fake LF” refers to fake leptons from light-flavor jets, “Fake conv”
refers to fake leptons arising from photon conversions, and “Fake other” refers to any
other fake leptons, such as those from pile-up. The relative composition of fake muons
is similar between the CRFF and SRs, whereas for fake electrons, the heavy-flavor decay
and light hadron contribution dominate in CRFF while SRs have sizable contribution from
photon conversions. A closure test on MC events (excluding top-like backgrounds) has
been performed to verify whether differences in the fake lepton composition hamper the
estimation. MC Fake Factors measured in CRFF are used to perform the Fake Factor
method in each SR and it is compared to MC fake lepton events in the SR ID region. To
increase the statistics, mmin

T cut is loosen to mmin
T > 30 GeV in SROS. Fig. 8.21 shows

the results. SRSS-2µ is not included due to different method of fake estimation which is
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Figure 8.16: Fake Factor extraction results in CRFF detailed in Table 8.9. Extraction is per-
formed for electrons (left column) and muons (right column), separately. All uncertainties shown
are only statistical. Lower panel shows the ratio of data and MC Fake Factors.
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Figure 8.16: Fake Factor extraction results in CRFF detailed in Table 8.9. Extraction is performed
for electrons (left column) and muons (right column), separately. All uncertainties shown are
only statistical. Lower panel shows the ratio of data and MC Fake Factors. (cont.)

described in Section 8.4.5. Estimated number of fake lepton events are compatible with
MC within statistical uncertainties in all region except SROS-eeµ m3ℓ ∈ [200, 400) GeV.
To cover the non-closure, a flat 28.5% fake composition systematic uncertainty is applied
to fake lepton events in SROS-eeµ m3ℓ ∈ [200, 400) GeV to realize the agreement in yields
between MC fake lepton events and estimated fake lepton events.
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Figure 8.17: WZ cross-section variation systematic uncertainty to Fake Factors. WZ back-
ground subtraction is shifted up and down by 10% to derive Fake Factors. All uncertainties
shown are only statistical. Lower panel shows the ratio of systematic and nominal Fake Factors.
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Figure 8.18: CRFF Emiss
T cut variation systematic uncertainty to Fake Factors. CRFF Emiss

T cut
is changed to Emiss

T ∈ [20, 40] GeV or Emiss
T ∈ [20, 60] GeV. All uncertainties shown are only

statistical. Lower panel shows the ratio of systematic and nominal Fake Factors.
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(e) ID SRSS
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Figure 8.19: Fake composition versus pT for electrons. “Fake HF” refers to fake leptons origi-
nating from heavy-flavor jets, “Fake LF” refers to fake leptons from light-flavor jets, “Fake conv”
refers to fake leptons arising from photon conversions, and “Fake other” refers to any other fake
leptons, such as those from pile-up.
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Figure 8.20: Fake composition versus pT for muons. “Fake HF” refers to fake leptons originating
from heavy-flavor jets, “Fake LF” refers to fake leptons from light-flavor jets, and “Fake other”
refers to any other fake leptons, such as those from pile-up.
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Figure 8.21: Closure test results in SRSS and SROS. The filled histogram shows the number of
fake lepton events of MC and dot point indicates the estimation using the Fake Factor method.
SRSS-2µ is not included due to different method of fake estimation (Section 8.4.5). All uncer-
tainties shown are only statistical. Lower panel shows the ratio of estimated and MC fake lepton
events.
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8.4.4 Validation of Fake Factors

This section validates the fake lepton background prediction. First, Table 8.10 compares data
and the background prediction in the CRFF, where a good compatibility is expected by construc-
tion of the Fake Factor method. The definition of VRs which is denoted as VRFF is summarized
in Table 8.11. VRFF is set to check the availability of Fake Factors to be applied to SFOS off-shell
regions which have larger fake contributions in SR. Yields and kinematic distributions in VRFF

are shown in Table 8.12 and Fig. 8.22. Yields divided according to the lepton flavor are also
reported in Table 8.12. All systematic uncertainties, which will be discussed in Chapter 9, are
applied and no fit is performed, but the WZ background is scaled by the normalization factors
which is obtained in CRWZ-fakes.

Table 8.10: Number of observed and expected events in the CRFF. The uncertainties include
both statistical and systematic uncertainties which will be discussed in Chapter 9.

Region CRFF

Observed 3840

Total 3860 ± 230

Fakes 1610 ± 240
WZ 1920 ± 40
ZZ 284 ± 32
tt̄ 7.9 ± 1.1
tt̄X 9.8 ± 1.8
V V V 2.39 ± 0.30
Others 22 ± 4

Table 8.11: Definitions of the VRs for validating the estimations of the fake lepton events in
SROS. nSFOS represents the number of same-flavor opposite-charge-sign (SFOS) lepton pairs in
three leptons. If more than one SFOS lepton pair is present in the event, the invariant mass of
the SFOS lepton pair closest to the Z mass is used as mℓℓ.

VRFF

Variables eee eeµ eµµ µµµ

Trigger single-lepton

nbaselinelep , nsignallep = 3

pℓ1T , pℓ2T , pℓ3T [GeV] > 10, 10, 10
nb-jets = 0

nSFOS ≥ 1
mℓℓ [GeV] /∈ [81.2, 101.2]
mmin

T [GeV] < 30
Emiss

T [GeV] ∈ [20, 100)
m3ℓ [GeV] > 105
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Table 8.12: Number of observed and expected events in the VRFF. The uncertainties include
both statistical and systematic uncertainties which will be discussed in Chapter 9.

Region VRFF VRFF-eee VRFF-eeµ VRFF-eµµ VRFF-µµµ

Observed 783 100 129 152 402

Total 790 ± 40 109 ± 16 125 ± 12 152 ± 12 399 ± 24

Fakes 202 ± 34 22 ± 6 51 ± 10 51 ± 10 78 ± 13
WZ 448 ± 15 66 ± 10 50 ± 4 64.4 ± 3.1 268 ± 19
ZZ 59 ± 7 8.8 ± 2.1 8.7 ± 1.3 15.1 ± 2.1 26.7 ± 2.5
tt̄ 39 ± 6 3.9 ± 0.9 9.6 ± 1.6 9.7 ± 1.7 15.8 ± 2.7
tt̄X 4.0 ± 0.7 0.57 ± 0.15 0.71 ± 0.15 1.06 ± 0.24 1.64 ± 0.31
V V V 8.3 ± 0.9 0.79 ± 0.21 2.29 ± 0.34 2.16 ± 0.31 3.04 ± 0.33
Others 25 ± 8 7 ± 6 3.3 ± 0.6 9 ± 4 6.2 ± 1.2
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Figure 8.22: Example kinematic distributions, showing the data and the expected background
in VRFF. The last bin includes overflow. The “Others” category includes contributions from
W+ jets, Z + jets, di-boson (excluding full-leptonic W±Z and ZZ), Higgs, and single-top pro-
cesses. The hatched band includes the combined statistical and systematic uncertainties which
will be discussed in Chapter 9. The bottom panel shows the ratio of the observed data to the
predicted yields.

8.4.5 Fake Background Estimation for SRSS-2µ

When the Fake Factor method is naively applied to SRSS-2µ, we figured out that the total
estimation becomes negative and has a large uncertainty (Fig. 8.23). This is due to a very
small data statistics in the SRSS-2µ anti-ID region, resulting in the negative fake estimation,
−0.25± 0.10 event.

Fig. 8.24 shows the yield in the anti-ID region of SRSS-2µ loosened by removing the Emiss
T
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Figure 8.23: Estimation result in SRSS-2µ when the Fake Factor method is naively applied. All
uncertainties shown are only statistical. Central value is negative due to large negative fake
estimation.

0

2

4

6

8

10

12

14

16

18

E
ve

nt
s -1 = 13 TeV, 140 fbs

SS
2 signal, 1 anti-ID

tt
Single-top
Xtt

WZ
ZZ

±W±W
VVV
Others

data

MC Stat.

µµe µµµ0

1

2

D
at

a 
/ M

C

(a) 2 ID, 1 anti-ID region

0

20

40

60

80

100

120

140

E
ve

nt
s -1 = 13 TeV, 140 fbs

SS
1 signal, 2 anti-ID

tt
Single-top
Xtt

WZ
ZZ

±W±W
VVV
Others

data

MC Stat.

µµe µµµ0

1

2

D
at

a 
/ M

C

(b) 1 ID, 2 anti-ID region

0

5

10

15

20

25

30

E
ve

nt
s -1 = 13 TeV, 140 fbs

SS
3 anti-ID

tt
Single-top
Xtt

WZ
ZZ

±W±W
VVV
Others

data

MC Stat.

µµe µµµ0

1

2

D
at

a 
/ M

C

(c) 3 anti-ID region

Figure 8.24: Loosen anti-ID region of SRSS-2µ (no Emiss
T cut). MC is not truth matched. The

hatched band includes the MC statistical uncertainties. The bottom panel shows the ratio of
the observed data to the predicted yields.

cut to increase statistics. MC fake lepton events show a good agreement in the 2 ID, 1 anti-ID
and 1 ID, 2 anti-ID regions. Signal contamination in 2 ID, 1 anti-ID region does not exceed 13%
for un-excluded scenarios. The discrepancy in 3 anti-ID can be explained by the contributions
from multi-jets as the discrepancy disappears when the Emiss

T cut is applied. 1 ID, 2 anti-ID
and 3 anti-ID regions are dominated by tt̄ fakes, while the 2 ID, 1 anti-ID region is composed of
tt̄, di-boson and tt̄X events. Fake lepton events in SRSS-2µ are mainly from di-boson and tt̄X
events (Fig. 8.25(a)), which have a composition relatively similar to the 2 ID, 1 anti-ID region
compared to the 1 ID, 2 anti-ID and 3 anti-ID regions. From MC simulation, it was figured out
that fake lepton events in SRSS-2µ are dominated by “single fake” events which have only one
fake lepton out of three leptons as shown in Fig. 8.25(b) and “multi fake” events which have
more than two fake leptons can be ignored.

From these observations, we decided to estimate the fake lepton events in SRSS-2µ by mul-
tiplying the MC fake lepton events in the 2 ID, 1 anti-ID region by the Fake Factors
measured in the data (refer to Fig. 8.16(a)(b)),

NEst. Fake = F1N
MCFakes
LTT + F2N

MCFakes
TLT + F3N

MCFakes
TTL . (8.8)
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Figure 8.25: (a) : Fake source in SRSS-2µ by MCs. The hatched band includes the MC statistical
uncertainties. (b) : Fake lepton compisition in SRSS-2µ by MCs. “single fake” events contain
only one fake lepton, while “multi fake” events contain more than two fake leptons.
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Figure 8.26: Closure test results in SRSS-2µ. The filled histogram shows the fake expectation
from simulation and dot point indicates the estimation using FF method. All uncertainties
shown are only statistical. Lower panel shows the ratio of estimated and MC fake lepton events.

As done in Section 8.4.3, a closure test has been performed to check the effect of the different
compositions of the fake leptons. MC Fake Factors measured in CRFF are used to perform the
Fake Factor method (Eq. 8.8) and it is compared to MC fake lepton events in the SR ID region.
The closure test result is demonstrated in Fig. 8.26(a). Some non-closure is observed and a
fake composition systematic uncertainty is introduced to take into account this non-closure.
Uncertainty of 25% is applied to realize the agreement between MC ID events and estimated
fake lepton events, as in Fig. 8.26(b).

VRSS-2µ is defined to validate the fake estimation method for SRSS-2µ. To validate the fake
lepton events which is dominated in the low pT region, third lepton pT cut is reversed against
SRSS-2µ. The cuts are summarized in Table 8.13. Signal contamination in VRSS-2µ does not
exceed 15% for un-excluded scenarios. Table 8.14 shows the yield in VRSS-2µ and shows a good
agreement between data and estimation. An example kinematic distribution in VRSS-2µ is shown
in Figure 8.27. A reasonable agreement is observed.
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Table 8.13: Definitions of the VRs for validating the estimations of the fake lepton events in
SRSS-2µ. nSFOS represents the number of same-flavor opposite-charge-sign (SFOS) lepton pairs
and nDFOS represents the number of different-flavor opposite-charge-sign (DFOS) lepton pairs
in three leptons.

VRSS

Variables
2µ

(eµµ+ µµµ)

Trigger single-lepton

nbaselinelep , nsignallep = 3

pℓ1T , pℓ2T [GeV] > 28, 20

pℓ3T [GeV] < 10
nb-jets = 0

nSFOS = 0
nDFOS = 0
Emiss

T [GeV] > 50

Table 8.14: Yields for VRSS-2µ. All uncertainties are included.

Region VRSS-2µ

Observed 6

Total 6.9 ± 1.9

Fakes 6.8 ± 1.9
WZ 0.06 ± 0.06
Others 0.07 ± 0.08

0.07

8.4.6 Top-like Backgrounds

The top-like backgrounds come predominantly from b-jets originating from the decay of top
quark which have small theory uncertainties. This means that a simpler approach based on
MC simulation can be used. A CR to normalize the top-like backgrounds in anti-ID regions is
constructed using different-flavor opposite-sign three lepton events which is denoted as CRtt-
antiID. Events must be of the form e±e±µ∓ or e±µ∓µ∓, where the two same-flavor leptons
must have the same-sign and the different flavor lepton must have the opposite-sign. This is
advantageous because it guarantees that one of the two same-flavor leptons is the fake lepton,
and this criterion allows the CR to be very pure in events with top-like backgrounds. In addition
to the different-flavor opposite-sign requirement, a Emiss

T > 50 GeV cut is applied for top-like
backgrounds purity. The selection criteria is summarized in Table 8.15. Normalization factors
are derived separately for fake electron and fake muon events, as well as for events with nb-jets = 0
and nb-jets ≥ 1 (to avoid extrapolating over nb-jets). The distributions for this region are shown in
Fig. 8.28. The normalization factors for nb-jets = 0 are 1.03±0.06 and 1.07±0.03 for fake electron
and fake muon events, respectively. The normalization factors for nb-jets ≥ 1 are 0.94± 0.03 and
1.03± 0.03 for fake electron and fake muon events, respectively.

For validation of top-like backgrounds MC in the ID region, we define a region denoted as
VRtt. The different-flavor opposite-sign requirement and the number of nb-jets ≥ 1 requirement
ensures the top-like backgrounds purity as well as the orthogonality to other regions. A Emiss

T
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Figure 8.27: Example kinematic distributions for the expected backgrounds and the data, ob-
tained from a background-only fit including syetematics uncertainties. The figure shows the (a)
pℓ3T and (b) Emiss

T distribution in VRSS-2µ. The “Others” category includes contributions from
W+ jets, Z + jets, di-boson (excluding full-leptonic W±Z and ZZ), Higgs, and single-top pro-
cesses. The hatched band includes the combined statistical and systematic uncertainties which
will be discussed in Chapter 9. The bottom panel shows the ratio of the observed data to the
predicted yields.

Table 8.15: Selection criteria used to define CRtt-antiID and VRtt for determining normaliza-
tion factors for the top-like backgrounds in anti-ID regions and validate top-like backgrounds.
“–” indicates no requirement is applied for a given variable/region. nSFOS represents the num-
ber of same-flavor opposite-charge-sign (SFOS) lepton pairs and nDFOS represents the number
of different-flavor opposite-charge-sign (DFOS) lepton pairs in three leptons.

CRtt-antiID VRtt

Variables

Trigger single-lepton
nbaselinelep = 3

nsignallep = 2 = 3

pℓ1T , pℓ2T , pℓ3T [GeV] > 28, 20, 10
nb-jets – ≥ 1

nSFOS = 0
nDFOS ≥ 1
Emiss

T [GeV] > 50

cut is placed in at > 50 GeV to reduce the Z + jets fake background contribution. The cuts
are summarized in Table 8.15, while the yields are in Table 8.16. Some kinematic distributions
are shown in Fig. 8.29. Good modeling is observed in all of the distributions. To summarize
the estimation method, top-like backgrounds in the ID region is estimated directly from MC
simulations, while top-like backgrounds in the anti-ID region is treated as prompt events and
subtracted from data in the Fake Factor method after applying a NF measured in CRtt-antiID.
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Figure 8.28: Post-fit distributions for events with fake electrons and muons in CRtt-antiID,
using only events with two signal leptons and one anti-ID lepton. The hatched band includes
the MC statistical uncertainties. The bottom panel shows the ratio of the observed data to the
predicted yields.
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Table 8.16: Yields for VRtt. All uncertainties are included.

Region VRtt

Observed 292

Total 260 ± 60

WZ 0.60 ± 0.20
ZZ 0.036 ± 0.027
V V V 1.9 ± 0.8
tt̄ 180 ± 50
tt̄X 49 ± 9
Fakes 6 ± 6
Others 29 ± 8
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Figure 8.29: m3ℓ and E
miss
T distributions in VRtt. The hatched band includes the MC statistical

uncertainties. The bottom panel shows the ratio of the observed data to the predicted yields.

8.5 Summary of Background Estimation

A summary of regions is shown in Fig. 8.30. The results of the validation of the background
estimation methods described in the previous sections are summarized below. The significance
quantifies the difference between the estimated background yields and the data, denoted as χ,
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Figure 8.30: Schematics illustrating the selection of the CRs and VRs used to estimate (a)(b)
WZ and fake background in SROS, (c) tt̄ background in SROS, and (d) charge-flip and fake
backgrounds in SRSS, along with the orthogonality with respect to SRs. (a) “SFOS on-shell”
stands for the region with one or more SFOS lepton pairs in the event which have the invariant
mass consistent with the Z boson mass. (b) “SFOS off-shell” stands for the region with one or
more SFOS lepton pairs in the event with none of them having the invariant mass consistent
with the Z boson mass. (c) “DFOS” stands for the region with one or more DFOS lepton pairs
in the event. (d) “SS” stands for the region with three same-charge-sign leptons in the event.

which is defined as

χ =
nobs − nexp

σtotal
, (8.9)

σtotal =
√
σ2exp + σ2obs, (8.10)

where nobs and σobs are the observed yields and statistical uncertainties, and nexp and σexp are
the expected yield and uncertainties derived from the systematic uncertainties which will be
discussed in Chapter 9. The yields and differences for each region are visualized in Fig. 8.31. In
all VRs, the expected and observed yields are consistent within the uncertainty.
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Figure 8.31: Overview of fit results in the CRWZ and VRs. The upper plot summarizes the
observed and estimated yields for each region, while the bottom plot illustrates the difference
between the observed and estimated yields. The “Other” category includes contributions from
W+ jets, Z + jets, di-boson (excluding full-leptonic W±Z and ZZ), Higgs, and single-top pro-
cesses. The hatched band includes the combined statistical and systematic uncertainties which
will be discussed in Chapter 9.
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Chapter 9

Systematics Uncertainties

The uncertainties of the estimated backgrounds and signal yields are referred to as systematic
uncertainties and is discussed in this chapter. This thesis considers three types of systematic
uncertainties: theoretical modeling uncertainties, experimental uncertainties, and additional
uncertainties arising from the adopted data-driven background estimation strategy discussed
in Chapter 8. The contribution to the analysis sensitivity is generally minor, since the total
uncertainty in the SRs is dominated by the statistical uncertainty due to the low number of
data events in the SRs, as shown in Appendix C.

9.1 Uncertainty for Theoretical Calculation in the Simulation

Theoretical uncertainties arise from the choice of parameters used to generate MC simulation
samples, as elaborated in Section 5.2. Varying the parameters has the effect of altering both the
cross-section and the shape of the kinematic distribution. This analysis thoroughly evaluates
the theoretical uncertainties for all signal and main background processes.

As explained in Section 5.2.1, non-physical variables such as the factorization scale (µF )
and the renormalization scale (µR) are set in the MC simulations. Uncertainties from µF and
µR [225] are evaluated as the variation of the yields obtained by varying these parameters
by a factor of 2.0 and 0.5. The PDF [226] and strong coupling constant (αS) at a specific
energy scale are obtained by extrapolating distributions from experiments to higher energy
scales using the DGLAP evolution equation and the RGE, respectively. Therefore, experimental
uncertainties and missing higher-order calculations in the equations are sources of uncertainties
and are evaluated as the variation of the yields obtained using different PDFs and αS values.

ForW±Z → ℓ±νℓ±ℓ∓ and ZZ → ℓ±ℓ∓ℓ±ℓ∓, we also consider the following theoretical uncer-
tainties. In Sherpa, the energy scale to calculate the overlap between jets from matrix element
calculation and parton shower is set to 20 GeV. The uncertainty is evaluated by comparing the
yields obtained by varying the energy scale to 30 and 15 GeV. The resummation scale of soft
gluon emissions is a potential source of uncertainty and is evaluated by varying the scale by a
factor of 0.5 and 2.0. Since W±Z → ℓ±νℓ±ℓ∓ is normalized using the CRWZ, the SRs and the
VRs are only affected by the extrapolation of uncertainties from CRWZ.

Single boson and di-boson production are calculated considering NLO QCD corrections, but
the contribution of NLO EWK correction becomes more significant, especially in regions where
the weak bosons have high transverse momentum. Additive scheme of EWK correction is used
as nominal as described in Section 5.2.2 and the systematics uncertainty for the EWK correction
is evaluated by comparing nominal scheme to multiplicative and exponentiated scheme.

As mentioned in Section 8.1, the tri-boson background is assigned a special cross-section
uncertainty. Tri-boson processes have not yet been precisely measured experimentally, and
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background and the second one to separate the signal from
the rest of the background. These two BDTs are applied
sequentially. In the 4l channel, a similar strategy is pursued
except that the two BDTs are targeted against ZZ and ttZ
backgrounds specifically. There are two (five) signal
regions for events in the ee=μμ (eμ) category. The improve-
ment in sensitivity due to the use of BDTs varies channel by
channel and is in the range 5%–15%. No BDTs are used for
the 5l and 6l channels.
The yields in the individual signal regions obtained using

the BDTs are shown in Fig. 1. The significances L of the
expected numbers of events are computed including sys-
tematic uncertainties and are evaluated under the asymp-
totic approximation [61]. Pulls are the differences in the
numbers of observed and predicted events normalized to
the uncertainties in the numbers of predicted events.
Assuming the SM production of VVV events, the expected
significance of the fit with a single signal strength μcomb is
5.9 s.d. and the observed significance is 5.7 s.d. The
observed (expected) significances for the individual tribo-
son production processes are 3.3 (3.1) s.d. for WWW,
3.4 (4.1) s.d. for WWZ, 1.7 (0.7) s.d. for WZZ, and
0.0 (0.9) s.d. for ZZZ. In the most sensitive signal regions,
approximately one third of the VVV events come from VH
production. The measured signal strengths, obtained in the
asymptotic approximation of the CLs method [61], corre-
spond to the total cross sections listed in Table I; leptonic

branching fractions for W and Z decays come from
Ref. [62]. If VH is considered as a background, then the
combined observed (expected) significance for μcomb is
2.9 (3.5) s.d. and the measured cross sections are listed in
Table I. For ZZZ production, upper limits are reported at
95% confidence level. Signal strengths obtained using both
sequential-cut and BDT-based approaches and with VH
production counted as signal are summarized in Fig. 2.
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Figure 9.1: Result of the CMS tri-boson measurement [229]. Best fit values of the signal strengths
for the BDT-based analyses (blue solid circles) and the sequential-cut analyses (black solid
diamonds) are shown. The error bars represent the total uncertainty. For ZZZ production,
a 95% confidence level upper limit is shown. The stated numerical values correspond to the
BDT-based analysis.

Table 9.1: Cross-section uncertainties for tri-boson processes based on the CMS result [229].

Sample Cross-section uncertainty (%)

WWW +45 / −40
WWZ +35 / −31
WZZ +192 / −100
ZZZ +440 / −100

large cross-section uncertainties should be applied. Current best results of tri-boson search
at ATLAS [227, 228] and CMS [229] shows the tri-boson cross-section to be consistent with
the SM value with large uncertainties. ATLAS has only published the results of WWW and
WV Z [227, 228]. As the tri-boson composition in the SRs differs from that based on the cross-
section measurement, we want to apply the cross-section uncertainty on each subprocess, thus
here we have quoted the tri-boson measurement result of the CMS experiment [229] (Fig. 9.1).
The measured signal strength is all consistent with one, therefore the MC normalization is kept
as it is9 and only the cross-section uncertainties are referred. This is justified by the fact that
the CMS measurement is conducted in the three lepton, b-jet veto, Z boson veto, and high mT

region which is not so far from our SRs and the CMS results include the theory uncertainties
which was evaluated by CMS. The uncertainties considered are reported in Table 9.1.

For signal samples, in addition to uncertainties from µF , µR, PDFs, and αS , theoretical
uncertainties for the cross-section are also taken into account.

9.2 Experimental Uncertainty

Experimental uncertainty includes uncertainty in the calibration procedure to match physics
objects to data and uncertainty in luminosity measurement and pile-up.

9We have checked that WWW cross-section of CMS is consistent to that of the ATLAS WWW MC sample.
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Electrons Electrons involve three efficiency uncertainties i.e. reconstruction, identification,
and isolation. These are mainly evaluated by the observed differences between the efficiencies
measured using the Z → ee and J/ψ → ee events from data and from the simulation [209]. The
uncertainties on the resolution modeling and energy scale are also taken into account. They
are evaluated based on the discrepancy between observed and simulated response of the EM
calorimeter.

Muons There are four uncertainties related to efficiency and six distinct uncertainties asso-
ciated with scale concerning muons. These uncertainties arise from the differences observed
between the MC predictions and the actual measurements obtained from the Z → µµ and
J/ψ → µµ events [230]. The efficiency uncertainties pertain to aspects such as reconstruction,
ineffective muon veto, isolation, and Track-To-Vertex-Association (TTVA). In contrast, the six
scale uncertainties consist of two momentum corrections that are independent of charge and four
momentum corrections that are dependent on charge.

Jets The residual uncertainty associated with the JES is often the largest source of the in-
strumental jet uncertainty. This is due to the fact that even a minor adjustment in jet energy
can lead to a substantial alteration in the distribution tails. Roughly 100 independent un-
certainties are derived from each stage of the calibration process, encompassing both the MC
uncertainty and the observed discrepancies between the data and the MC simulations. In this
analysis, uncertainties exhibiting similar characteristics are statistically aggregated, resulting in
approximately 35 independent uncertainties.

The sub-leading uncertainty associated with the jet pertains to the JER. JER measurement
is done by the same dataset used in the in-situ JES calibration, using the well measured objects
in di-jet or Z/γ∗+jets events [231]. The measurement of JER is conducted utilizing the same
dataset employed for the in-situ JES calibration, which incorporates well-measured objects from
di-jet or Z/γ∗+jets events [231]. This uncertainty is derived from the discrepancies observed
between data and MC simulations, as well as the extent of the noise term that indicates a
limited understanding of its origins. More than 30 independent uncertainties are modeled at
each stage of the calibration process, which are subsequently consolidated into approximately
15 independent uncertainties for this analysis.

As most of the analysis’ regions involve a b-jet veto, the b-tagging uncertainties are also
considered. The uncertainties on the calibration of the efficiencies for b, c, and light-flavor jets
are included. The uncertainties arise from the efficiency corrections applied to simulated events,
parametrized over the jet pT and flavor. The b-tagging efficiency uncertainty ranges from 1% to
8% depending on the jet pT.

Other uncertainties are quoted regarding to the angular position determination (η−calibration
uncertainty) or JVT (Jet Vertex Tagger, Section 6.7) modeling.

Missing Transverse Energy In addition to the inherent uncertainties associated with the
scales and resolutions of the reconstructed objects, such as electrons, muons, jets, and photons,
the Emiss

T is further complicated by uncertainties related to the modeling of the soft term, as
outlined in Section 6.9. This modeling uncertainty is assessed through the analysis of Z → µµ
events, where a comparison is made between the observed momentum profile of the soft terms
and the anticipated profiles.

Triggers In this analysis, single-electron and single-muon trigger is used as mentioned in
Section 5.3. The uncertainty related to the correction of difference between data and simulation
is involed.
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Luminosity The size of uncertainty on luminosity is obtained by using the LUCID-2 detec-
tor [160]. The uncertainty of the combined 2015-2018 integrated luminosity is 0.83% [165].

Pile-up The distribution of the mean number of interactions per crossing in MC simulation
samples is reweighted to match the distribution in the data as discussed in Section 5.2.1. The un-
certainty of the applied reweighting factor, evaluated with measured inelastic cross-sections [232],
is included.

9.3 Uncertainties from Data-driven Background Estimations

As discussed in Section 8.3 and 8.4, the background estimation methods for the charge-flip and
fake lepton backgrounds are associated with several systematic uncertainties. The data-driven
method of determining the charge-flip scale factor is affected by the systematic uncertainties
related to the fit uncertainty, background subtraction from data, and the charge-flip probability
parametrization. Background subtraction systematic uncertainty dominates the uncertainty in
low pT region, while the high pT region uncertainty is mainly by the parametrization non-closure
and the fit uncertainty due to small statistics. In addition to the scale factor uncertainty, 20% flat
uncertainty accounting for the difference in charge-flip source in SRs, WZ, and the scale factor
measurement region (CRCF), Z → ee, is also introduced. For the Fake Factor determination,
systematic uncertainties regarding the statistical uncertainty, WZ subtraction, and Emiss

T cut
are considered. A 28.5% (25%) flat uncertainty accounting for the difference in fake lepton
composition in SROS-eeµ m3ℓ ∈ [200, 400) GeV bin (SRSS-2µ) and the Fake Factor measurement
region (CRFF) is additionally introduced.

9.4 Summary of Systematic Uncertainties

In addition to the uncertainties described above, two additional uncertainties are considered.

• CR data statistics : The uncertainty arising from the limited data statistics in CRs. This
includes both the CRWZ data statistics for the WZ NF estimation, discussed in Section 8.2
and the anti-ID region data statistics for the fake estimation, discussed in Section 8.4.3.

• MC statistics : The uncertainty arising from the limited number of MC simulation
samples.

The total systematic uncertainty, along with the breakdown in each SR, CR, and VR is visualized
in Fig. 9.2. In SROS-on the leading uncertainty is the MC statistics followed by the theory
uncertainty. MC statistics and theory uncertainty are also the important uncertainty in SROS-
off. The fake uncertainty is dominat in SROS-off-b-eeµ because of the large contribution of fake
lepton background compared to WZ. SRSS-eee and SRSS-eeµ are dominated by the charge-flip
uncertainty and SRSS-2µ is dominated by the fake uncertainty as expected from the background
composition.
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Figure 9.2: Systematic uncertainties on the post-fit background yields in the (a) SRs and (b)
CR/VRs for WZ, VR for tt̄, charge-flip, and fake leptons. The “MC stats” category represents
the uncertainty arising from the limited number of MC simulation samples. The “Modeling”
uncertainty category represents the theory uncertainty arising from the choice of parameters for
generating MC simulation samples. The “Experimental” category indicates systematic uncer-
tainties originating from the reconstruction, identification, isolation, and calibration of physics
objects. The “Normalization” category indicates systematic uncertainties arising from the WZ
NF uncertainty involving statistical uncertainty originating from the limited CRWZ statistics.
The “Lumi” category represents the integrated luminosity uncertainty. The “Fakes” category
involves the uncertainty arising from the fake factor uncertainty, the fake lepton composition dif-
ference in CRFF and SRSS-2µ, and the limited anti-ID CR statistics. The “Charge-flip” category
represents the systematic uncertainties originating from the charge-flip scale factor uncertainty
and the charge-flip source difference in CRCF and SRs.
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Chapter 10

Result

The data in the SRs is compared with the background and signal estimations. To examine the
presence of signals, the profile Log Likelihood Ratio (LLR) approach is used. Three types of fit
configurations are used to derive the results.

• Background-only fit : The purpose is to estimate the backgrounds in SRs and VRs
without any signal assumptions. In this configuration the WZ NF and the background
nuisance parameters are fit to data in CRWZ. No signal is included in the fit. Results can
be found in Section 10.2.

• Model-Dependent Interpretation : The purpose is to set limits on a specific model
of BSM physics. Both CRWZ and SRs are used in the fit. The potential signal contribution
is also taken into account in all regions. Results can be found in Section 10.3.

• Model-Independent Search : The purpose is to set model-independent limits on the
number of BSM events in flavor merged inclusive SRs and each SR bin. Both CRWZ and a
SR are used in the fit. The signal contribution is considered only in the SR. Results can
be found in Section 10.4.

10.1 Statistical Analysis and Hypothetical Test

Profile likelihood and treatment of systematic uncertainties Statistical analysis is
conducted to assess the alignment between the observed data and the expected SM background,
as well as to evaluate scenarios where a specific signal is superimposed. This assessment is
carried out using a likelihood function that relies on the probability density distribution [233]
concerning the count of observed events within each SR bin. The likelihood is given by

L(n|µs, µWZ , s, b,θ) =
∏

i∈{Regions}

Pi ×
∏

k∈{Syst. sources}

ρ(θk), (10.1)

where n is the vector of numbers of observed events in SRs and CRWZ; s is the vector of expected
signal yield in the signal model to be tested; b is the vector of expected yields of backgrounds;
θ represents the nuisance parameters associated with each systematic uncertainty; µWZ is the
NF for WZ; and µs is the signal strength, serving as a measure of the relative normalization
in relation to the signal model under examination. Specifically, a value of µs = 0 indicates a
hypothesis that considers only the background, while µs = 1 corresponds to a hypothesis that
aligns with the expected nominal signal level.
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The statistical properties of the probability density functions are completely defined by the
multiplication of Poisson distributions corresponding to each SR or CR:

Pi = Pois(ni|λi) =
λni
i

ni!
e−λi , (10.2)

where λi is given by:

λi(µs, µWZ , s, b,θ) = µs · si(θ) + µWZ · bi,WZ(θ) +
∑

l∈{Background w/o NF}

bi,l(θ). (10.3)

Systematic uncertainties, indexed by k, are included by adjusting the Poisson mean λi using
a related nuisance parameter θk. A global fit is conducted on the data to find µs, µWZ , and
θ simultaneously by minimizing the likelihood L (Eq. 10.1). While µs and µWZ can float, the
adjustments of the nuisance parameters θ must be limited to reflect the level of confidence. This
is done through “penalty terms” in the likelihood,

∏
k∈syst. ρ(θk), which act as prior constraints.

The form of these penalty terms varies based on the statistical characteristics of each systematic
uncertainty:

• A Gaussian probability density function is typically used for the most of systematic un-
certainties.:

ρ(θ) =
1√
2πσ

exp

(
−θ

2

2

)
. (10.4)

• A Gamma probability density function is utilized to characterize uncertainties that adhere
to the Poisson distribution, which is commonly associated to the count of data events or
selected MC events:

ρ(a) =
λa

a!
e−λ, (10.5)

where where a is associated with θ through the symmetrized uncertainty σ:

θ =
a− λ

σ
. (10.6)

A multi-dimensional minimization is conducted across the parameter spaces of all NF, nuisance
parameters, and signal strength using the Minuit2 algorithm [234], which is integrated with a
wrapper package; HistFitter [235]. Systematic uncertainties that have a negligible effect on
the yields in the SR or CR bins, which is assessed by the Kolmogorov-Smirnov test [236], are
omitted from the fitting process to streamline the scan by reducing unnecessary dimensions (a
process referred to as “pruning”).

Hypothetical testing A hypothetical test of a hypothesis H is conducted by assessing its
alignment with observations through the use of the p-value. The p-value associated with testing
hypothesis H is the probability to obtain results that show as much or more disagreement with
H than the observed results. In order to determite the “test statistic” for the hypothesis test,
the profile likelihood ratio is employed as;

λ(µ) =



L
(
µs, ˆ̂µWZ ,

ˆ̂
θ
)

L
(
µ̂s, µ̂WZ , θ̂

) , (µ̂s > 0),

L
(
µs, ˆ̂µWZ ,

ˆ̂
θ
)

L
(
0, µ̂WZ , θ̂(0)

) , (µ̂s < 0).

(10.7)
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where ˆ̂µWZ and
ˆ̂
θ denotes the best-fit nuisance parameters with fixed µs, while µ̂s, µ̂WZ and θ̂

denotes the best-fit parameters with µ̂s is allowed to float. Using the profile likelihood ratio as
defined, the test statistic is expressed as

qµ = −2 lnλ(µs). (10.8)

The p-value, representing the probability of obtaining the observed data or data that shows
greater disagreement with the null hypothesis, can be defined as:

pµ =

∫ ∞

qµ,obs.

f(qµ|µs)dqµ, (10.9)

where f(qµ|µs) represents the probability density function of qµ with a given µs value. Executing
the hypothesis test involves obtaining f(qµ|µs) for each µs value by running pseudo experiments
called “toy-experiments”, which requires a substantial amount of computing resources to obtain
a distribution with sufficient statistics. Another method is to use the approximation formula
such as Wald’s approximation [237],

qµ = −2 lnλ(µs) =
µs − µ̂s
σ2

+O(1/
√
N), (10.10)

and the asymptotic formula based on the Asimov dataset [233],

f(qµ|µs) =
1

√
qµ

1√
2π

[
exp

(
−1

2
(
√
qµ +

√
R)

)
+ exp

(
−1

2
(
√
qµ −

√
R)

)]
,

R :=
(µs − µ̂s)

2

σ2
,

(10.11)

where σ denotes the fitting uncertainty associated with µ̂s and N signifies the total number of
events observed in SRs. It is important to recognize that the approximation effectively disregards
the O(1/

√
N) terms, approximation that may lack full justification, particularly since the some

SRs contain fewer than five events. In the thesis, the result for model-independent search which
will be presented in Section 10.4 is obtained using the rigid toy-experiments. On the other
hand, for the purpose of limit setting which will be discussed in Section 10.3, Asimov’s formula
(Eq. 10.11) is employed to circumvent the impractical computational time associated with the
toy-experiments.

To check if the certain signal strength µs is excluded, a quantity CLs is used which is defined
as,

CLs =
CLs+b

CLb
=

pµs

pµ=0
. (10.12)

The p-value from the combined signal and background hypothesis is divided by the p-value de-
rived from the background-only hypothesis to avoid setting limits in regions of low experimental
sensitivity. The exclusion of a signal hypothesis at the 95% confidence level (CL) is defined to
be CLs less than 0.05.

10.2 Unblinded Signal Regions with Background-only Fit Re-
sults

The background expectations for the null signal hypothesis in SRs are determined bin-by-bin
through a simultaneous fitting process. This fitting involves the WZ NF, µWZ , as well as the
nuisance parameters related to systematic uncertainties, applied to the data across all pertinent
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Figure 10.1: (Top) Observed data yields (black dots) and the background expectation (his-
togram) in the SRs. The hatched band includes the combined statistical and systematic uncer-
tainty on the total estimated backgrounds. The dashed line illustrates signal simulation samples
for selectron (blue) and smuon (red) which masses are set to m(ℓ̃L, χ̃

0
3, χ̃

0
1) = (350, 200, 100) GeV.

(Bottom) Pull between the observed data and the expectation. No significant deviation from
expectation exceeding 2σ is observed.

bins of CRWZ and SRs. The unblinded results of the observed data, along with the anticipated
backgrounds in the SRs, are presented in Tables 10.1-10.3. The observed data agree with the
background-only hypothesis, with no SRs showing deviations exceeding 2σ. The maximum
deviation of the data from the background expectation is in SROS-on-b-eee with an excess of
1.8σ, followed by a 1.7σ excess in SROS-on-b-eµµ; the significances are computed following the
prescription in Ref. [238]. The pulls between data and expectation is shown in Fig. 10.1.

Fig. 10.2 and 10.3 show the kinematic distributions of data and prediction in SROS-on-b-eee
and SROS-on-b-eµµ where we observed the largest two excesses of data. Kinematic distributions
of other regions are shown in Appendix D. It can be seen from Fig. 10.2(a) that the m3ℓ

distribution of data in SROS-on-b-eee is consisitent with the signal with ∆m(ℓ̃L, χ̃
0
1) ≃ 350 GeV.

As an example, signal mass with m(ℓ̃L, χ̃
0
3, χ̃

0
1) = (450, 200, 100) GeV is overlaied. mmin

T and
Emiss

T distribution of SROS-on-b-eee are shown in Fig. 10.3(a)(b). The observed data does not
seem to contradict the signal distribution, but due to low statistics it is difficult to have a a
definitive conclusion.

From Fig. 10.2(b), it is seen that data exceeds the prediction at m3ℓ ∈ [200, 240) GeV
and [280, 320) GeV bin in SROS-on-b-eµµ. On the other hand, the Emiss

T distribution which is
shown in Fig. 10.3(d) looks more unlikely to be explained by the targeted models. Four out of
nine events in SROS-on-b-eµµ fall into Emiss

T ∈ [150, 160) GeV, while zero events are found in
Emiss

T ∈ [140, 150) GeV. This implies that the excess in SROS-on-b-eµµ is due to the statistical
fluctuations before and after the Emiss

T > 150 GeV cut.
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Table 10.1: Observed and expected yields after the background-only fit in SROS-on. The nor-
malization factors of the WZ sample are extracted from CRWZ. The “Others” category includes
contributions from W+ jets, Z + jets, di-boson (excluding full-leptonic W±Z and ZZ), Higgs,
and single-top processes. Combined statistical and systematic uncertainties are presented.

Region SROS-on-a-eee SROS-on-a-eeµ SROS-on-a-eµµ SROS-on-a-µµµ

Observed data 0 1 2 6

Fitted SM 1.01 ± 0.26 2.1 ± 0.4 2.6 ± 0.5 3.4 ± 0.6

WZ 0.77 ± 0.20 1.57 ± 0.31 2.0 ± 0.4 2.4 ± 0.5
ZZ < 0.005 0.090 ± 0.034 < 0.005 0.14 ± 0.05
V V V 0.17 ± 0.13 0.26 ± 0.19 0.47 ± 0.28 0.40 ± 0.31
tt̄ < 0.05 < 0.05 0.04 ± 0.04

0.04 < 0.05
tt̄X 0.059 ± 0.029 0.14 ± 0.06 0.13 ± 0.05 0.28 ± 0.09
Fakes < 0.005 0.00 ± 0.05

0.00 0.000 ± 0.014
0.000 0.11 ± 0.15

0.11

Others 0.019 ± 0.021
0.019 < 0.007 0.011 ± 0.005 < 0.006

Region SROS-on-b-eee SROS-on-b-eeµ SROS-on-b-eµµ SROS-on-b-µµµ

Observed data 4 4 9 5

Fitted SM 1.25 ± 0.32 2.7 ± 0.5 4.6 ± 0.7 3.9 ± 0.6

WZ 1.01 ± 0.28 1.93 ± 0.33 3.9 ± 0.6 3.1 ± 0.6
ZZ < 0.005 0.105 ± 0.035 0.012 ± 0.009 0.21 ± 0.06
V V V 0.18 ± 0.13 0.34 ± 0.23 0.46 ± 0.28 0.42 ± 0.30
tt̄ < 0.05 0.04 ± 0.04

0.04 0.04 ± 0.05
0.04 < 0.05

tt̄X 0.05 ± 0.04 0.18 ± 0.05 0.15 ± 0.07 0.13 ± 0.06
Fakes < 0.003 0.14 ± 0.19

0.14 0.000 ± 0.016
0.000 < 0.008

Others < 0.002 < 0.005 < 0.006 < 0.004

Region SROS-on-c-eee SROS-on-c-eeµ SROS-on-c-eµµ SROS-on-c-µµµ

Observed data 1 2 1 3

Fitted SM 0.81 ± 0.21 1.86 ± 0.34 2.7 ± 0.4 2.2 ± 0.4

WZ 0.66 ± 0.19 1.60 ± 0.32 2.4 ± 0.4 1.8 ± 0.4
ZZ < 0.005 0.031 ± 0.028 0.013 ± 0.007 0.073 ± 0.028
V V V 0.09 ± 0.06 0.19 ± 0.10 0.18 ± 0.11 0.20 ± 0.13
tt̄ < 0.05 < 0.05 0.06 ± 0.08

0.06 < 0.05
tt̄X 0.052 ± 0.026 0.036 ± 0.024 0.031 ± 0.022 0.011 ± 0.023

0.011

Fakes < 0.002 < 0.004 0.02 ± 0.06
0.02 0.09 ± 0.11

0.09

Others < 0.002 < 0.002 < 0.001 < 0.001
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Table 10.2: Observed and expected yields after the background-only fit in SROS-off. The
normalization factors of the WZ sample are extracted from CRWZ. The “Others” category
includes contributions from W+ jets, Z + jets, di-boson (excluding full-leptonic W±Z and ZZ),
Higgs, and single-top processes. Combined statistical and systematic uncertainties are presented.

Region SROS-off-a-eee SROS-off-a-eeµ SROS-off-a-eµµ SROS-off-a-µµµ

Observed data 0 3 2 1

Fitted SM 0.39 ± 0.11 1.4 ± 0.4 3.8 ± 0.8 1.01 ± 0.25

WZ 0.30 ± 0.10 0.26 ± 0.12 1.54 ± 0.24 0.62 ± 0.21
ZZ < 0.005 0.027 ± 0.019 0.027 ± 0.016 0.053 ± 0.034
V V V 0.06 ± 0.04 0.31 ± 0.16 0.48 ± 0.20 0.15 ± 0.08
tt̄ < 0.05 0.41 ± 0.24 1.1 ± 0.4 0.13 ± 0.10
tt̄X 0.028 ± 0.017 0.08 ± 0.04 0.16 ± 0.06 0.046 ± 0.020
Fakes < 0.007 0.28 ± 0.27 0.00 ± 0.24

0.00 0.000 ± 0.022
0.000

Others < 0.01 0.032 ± 0.012 0.5 ± 0.5 0.0101 ± 0.0034

Region SROS-off-b-eee SROS-off-b-eeµ SROS-off-b-eµµ SROS-off-b-µµµ

Observed data 0 3 6 1

Fitted SM 0.75 ± 0.33 1.6 ± 0.4 3.6 ± 0.7 1.50 ± 0.26

WZ 0.30 ± 0.10 0.45 ± 0.14 1.10 ± 0.23 1.12 ± 0.22
ZZ < 0.005 0.049 ± 0.029 0.034 ± 0.023 0.058 ± 0.029
V V V 0.17 ± 0.11 0.57 ± 0.28 1.1 ± 0.5 0.23 ± 0.11
tt̄ < 0.05 0.18 ± 0.11 0.61 ± 0.25 < 0.05
tt̄X < 0.01 0.15 ± 0.05 0.24 ± 0.07 0.064 ± 0.031
Fakes 0.20 ± 0.27

0.20 0.15 ± 0.25
0.15 0.5 ± 0.4 0.02 ± 0.08

0.02

Others 0.07 ± 0.11
0.07 0.040 ± 0.016 0.039 ± 0.011 < 0.01

Region SROS-off-c-eee SROS-off-c-eeµ SROS-off-c-eµµ SROS-off-c-µµµ

Observed data 0 1 1 3

Fitted SM 0.27 ± 0.08 0.96 ± 0.28 3.0 ± 0.6 1.91 ± 0.35

WZ 0.16 ± 0.07 0.29 ± 0.09 1.43 ± 0.22 1.49 ± 0.30
ZZ < 0.005 0.020 ± 0.013 0.09 ± 0.04 0.04 ± 0.04
V V V 0.063 ± 0.026 0.52 ± 0.25 0.9 ± 0.4 0.31 ± 0.15
tt̄ < 0.05 0.04 ± 0.05

0.04 0.09 ± 0.07 < 0.05
tt̄X 0.039 ± 0.029 0.08 ± 0.04 0.12 ± 0.05 0.02 ± 0.05

0.02

Fakes < 0.003 0.000 ± 0.025
0.000 0.33 ± 0.30 0.05 ± 0.09

0.05

Others < 0.002 < 0.005 < 0.01 < 0.004
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10.3. MODEL-DEPENDENT INTERPRETATION – CONSTRAINTS ON THE

BENCHMARK MODELS

Table 10.3: Observed and expected yields after the background-only fit in SRSS. Combined
statistical and systematic uncertainties are presented.

Region SRSS-eee SRSS-eµµ SRSS-2µ

Observed data 1 2 1

Fitted SM 0.85 ± 0.26 2.0 ± 0.5 0.66 ± 0.26

Charge-flip 0.74 ± 0.25 1.4 ± 0.4 0.015 ± 0.006
Fakes 0.06 ± 0.09

0.06 0.57 ± 0.33 0.55 ± 0.25
WZ < 0.01 0.032 ± 0.027 < 0.005
V V V < 0.01 0.012 ± 0.018

0.012 0.016 ± 0.022
0.016

tt̄ 0.04 ± 0.04
0.04 < 0.05 0.08 ± 0.06
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Figure 10.2: Post-fit distributions of m3ℓ in (a) SROS-on-eee channel and (b) SROS-on-eµµ
channel. The bins enclosed by arrows indicate the respective regions. The hatched band includes
the combined statistical and systematic uncertainty on the total estimated backgrounds. The
overflow is included in the highest bin. Pink and green lines represent the expected distributions
of the typical signal targeted in the SR bin. The bottom panels show the ratio of the observed
data to the predicted total background yields.

10.3 Model-dependent Interpretation – Constraints on the Bench-
mark Models

Exclusion limits for specific models are determined by performing a hypothesis test that incorpo-
rates signal yields estimated from simulation samples in SRs and CRWZ into the likelihood. To de-
rive the NF ofWZ, signal contamination in CRWZ is considered. In the background-only fit, µWZ

is found to be 1.07±0.06, while with the signal hypothesis ofm(ℓ̃L, χ̃
0
3, χ̃

0
1) = (300, 200, 100) GeV,

µWZ is derived to be 1.05± 0.06. The results are consistent within the NF uncertainty. All SRs
are incorporated into the fitting procedure to calculate the CLs value. The CLs value is calcu-
lated for the µs = 1 hypothesis for each signal grid point. The CLs values between each signal
grid point are smoothly interpolated, and the points with CLs = 0.05 are connected to form
the exclusion limit. Given the large number of signal points tested, an asymptotic approxima-
tion [233] is employed in the CLs calculation instead of the full calculation using toy-experiments.
The difference between the CLs obtained from the two methods is at most 40%, which can be
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Figure 10.3: Post-fit distributions in (a)(b) SROS-on-b-eee and (c)(d) SROS-on-b-eµµ. Each plot
is drawn without applying selections to the variable illustrated. Arrows indicate the selection
which are applied in SRs. The hatched band includes the combined statistical and systematic
uncertainty on the total estimated backgrounds. The overflow is included in the highest bin.
Pink and green lines represent the expected distributions of the typical signal targeted in the SR
bin. The bottom panels show the ratio of the observed data to the predicted total background
yields.

translated into a difference of up to 10% in the cross-section upper limit and negligible in the
mass reach.

The expected and observed exclusion limit for the slepton-bino-higgsino model with LSP
mass of 100 GeV or 150 GeV is shown in Fig. 10.4. Here selectron and smuon are assumed to be
at the same mass. By this study, slepton mass up to 450 (420) GeV is excluded with the lightest
SUSY particle mass being 100 (150) GeV. Exclusion limits obtained by only including SROS or
SRSS in the exclusion fit are shown in Fig. 10.5 which are overlaied to the combined exclusion
limits. We can also think about the case where only the selectron or the smuon is light. Fig. 10.6
(Fig. 10.7) shows the exclusion contours assuming only the selectron (smuon) is light. As slight
data excess in the SROS-on region is observed, the exclusion counter has shrinked especially in the
∆m(χ̃0

3, χ̃
0
1) > mZ region. From Fig. 10.5, SROS is mainly sensitive to the region with sufficiently

large ∆m(ℓ̃L, χ̃
0
3) and ∆m(χ̃0

3, χ̃
0
1). This is due to the Emiss

T and mmin
T cut imposed to SROS which
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Figure 10.4: Exclusion contours on the m(χ̃
0
3) vs. m(ℓ̃±L ) plane obtained including all SRs and

assuming m(ẽL) = m(µ̃L). The expected 95% CL exclusion limits are shown in the dashed black
lines, with the yellow bands indicating ±1σexp including all uncertainties except for the signal
cross-section uncertainty. The observed 95% CL exclusion limits are shown in the red solid lines,
with the dotted red bands indicating ±1σtheory due to signal cross-section uncertainty.
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Figure 10.5: Exclusion contours on the m(χ̃
0
3) vs. m(ℓ̃±L ) plane obtained assuming m(ẽL) =

m(µ̃L). Exclusion contours obtained by including only SROS or SRSS are overlaied. The expected
95% CL exclusion limits are shown in the colored dashed lines. The observed 95% CL exclusion
limits are shown in the solid lines.

is introduced to reduce the WZ background but also loses the sensitivity to compressed signals.
On the other hand, SRSS reaches its sensitivity to small ∆m(ℓ̃L, χ̃

0
3) region. However, due to

the need for both leptons from two W bosons to be reconstructed in order for the signals to fall
into SRSS (cf. Fig 7.7, 7.8), SRSS rapidly loses sensitivity in the small ∆m(χ̃0

3, χ̃
0
1) region.
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Figure 10.6: Exclusion contours on the m(χ̃
0
3) vs. m(ẽ±L ) plane obtained including all SRs and

only the selectron signals. The expected 95% CL exclusion limits are shown in the dashed black
lines, with the yellow bands indicating ±1σexp including all uncertainties except for the signal
cross-section uncertainty. The observed 95% CL exclusion limits are shown in the red solid lines,
with the dotted red bands indicating ±1σtheory due to signal cross-section uncertainty.
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Figure 10.7: Exclusion contours on the m(χ̃
0
3) vs. m(µ̃±L ) plane obtained including all SRs and

only the smuon signals. The expected 95% CL exclusion limits are shown in the dashed black
lines, with the yellow bands indicating ±1σexp including all uncertainties except for the signal
cross-section uncertainty. The observed 95% CL exclusion limits are shown in the red solid lines,
with the dotted red bands indicating ±1σtheory due to signal cross-section uncertainty.

10.4 Model-independent Search – Upper Limits on BSM Events

Upper limits on the number of model-independent BSM signal yields are established by per-
forming a hypothesis test with the null hypothesis describing a background-only scenario, which
is called the “discovery fit”. The discovery fit is performed for the flavor merged inclusive SRs
and each SR bins to derive the expected and the observed 95% CL upper limits on the number
of the generic BSM signal events (S95

exp and S95
obs) as well as the one-sided p-value (p(s = 0)) of

the background-only hypothesis. Toy-experiments are used for the calculation. As no specific
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models are being considered for the signals, the signal yields are included exclusively in the SR
bins and not in the CRWZ. The upper limits derived using the flavor merged inclusive SRs and
each SR bins are summarized in Table 10.4. An upper limit is placed on the visible cross-section,
which is defined as the product of the cross-section and the acceptance. The equation describing
this limit is

⟨ϵσ⟩95obs = S95
obs/(Integrated luminosity = 140 fb−1), (10.13)

where S95
obs is the upper limit placed on the number of BSM events. Given the data excess in

SROS-on-b-eee and SROS-on-b-eµµ, the upper limits placed on S95
obs are larger than S95

exp in these
SRs. S95

obs is consistent to S
95
exp in other regions where the observed number of events is consistent

with the expectation.
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Table 10.4: Observed (Nobs) yields after the discovery fit and the expected (Nexp) after the
background-only fit for flavor merged inclusive SRs and each SR bin. The third and fourth
columns list the 95% CL upper limits on the visible cross-section (σ95vis) and on the number of
signal events (S95

obs). The fifth column (S95
exp) shows the 95% CL upper limit on the number of

signal events, given the expected number (and ±1σ excursions of the expectation) of background
events. The last two columns indicate the CLb value, i.e. the confidence level observed for the
background-only hypothesis, and the discovery p-value (p(s = 0)). If the observed yield is below
the expected yield, the p-value is capped at 0.5.

Region Nobs Nexp ⟨ϵσ⟩95obs[fb] S95
obs S95

exp CLb p(s = 0) (Z)

SROS-on-a 9 8.94± 1.33 0.06 8.1 7.6+3.1
−2.1 0.58 0.49 (0.01)

SROS-on-b 22 12.33± 1.67 0.14 19.2 9.9+3.9
−2.3 0.98 0.01 (2.24)

SROS-on-c 7 7.49± 0.99 0.05 6.8 7.0+2.9
−2.1 0.46 0.50 (0.00)

SROS-off-a 6 6.33± 1.08 0.04 6.1 6.6+2.9
−1.9 0.39 0.50 (0.00)

SROS-off-b 10 7.47± 1.25 0.07 9.3 7.4+2.8
−2.0 0.78 0.24 (0.71)

SROS-off-c 5 5.72± 0.91 0.04 5.7 6.2+2.8
−1.6 0.41 0.50 (0.00)

SRSS 4 3.50± 0.78 0.04 6.1 5.4+2.0
−1.4 0.65 0.33 (0.43)

SROS-on-a-eee 0 1.01± 0.26 0.02 3.0 3.7+1.3
−0.6 0.20 0.50 (0.00)

SROS-on-a-eeµ 1 2.06± 0.40 0.03 3.8 4.4+1.6
−1.0 0.26 0.50 (0.00)

SROS-on-a-eµµ 2 2.61± 0.50 0.03 4.5 4.7+2.0
−1.0 0.41 0.50 (0.00)

SROS-on-a-µµµ 6 3.36± 0.60 0.06 8.4 5.4+2.1
−1.3 0.91 0.07 (1.46)

SROS-on-b-eee 4 1.25± 0.42 0.05 7.1 4.3+1.4
−0.8 0.96 0.03 (1.82)

SROS-on-b-eeµ 4 2.74± 0.46 0.04 6.2 4.9+1.9
−1.1 0.78 0.21 (0.79)

SROS-on-b-eµµ 9 4.59± 0.66 0.08 11.0 6.1+2.3
−1.5 0.97 0.04 (1.79)

SROS-on-b-µµµ 5 3.89± 0.66 0.05 6.8 5.3+2.4
−1.4 0.72 0.25 (0.69)

SROS-on-c-eee 1 0.81± 0.24 0.03 3.8 3.3+1.4
−0.3 0.64 0.35 (0.38)

SROS-on-c-eeµ 2 1.86± 0.36 0.03 4.6 4.2+1.7
−1.1 0.57 0.41 (0.23)

SROS-on-c-eµµ 1 2.72± 0.47 0.02 3.5 4.7+2.0
−1.2 0.15 0.50 (0.00)

SROS-on-c-µµµ 3 2.15± 0.41 0.04 5.5 4.6+1.7
−1.1 0.73 0.26 (0.65)

SROS-off-a-eee 0 0.39± 0.11 0.02 3.0 3.1+1.0
−0.0 0.34 0.50 (0.00)

SROS-off-a-eeµ 3 1.39± 0.43 0.04 5.6 4.1+1.4
−0.8 0.85 0.17 (0.96)

SROS-off-a-eµµ 2 3.81± 0.76 0.03 4.1 5.3+2.2
−1.2 0.17 0.50 (0.00)

SROS-off-a-µµµ 1 1.01± 0.28 0.03 3.5 3.6+1.5
−0.6 0.48 0.50 (0.00)

SROS-off-b-eee 0 0.75± 0.33 0.02 2.9 3.1+1.3
−0.1 0.26 0.50 (0.00)

SROS-off-b-eeµ 3 1.60± 0.44 0.04 5.7 4.2+1.8
−1.0 0.81 0.19 (0.89)

SROS-off-b-eµµ 6 3.61± 0.76 0.06 7.7 5.4+2.2
−1.4 0.85 0.17 (0.95)

SROS-off-b-µµµ 1 1.50± 0.28 0.03 3.7 3.9+1.7
−0.9 0.40 0.50 (0.00)

SROS-off-c-eee 0 0.27± 0.08 0.02 3.0 3.1+0.8
−0.0 0.38 0.50 (0.00)

SROS-off-c-eeµ 1 0.96± 0.28 0.03 3.6 3.6+1.2
−0.5 0.50 0.50 (0.00)

SROS-off-c-eµµ 1 2.96± 0.56 0.02 3.4 4.7+2.0
−1.1 0.13 0.50 (0.00)

SROS-off-c-µµµ 3 1.91± 0.35 0.04 5.4 4.3+1.8
−1.1 0.76 0.23 (0.73)

SRSS-eee 1 0.85± 0.26 0.03 4.0 3.4+1.4
−0.3 0.66 0.34 (0.41)

SRSS-eeµ 2 1.99± 0.52 0.03 4.5 4.3+1.8
−1.1 0.55 0.42 (0.19)

SRSS-2µ 1 0.66± 0.26 0.03 4.0 3.1+1.2
−0.1 0.73 0.27 (0.62)
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Chapter 11

Discussion

11.1 What is Unique/Important in This Study?

This work is the first dedicated serach for the (left-handed) slepton-bino-higgsino model which
is motivated by the muon g− 2 anomaly and dark matter. We have systematically analyzed all
of the mass hierarchy sub-scenarios which can explain the muon g− 2 anomaly and summarized
which sub-scenarios are viable in terms of the dark matter and studied the constraints from the
LHC (Chapter 3). The slepton-bino-higgsino model was elucidated to be the only mass hierarchy
which has not been optimally explored (Section 3.2). For the search of the slepton-bino-higgsino
model, we have defined several optimal SRs which include the three lepton same-sign region
with b-jet veto which have never been explored at LHC (Section 7.3). One important work
in this thesis is the derivation of the electron charge-flip scale factors (Section 8.3.2). These
scale factors are derived as the ATLAS-wide official charge-flip scale factors and will be used
by other ATLAS analyses which are affected by the charge-flip background. Another important
achivement of this study is the establishment of the background estimation method for SRSS-2µ
(Section 8.4.5). It is extremely hard to estimate the background in this unusual phase space
which is dominated by fake lepton events and has very low background level. By checking the
MC-data agreement in the anti-ID region, fake process composition and the number of fake
leptons, we have established and validated the fake background estimation method which is
described as Eq. 8.8.

I carried out all parts of the analysis, including target definition, analysis strategy develop-
ment, estimation of background events, evaluation of systematic uncertainties, and statistical
interpretation.

11.2 Implication to Muon g − 2 Anomaly

This analysis gives a new constraint to the slepton-bino-higgsino model, consistent with the
muon g− 2 anomaly and the dark matter direct detection. Figure 11.1 shows the overlay of the
expected and observed exclusion limits of this analysis and the mass points consistent with the
muon g − 2 anomaly with m(χ̃0

1) = 150 GeV. Green mass points explain the muon g − 2 [36]
anomaly within 2σ, W boson mass [144] within 2σ, and satisfy the dark matter relic density
constraint [26], the dark matter direct detection constraint by the LZ experiment [27], and the
ATLAS higgsino search constraints [101, 104, 105]. As discussed in Section 3.2.2, mass points
distribute in the region where ∆m(χ̃0

3, χ̃
0
1) > 90 GeV by the DM direct detection constraint.

Though this analysis excludes some of these phenomenologically motivated mass points, left-
handed sleptons which can explain the muon g − 2 anomaly can be heavy up to ∼ 800 GeV in
the case of m(χ̃0

1) = 150 GeV with large tan β. More statistics of collision data are needed to
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Figure 11.1: Overlay of the expected and observed exclusion limit of this analysis and the mass
points consistent with the muon g − 2 anomaly with m(χ̃0

1) = 150 GeV. Green mass points
explain the muon g − 2 anomaly [36] within 2σ, W boson mass [144] within 2σ, and satisfy
the dark matter relic density constraint [26], the dark matter direct detection constraint by the
LZ experiment [27] and the ATLAS higgsino search constraints [101, 104, 105]. This analysis
excludes some of these phenomenologically motivated mass points.

test the entire region which can explain the muon g − 2 anomaly. The sensitivity projection in
the future LHC experiment will be discussed in Section 11.4.

11.3 Limit on the Higgsino Mass

At the LHC, higgsinos are searched individually using the disappearing track signature [103,
239], displaced track signature [101], and multi-lepton signatures [104, 105, 120]. Fig. 11.2
illustrates exclusion limits set by analyses targeting the compressed higgsino states in the AT-
LAS and LEP experiments. Due to the small production cross-section of higgsinos and diffi-
culty in the reconstruction of low pT objets, higgsinos are only excluded up to 190 GeV where
∆m(χ̃±

1 , χ̃
0
1) > 0.3 GeV and there are even mass splittings where LEP is still the strongest limit

around ∆m(χ̃±
1 , χ̃

0
1) = 1 GeV.

We have calculated the maximum exclusion of the LSP mass, m(χ̃0
1), by interpolating the

CLs between different LSP masses. Fig. 11.3 shows the expected and observed maximum ex-
clusion of m(χ̃0

1) in the ∆m(ℓ̃L, χ̃
0
3) vs. ∆m(χ̃0

3, χ̃
0
1) plane. This analysis is most sensitive to

mass differences around ∆m(ℓ̃L, χ̃
0
3) = ∆m(χ̃0

3, χ̃
0
1) = 50-100 GeV because of the sufficient mass

splitting and relatively low mass sleptons. The observed (expected) exclusion on m(χ̃0
1) extends

up to 205 (215) GeV. Be careful that we are assuming higgsinos to be mass degenerate (Sec-
tion 3.3), thus Fig. 11.2 and 11.3 cannot be naively compared. However, the statement that we
are able to set a strong constraint to the higgsino mass in a certain mass hierarchy is still valid.
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production cross-section and shown as a function of mass splitting ∆m(χ̃±
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2) are indicated per analysis in the legend.
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Figure 11.3: (a) Expected and (b) observed maximum exclusion of m(χ̃0
1) in the ∆m(ℓ̃L, χ̃

0
3)

vs. ∆m(χ̃0
3, χ̃

0
1) plane. The dotted (solid) contour line indicate 150 (200) GeV limit of χ̃0

1 mass.
In the white region, the lower limit on the χ̃0

1 mass is below 100 GeV.

11.4 Future Prospect

The LHC Run 3 period has started in 2022, increasing the center-of-mass energy to 13.6 TeV
and is expected to obtain about 500 fb−1 data, including the data acquired in previous runs,
by mid 2026. After a four-year shutdown period, the center-of-mass energy will be increased
to 14 TeV and is expected to obtain about 3000-4000 fb−1 of data in about ten years. This
period is called the High-Luminosity LHC (HL-LHC), and the high statistics will be utilized
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uncertainty of 30% is assumed for background yields.

to detect new particles with small production cross-sections and to make precise measurements
of the Higgs boson. The LHC and HL-LHC plan is summarized in Fig. 11.4. We will discuss
the extended sensitivity of this analysis targeting the slepton-bino-higgsino scenario using data
obtained during Run 3 and HL-LHC. The HL-LHC increases the instantaneous luminosity by a
factor of 5 to 7.5 relative to the nominal value to achieve high statistics. However, this increase
in luminosity will also result in a significant rise in radiation levels due to an increase in the mean
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number of interactions per crossing. The trigger rate will increase significantly, necessitating
upgrades to the trigger system, the data acquisition system, and the electronics. Specifically,
the end-cap muon trigger system will be substantially upgraded which will be further discussed
in Appendix A.

The sensitivity of the slepton-bino-higgsino analysis is evaluated with the expected data
statistics recorded during Run 3 and HL-LHC. Since a large increase in statistics is expected
for HL-LHC, the Emiss

T selection is tightened from 150 GeV to 300 GeV in SROS to increase the
signal-to-background ratio. Fig. 11.5 shows the Emiss

T distribution for SROS scaled to 4000 fb−1.
Emiss

T > 300 GeV is chosen to maximize the sensitivity to sleptons heavier than them targeted in
this Run 2 anaylsis. With sufficient data statistics, SRSS-2µ will be able to be divided in to SRSS-
eµµ and SRSS-µµµ which will enhance the sensitivity especially to smuons. Fig. 11.6 shows the
expected exclusion limits and 5σ discovery contour for data statistics which will be obtained by
Run 3 (400 fb−1) and HL-LHC (4000 fb−1) under the assumption that systematic uncertainties
are equivalent to those of the Run 2 analysis. Using the large statistics of 4000 fb−1 expected in
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Figure 11.6: Future projection of the expected exclusion limits and 5σ discovery contour by the
slepton-bino-higgsino analysis using the data collected during the Run 3 and HL-LHC. The red
solid line illustrates the observed exclusion limits at the 95% CL in the displaced track analysis
using the Run 2 data. The green and blue lines illustrate the expected exclusion limit at the
95% CL with integrated luminosity of 400 fb−1 and 4000 fb−1. The red dashed lines illustrate
the expected 5σ discovery contour with integrated luminosity of 4000 fb−1.
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the HL-LHC, the sensitivity can be extended up to 800-900 GeV sleptons and sleptons lighter
than 400-600 GeV can be discovered. From Fig. 3.7 and Fig. 11.6, it can be seen that after
HL-LHC, almost all mass region consistent with the muon g − 2 anomaly can be excluded.
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Chapter 12

Conclusion

This thesis presents a search for the cascade decay of left-handed sleptons and sneutrinos using
140 fb−1 of proton-proton collision data at

√
s = 13 TeV, collected by the ATLAS detector

at the Large Hadron Collider (LHC). The search focuses on final states with exactly three
leptons. In the targeted model, sleptons are assumed to decay into a Higgsino-dominated lightest
supersymmetric particle (LSP) via a bino-dominated neutralino, whose mass lies between that
of the slepton and the LSP. This model is motivated by the muon g−2 anomaly and the presence
of dark matter.

The search employs two complementary analysis strategies. The first strategy targets events
with a same-flavor opposite-sign lepton pair exhibiting a large transverse mass and significant
missing transverse energy (SROS). The second strategy focuses on events with three leptons
of the same electric charge (SRSS). This latter region is novel, as it has not been previously
explored at the LHC, and is primarily dominated by reducible backgrounds, such as electron
charge-flip and fake lepton events. Background estimation methods for the prompt WZ process,
charge-flip, and fake lepton backgrounds are developed and validated using dedicated control
and validation regions. In the unblinded signal regions, no significant excess over the Standard
Model predictions is observed, allowing exclusion limits to be set on the targeted model at the
95% confidence level. Slepton masses up to 450 (420) GeV are excluded for an LSP mass of 100
(150) GeV. However, a slight data excess was observed in the SROS on-shell region, leading to a
reduction in the observed exclusion reach compared to the expected exclusion limits, particularly
in the phase space where ∆m(χ̃0

3, χ̃
0
1) > mZ .

Looking ahead to the High-Luminosity LHC (HL-LHC) with an integrated luminosity of
L = 4000 fb−1, the sensitivity to slepton masses is projected to extend to the 800-900 GeV
range, with discovery potential for sleptons lighter than 400-600 GeV. Following the HL-LHC
program, nearly the entire mass region consistent with the muon g − 2 anomaly is expected to
be explored.
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Appendix A

End-cap Muon Trigger Upgrade for
the HL-LHC

To cope with the higher trigger rate in HL-LHC, the end-cap muon trigger system in ATLAS
will be substantially upgraded. All trigger logic and readout boards will be replaced, except for
the ASD boards on the TGC chamber which converts analog signals to digital signals. Below
is first an overview of the TGC electronics system at HL-LHC, followed by a description of my
personal contribution.

Three TGC stations, called M1, M2, and M3 from the inside, are located outside the magnetic
field. Each wire and strip layer is slightly shifted in the η and ϕ direction, which provides
improved position resolution by taking the coincidence between each layer. M1, M2, and M3
have disk-like structures, and the three stations are called the TGC Big Wheel (TGC BW).
Muons produced from the IP pass the toroidal magnetic field applied in the ϕ direction and

Figure A.1: Overview of the end-cap muon trigger logic. The pT is measured by calculating the
difference in r-position and ϕ-position at M1 relative to M3 between the hit positions at M1,
M2 and M3 and the trajectory of a muon that passes through with infinite momentum.
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bent in the η direction. The curvature of the muon tracks depends on the pT. Therefore, it
is possible to calculate the pT of a muon by measuring its change in position in the r and
ϕ directions compared to when it passes through with infinite momentum. Fig. A.1 shows a
schematic of the trigger logic.

To realize this trigger logic, several types of electronics are combinedly used as shown in
Fig. A.2 which is the overview of the TGC electronics system in the HL-LHC. The upgraded sys-
tem consists of the Primary Processor boards (PS board) and JTAG Assistance Hub (JATHub)
in the frontend and Sector Logic boards (SL) in the backend. Besides the digital components,
the analogue Amplifier-Shaper-Discriminator (ASD) cards are mounted on the TGC detectors.
When muon passes through TGC, the detector generates an analog signal and the ASD sends
digitized hit signals to PS board. Then, the PS board aligns signal timing, and performs hit
bunch crossing identification (BCID). Next, the PS board sends a fixed-length binary hit-map to
SL at every 40 MHz bunch crossing. After that, the SL reconstructs muon track candidates and
calculates pT for each muon. Finally, the SL sends muon candidates to the down-stream trigger
system and on acceptance of trigger send readout data from the L0 buffer to the data acquisition
system. The trigger and clock signal is distributed from the Central Trigger Processor (CTP)
to each SL, and then to each PS board through the optical fibers. JATHub is an independent
control module and takes responsibility for FPGA configuration, error recovery and clock phase
monitoring of PS boards.

The PS board is equipped with eight Patch Panel (PP) ASICs and one Xilinx Kintex-7
FPGA. The PP ASICs align the signal arrival timing before the BCID, exploiting variable
delays available at the input stage. These PP ASIC signal delay parameters have variations
due to different muon time of flight and ASD signal cable length. The BCID is performed
by PP ASICs with a configurable gate-width. The PS board FPGAs receive 40 MHz LHC
clock distributed from the SL via optical links and recover the clock with a fixed latency in the
individual FPGAs. A FPGA aligns the clock phase with the other PS boards within O(100) ps
precision, using variable delay owing to the built-in phase-locked loop of the FPGA clocking
resource, for optimal performance of BCID. Alignment of the LHC clock phase, provided to the
PP ASICs in all 1,434 PS boards, enables the BCID gate-timing to be matched between PP
ASICs, and the BCID gate-width to be kept as the minimum necessary length. Precisely aligned
gate timing and small gate width ensure high probability of correct BCID while minimizing the
chance of contributions from background that are out of sync with the proton bunch crossing
timing, such as those originated from low-energy neutrons and photons. Clock phase delay
parameters have variations to compensate difference of fiber length between SL and PS boards.
The PS board also provides the threshold voltage to the discriminator on ASD cards, driven and
monitored by DACs and ADCs on the PS boards. Threshold voltage values also have variations
due to different optimized threshold value for each chamber. Each PS board is configured with
dedicated parameters including the signal delay, BCID gate width, signal mask for PP ASIC,
40 MHz clock delay, and ASD threshold voltage value for the PS board FPGA, for a total of
∼2,200 bits.

Using the hit signals from PS boards, SL performs muon track reconstruction and pT esti-
mation. SL reads out hit data for each triggered event. SL also receives and distributes 40 MHz
clock to front-end PS boards with a fixed latency. Each SL is configured with dedicated parame-
ters including the signal delay (25 ns step) and L0 buffer depth, for a total of ∼800 bits. Among
these parameters, there are static parameters, that are constant during the detector operations,
and dynamic parameters, which could change. For example, since the muon time-of-flight and
ASD cable length do not change, the PP ASIC signal delay is a static parameter. On the other
hand, the ASD threshold voltage value is a dynamic parameter, because the detector conditions
can change during the operation.



147

M1 Triplet (1/24)

M2,M3 Doublets (1/24)

EIL4 Triplet (1/24)

314
64

72
64

69
64

185
64

274
64

72
64

69
64

185
64

274
64

62
64
60
64
64
64

212
64

192
64

244
64

62
64
60
64
64
64

212
64

192
64

96
96

Total:4318 channels

Total:2090 channels

Total:   192 channels

Endcap: 
84 ASD boards
32 ASD boards

Forward: 
21 ASD boards
4 ASD boards

Endcap: 
160 ASD boards
80 ASD boards

Forward: 
32 ASD boards
8 ASD boards

6 ASD boards
6 ASD boards

MDT
Trigger 

Processor

MUCTPI

FELIX

64
64
64
64
64
64

206
64

220
64

250
64

64
64
64
64
64
64

206
64

220
64

on-detector off-detector

OpBcal fiber
Copper cable

TDAQ
server

DCS

ATCA Self 
Manager

NSW TILE BIS78
18 PS boards

11 PS boards

1 PS board

Endcap
Sector Logic

36 Rx
18 Tx

22 Rx
11 Tx

4 Rx
1 Tx

6 Rx 2 Rx 2 Rx

6 or 8 Rx

4 Tx

4 Tx
1 Rx

6 or 8 Tx

Ethernet

IPMI

Ethernet

2 Tx
2 Rx

1 Tx
1 Rx

1 Tx
1 Rx

GbE SW-Hub

2 JATHubs

GbE SW-Hub

1 JATHub

GbE SW-Hub

1 JATHub

Figure A.2: Overview of the TGC electronics system in the HL-LHC ATLAS experiment [242].
In this figure, the 1/24 area of one side of the end-cap is shown. Signals from the TGC detector
are converted to digital signals by ASD, and after BCID is performed by the PS board installed
in the ATLAS cavern, all signals are transferred to the SL. One SL is in charge of 1/24 of one
side of the end-cap and estimates the pT of the muon by pattern matching using the information
from several detectors mainly by TGC. The trigger and clock signal is distributed from the CTP
to each SL, and then to each PS board. JATHub is independent from the data path and is
responsible for configuring the FPGA on the PS board, handling unrecoverable SEU errors, and
monitoring the phase of the LHC bunch crossing clocks on the PS board.

JATHub is a control hub module for the FPGAs on PS boards, equipped with the Xilinx
Zynq-7000 System-on-a-Chip (SoC) device. The Zynq SoC integrates a Processor System includ-
ing ARM-based processor with a Programmable Logic (PL) part equivalent to Xilinx 7-series
FPGA and acts as the main driver of the front-end control system. One JATHub module is con-
nectable to maximum 11 PS boards through category 6 cables, and 148 JATHub modules will
control all 1,434 PS boards. JATHub has an Ethernet interface via optical fibers (1000BASE-X),
exploiting built-in transceivers in the PL part of the Zynq. The PS part of the Zynq controls
the JTAG signals for the configuration and debugging of FPGA on the PS board. JATHub is
responsible for triggering the reconfiguration of PS board FPGAs in case that unrecoverable
Single Event Upset (SEU) errors happen in the configuration memory by radiation effects. PS
board FPGAs run the Xilinx Soft Error Mitigation (SEM) controllers to detect and recover SEU
errors automatically. When the SEM controller observes an unrecoverable SEU error, the PS
board FPGA asserts a recovery request signal to JATHub. Then, the JATHub initiates the
entire recovery process based on the flash memory on PS board.

All of the basic functions of the PS board, SL and JATHub have been implemented (e.g. the
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Figure A.3: The schematic (left) and photo (right) of the testbed for system-level commissioning
of the TGC front-end electronics at HL-LHC. The testbed consists of the PS board and JATHub
and the SL. SL and PS boards are connected by optical fibers, while JATHub and PS board are
connected by category 6 cables.

fixed latency clock distribution, clock phase alignment, PP ASIC and DAC configuration, data
readout from PS board to SL, register control and SEU recovery) and tested in the system level
testbed which schematic and photo is shown in Fig. A.3.

We have designed and implemented a new scheme called Autonomous Control Mechanism
(ACM) to handle the parameters which have large variation, and to realize the advancement and
automation of the electronics control system. ACM on each electronics recognizes the situation
by itself (e.g. FPGA power-up or reconfiguration, serial link lost and transceiver reset signal) and
takes the necessary actions automatically (e.g. initialize serial link, re-establish clock with a fixed
latency manner and configure registers) without communication with the central control system.
Parameters for configuring the electronics are typically written from the back-end system, as in
the current Run 3 TGC system. However, by this method, parameters must be written each
time the electronics are powered on or reconfigured, and it is usually time-consuming because
the electronics are accessed sequentially from the back-end where the current TGC system takes
four minutes to set parameters for all electronics every time data-taking starts. Reconfiguration
of electronics is required in case of electronics errors such as single event upsets or serial link lost.
In the ACM, parameters are stored in non-volatile flash memory on each board. Electronics with
FPGA are often equipped with the flash memory to store firmware for the FPGA. Extended use
of the external non-volatile flash memory allows us to store dedicated parameters in addition
to the firmware. This way the frontend electronics can restore the fully tuned and dedicated
parameters without real-time communication with the backend system in configuration, such as
after the power cycle and reconfigurations.

ACM has two main functions: parameter configuration and serial link (re-)establishment
with the fixed latency clock recovery.

Parameter configuration by ACM ACM recognizes that the FPGA power is turned on
or reconfigured then the “Flash controller” reads the parameters from the external non-volatile
flash memory and store it to the “Parameter register” in the FPGA. Parameter register stores
parameters in triplicate to build a robust mechanism for single event upsets. Based on the stored
parameters, ACM configures the FPGA registers, PP ASIC parameters, and adjusts the phase
of the 40 MHz clock. By introducing ACM, the time required to configure electronics can be
drastically reduced compared to current system.
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Figure A.4: Overall procedure for ACM.
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Figure A.5: Performance evaluation of ACM on PS board.

Serial link (re-)establishment by ACM Multiple steps are required to recover the clock in
the fixed latency and (re-)establish the serial link with link protocol of 8b10b. The detection of
the comma character (especially K28.5) is performed in the receiver, and the phase of recovered
clock is controlled from FPGA logic. There is 1 Unit Interval randomness in the phase of the
recovered clock depending on the evenness of the number of clock shifts required to detect
comma, and the receiver is reset repeatedly until the correct phase is achieved. All of these
steps are incorporated into the ACM framework, and ACM performs automatically the multiple
steps in the correct sequence.

Overall procedure for ACM Procedures for parameter configuration and serial link estab-
lishment have to be performed in the correct sequence. For example, the clock phase adjustment
to align the clock phases between PS boards (Dynamic phase shift) have to be performed only
after the clock recovery is completed in the receiver. And also the transmitter reset must be
deasserted only after the clock jitter cleaner outputs stable clock, because transmitter uses this
clock as the reference clock.

Fig. A.4 shows the overall procedure for ACM. Fig. A.4(a) refers to the procedure for
automatic FPGA reconfiguration, which works when the FPGA is powered on or reconfigured.
Fig. A.4(b) is the procedure for automatic transceiver reset, which works when the FPGA
receives the transceiver reset signal or the serial link is lost. It can be seen from Fig. A.4(a)(b)
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that the above requirements are satisfied and that the parameter setting procedure, which is
unnecessary for automatic transceiver reset, is omitted from Fig. A.4(b). Fig. A.5(a) shows
the time distribution after the transceiver receives reset signal until the PS board ACM re-
establishes the serial link with SL. It takes 196.5− 199 ms, and 99% of the time is spent waiting
for the jitter cleaner to output a stable clock. The time varies depending on how many times
the receiver needs to be reset before the correct phase clock is obtained. Fig. A.5(b) shows
the time distribution after the FPGA receives reconfiguration signal until the PS board ACM
re-establishes the serial link with SL. It takes 4218 − 4233 ms, and 95% of the time is spent
for programming the FPGA with the firmware. It was shown that, by introducing ACM, the
time required for electronics to be configured can be significantly reduced, which minimizes the
possible downtime in case of errors during the data taking. This significant time reduction was
achieved by first storing parameters on each board, eliminating the need for writing parameters
from the back-end sequentially, and then enabling each electronics to recognize the situation and
take neccesary actions automatically by introducing ACM, eliminating the need to communicate
with the central control system.

The installation of these TGC electronics into the ATLAS cavern and counting room will
start from 2026 and HL-LHC is planned to start from 2030.



151

Appendix B

Charge-flip probabilities and scale
factors

A full set of charge-flip probabilities and scale factors mentioned in Section 8.3.2 is presented.
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Figure B.1: Charge-flip probabilities in data and MC (upper panel) and the scale factors (lower
panel) as the function of electron |η|. The uncertainties on the data charge-flip probability and
the scale factors include both the statistical and systematic components.
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Figure B.1: Charge-flip probabilities in data and MC (upper panel) and the scale factors (lower
panel) as the function of electron |η|. The uncertainties on the data charge-flip probability and
the scale factors include both the statistical and systematic components. (cont.)
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Appendix C

Comparison of the magnitude of
systematic and statistical
uncertainties
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Figure C.1: Systematic uncertainties on the post-fit background yields in the SRs. The “MC
stats” category represents the uncertainty arising from the limited number of MC simulation
samples. The “Modeling” uncertainty category represents the theory uncertainty arising from
the choice of parameters for generating MC simulation samples. The “Experimental” category
indicates systematic uncertainties originating from the reconstruction, identification, isolation,
and calibration of physics objects. The “Normalization” category indicates systematic uncertain-
ties arising from the WZ NF uncertainty involving statistical uncertainty originating from the
limited CRWZ statistics. The “Lumi” category represents the integrated luminosity uncertainty.
The “Fakes” category involves the uncertainty arising from the fake factor uncertainty, the fake
lepton composition difference in CRFF and SRSS-2µ and the limited anti-ID CR statistics. The
“Charge-flip” category represents the systematic uncertainties originating from the charge-flip
scale factor uncertainty and the charge-flip source difference in CRCF and SRs. Relative total
statistical uncertainty,

√
Nexp/Nexp, is shown as “Total statistical”.
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Appendix D

Kinematic Distributions in Signal
Regions

Kinematic distributions of the unblinded SRs are listed.
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Figure D.1: Post-fit distruibutions of m3ℓ in SROS. The bins enclosed by arrows indicate
the respective regions. The hatched band includes the combined statistical and systematic
uncertainty on the total estimated backgrounds. The overflow is included in the highest bin.
Pink and green lines represent the expected distributions of the typical signal targeted in the SR
bin. The bottom panels show the ratio of the observed data to the predicted total background
yields.
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Figure D.2: Post-fit distruibutions in SROS-on-a. Each plot is drawn without applying selec-
tions to the variable illustrated. Arrows indicate the selection which are applied in SRs. The
hatched band includes the combined statistical and systematic uncertainty on the total esti-
mated backgrounds. The overflow is included in the highest bin. Pink and green lines represent
the expected distributions of the typical signal targeted in the SR bin. The bottom panels show
the ratio of the observed data to the predicted total background yields.
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Figure D.3: Post-fit distruibutions in SROS-on-b. Each plot is drawn without applying selec-
tions to the variable illustrated. Arrows indicate the selection which are applied in SRs. The
hatched band includes the combined statistical and systematic uncertainty on the total esti-
mated backgrounds. The overflow is included in the highest bin. Pink and green lines represent
the expected distributions of the typical signal targeted in the SR bin. The bottom panels show
the ratio of the observed data to the predicted total background yields.
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Figure D.4: Post-fit distruibutions in SROS-on-c. Each plot is drawn without applying selec-
tions to the variable illustrated. Arrows indicate the selection which are applied in SRs. The
hatched band includes the combined statistical and systematic uncertainty on the total esti-
mated backgrounds. The overflow is included in the highest bin. Pink and green lines represent
the expected distributions of the typical signal targeted in the SR bin. The bottom panels show
the ratio of the observed data to the predicted total background yields.
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Figure D.5: Post-fit distruibutions in SROS-off-a. Each plot is drawn without applying selec-
tions to the variable illustrated. Arrows indicate the selection which are applied in SRs. The
hatched band includes the combined statistical and systematic uncertainty on the total esti-
mated backgrounds. The overflow is included in the highest bin. Pink and green lines represent
the expected distributions of the typical signal targeted in the SR bin. The bottom panels show
the ratio of the observed data to the predicted total background yields.
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Figure D.6: Post-fit distruibutions in SROS-off-b. Each plot is drawn without applying selec-
tions to the variable illustrated. Arrows indicate the selection which are applied in SRs. The
hatched band includes the combined statistical and systematic uncertainty on the total esti-
mated backgrounds. The overflow is included in the highest bin. Pink and green lines represent
the expected distributions of the typical signal targeted in the SR bin. The bottom panels show
the ratio of the observed data to the predicted total background yields.
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Figure D.7: Post-fit distruibutions in SROS-off-c. Each plot is drawn without applying selec-
tions to the variable illustrated. Arrows indicate the selection which are applied in SRs. The
hatched band includes the combined statistical and systematic uncertainty on the total esti-
mated backgrounds. The overflow is included in the highest bin. Pink and green lines represent
the expected distributions of the typical signal targeted in the SR bin. The bottom panels show
the ratio of the observed data to the predicted total background yields.
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Figure D.8: Post-fit distruibutions of Emiss
T in SRSS. Each plot is drawn without applying

selections to the variable illustrated. Arrows indicate the selection which are applied in SRs.
The hatched band includes the combined statistical and systematic uncertainty on the total
estimated backgrounds. The overflow is included in the highest bin. Pink and green lines
represent the expected distributions of the typical signal targeted in the SR bin. The bottom
panels show the ratio of the observed data to the predicted total background yields.
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Appendix E

Auxiliary Materials

E.1 Acceptance and Efficiency

Signal acceptance is given by the ratio of weighted selected events by the SR to the weighted
total generated events. The selection is based on generator-level particle information. The
efficiency of lepton reconstruction/identification and b-tagging are treated as 100%. The signal
acceptance is summarized in Figure E.1.

Signal efficiency is defined by the number of events of reconstructed-level signal simulation
divided by the number of events obtained at generator level. The signal efficiency is summarized
in Figure E.2.
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Figure E.1: Signal acceptance of signals with m(χ̃0
1) = 100 GeV by the flavor merged SRs,

evaluated using MC simulation. The acceptance is given by the ratio of weighted selected events
by the SR to the weighted total generated events. The selection is based on generator-level
particle information. The efficiency of lepton reconstruction/identification and b-tagging are
treated as 100%.
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Figure E.2: Signal efficiencies of signals with m(χ̃0
1) = 100 GeV by the m3ℓ merged SROS

and SRSS, evaluated using MC simulation. The efficiency is defined by the number of events
of reconstructed-level signal simulation divided by the number of events obtained at generator
level. Efficiency below 0.002% is rounded to be 0.00 in the entry. The spiky efficiency values are
because of the difference between the truth and reconstructed samples amplified by a statistical
fluctuation due to the limited statistics.
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E.2 Cross-section Upper Limits

The expected and observed upper limits on the cross-section are given in Fig. E.3 and E.4,
respectively.
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Figure E.3: The expected upper limits on the cross-section for each signal grid point. The gray
numbers represent the values. The expected (dashed) and observed (solid) 95% CL exclusion
limits are overlaid.
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Figure E.4: The observed upper limits on the cross-section for each signal grid point. The gray
numbers represent the values. The expected (dashed) and observed (solid) 95% CL exclusion
limits are overlaid.
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