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Abstract

Although the Standard Model (SM) has attained substantial success in describing parti-
cle physics phenomena, it has confronted major challenges such as its inability to explain
dark matter and to address the hierarchy problem. Hence, the ultimate goal of modern
particle physics is to discover the physics beyond the SM. Supersymmetry (SUSY), a
yet-to-be-found symmetry between fermions and bosons, is one of the leading candidates
of physics beyond the SM. Under the framework of Minimal Supersymmetric Standard
Model (MSSM) with R-parity conservation, scenarios with light higgsinos are viable can-
didates of new physics, as they are consistent with constraints from collider experiments
and dark matter observations. Experiments at the Large Hadron Collider (LHC) have
the potential to search for such scenarios, however, the sensitivities are limited by exper-
imental di�culties owing to the compressed mass spectra of the higgsinos.

The dissertation presents the search for higgsinos using 140 fb�1 of proton-proton
collisions at center-of-mass energy of

p
s = 13 TeV at the LHC, targeting final states

with low-momentum leptons. The sensitivity to higgsinos in the target mass regions has
been considerably improved by the development and application of low-pT lepton track
identification algorithms and the introduction of neural-network-based event selection
techniques. No significant excess in data has been observed in the unblinded dataset,
and exclusion limits have been set on the target higgsino scenarios. In the context of the
simplified higgsino model with �m(�̃0

2
, �̃0

1
) = 2�m(�̃±

1
, �̃0

1
), higgsino mass of up to 130

GeV has been excluded for �m(�̃±
1
, �̃0

1
) = 1–2 GeV. This mass splitting region has been

covered for the first time at the LHC, extending the limit by about 40 GeV in higgsino
mass, where the original limit was set by the LEP2 experiment.
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Preface

The dissertation covers my works on search for higgsinos in the ATLAS experiment [1]
during my PhD program at The University of Tokyo in 2019–2024. The leading channel
of pure higgsino searches in ATLAS have been carried out by requiring a high-pT hadronic
jet and targeting signatures with high missing momentum (Emiss

T
) from higgsinos and two

low-pT leptons (e+e�, µ+µ�) originating from the higgsino decay �̃0

2
! �̃0

1
Z⇤. Given that

higgsino mass splitting �m(�̃0

2
, �̃0

1
) is typically of a few GeV, the sensitivity had been

largely limited due to di�culties in signal event tagging. This research overcomes these
di�culties by developing and exploiting new low-pT lepton identification algorithms with
dedicated optimizations for leptons in low-pT regimes, extending the search sensitivity to
higgsinos with compressed mass spectra. The research uses the full “LHC Run 2” dataset
taken in 2015–2018, corresponding to an integrated luminosity of 140 fb�1.

In 2019–2020, as a preparatory work to search for new physics in the ATLAS ex-
periment, I have conducted phenomenological studies by parameter scans and proposed
that a supersymmetric model having higgsinos with compressed mass spectra is one of
the most motivated candidates of new physics under the current experimental and the-
oretical constraints. Targeting higgsino searches in final states with low-pT leptons, I
started R&D studies on the identification algorithm of low-pT electrons in 2021. As the
studies gradually converged in 2022, I shifted my focus onto the search analysis for higgsi-
nos with compressed mass spectra. The following are brief descriptions of my significant
contributions to these works.

Development of the low-pT electron identification algorithm
The new low-pT electron identification algorithm has been designed to identify low-
pT electrons primarily based on the track information given by the ATLAS inner
detectors, with less emphasis on energy clusters in the calorimeters, which are not
reconstructed for pT below 2 GeV. Using deep neural network (DNN), the algorithm
exploits the track and calorimeter cluster information in an inclusive manner. I have
conducted all of its development works by myself: studies and selection of input de-
tector variables, design of the DNN structure, determination of the selection criteria
and performance evaluation, and e�ciency measurement with data. Namely, I have
created the low-pT electron identification algorithm from scratch and succeeded in
its implementation to the undermentioned search analysis for higgsinos.

Search for higgsinos with compressed mass spectra
Fully benefiting from the newly developed low-pT lepton identification algorithms,
a dedicated analysis method has been developed to maximize the search sensitivity
to higgsinos with compressed mass spectra. The new method targets higgsino pair

iv



production processes with �̃0

2
involved: pp ! �̃±

1
�̃0

2
and pp ! �̃0

1
�̃0

2
. Similar to past

searches, a high-pT hadronic jet and high Emiss

T
are required. However, instead of

two leptons identified with a standard algorithm, one standardly identified lepton
and one low-pT lepton identified by the newly developed, dedicatedly optimized al-
gorithm are required to further increase sensitivity to models with small�m(�̃0

2
, �̃0

1
).

The analysis has been developed for two channels, where the target leptons could
be either two electrons or two muons.
As the main analyzer of an international analysis team, I have successfully designed
and established the whole analysis chain of both electron and muon channels. For
event selection, I have adopted a newly developed parametrized neural network
(pNN) method. Since the event and track kinematics largely depend on �m(�̃0

2
, �̃0

1
),

the selection must be optimized for each target �m(�̃0

2
, �̃0

1
) to exploit the event

topology characteristics. I have designed the pNN to use �m(�̃0

2
, �̃0

1
) as one of the

input variables of the network, thus enabling e�cient selections of signal-like events
for every target �m(�̃0

2
, �̃0

1
). By combining the pNN-based event selection and the

low-pT lepton identification, significant background suppression has been achieved.
Not only have I developed these analysis procedures for the electron channel, but
I have also significantly modified, optimized, and finalized the procedures for the
muon channel, using the low-pT muon identification algorithm and analysis software
frameworks developed by Dr. Hiroaki Hibi (member of ATLAS and Kobe University
until March 2022).

I have developed an optimal method for signal extraction by requiring high low-
pT lepton identification score and high pNN score. The dominant Standard Model
background process is W+jets, where the lepton from W ! `⌫ is identified, and a
prompt hadronic track fakes the low-pT lepton track. To eliminate MC modeling
uncertainties and to realize an accurate prediction, I have designed and conducted a
new background estimation method common to both channels, which estimates the
dominant fake lepton background in a data-driven way. I have also evaluated the
e↵ects of systematic uncertainties and the final sensitivity to target higgsino models
by developing a statistical framework for both electron and muon channels.

In addition, I have contributed to ATLAS in terms of detector upgrade and operation.
During my master’s program at The University of Tokyo in 2019–2021, I have made
significant contribution to the development, commissioning, and operation of the ATLAS
Level-1 endcap muon trigger system for the ongoing LHC Run 3, which started in 2022.
I have achieved two main projects: the realization of integrated control of the new Run
3 system and the development and integration of a new software-based readout system
for the Level-1 endcap muon trigger. During my PhD program, I have continued making
crucial contributions as a leading expert by means of commissioning and stable operation.

This dissertation has a primary focus on the search analysis for higgsinos with com-
pressed mass spectra. Section 1 gives an overview of the theoretical backgrounds of this
search and introduces the target scenario and search strategy of the analysis. Section 2
reviews the experimental apparatus: LHC and ATLAS detector. Section 3 describes the
data and Monte-Carlo samples used in the analysis. Section 4 summarizes the standard
objects used in the analysis. Section 5 discusses the development of low-pT lepton track
identification methods. Sections 6–9 describe the principal methods of the analysis: event

v



selection, background estimation, and statistical analysis including evaluation of system-
atic uncertainties. Section 10 shows the final results of the analysis. Section 11 gives
some discussion of the results and future prospects of the analysis. Section 12 concludes
the search analysis for higgsinos. As additional material, Section 13 gives a brief sum-
mary of the contributions to the Run 3 TGC and Level-1 muon trigger systems. The
appendices are dedicated to details of the search analysis for higgsinos and low-pT lepton
identification algorithms used in the analysis.
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1. Introduction

What are the fundamental constituents of matter and force? The ultimate question has
been pursued throughout the history of human beings. As of today, we deem elementary
particles to be the most fundamental constituents. The nature of these elementary parti-
cles is described to a great extent by the Standard Model (SM) of particle physics [2–11].
The SM has succeeded in explaining experimental results with high precision.

Nevertheless, the SM has some major deficiencies, both experimentally and theoret-
ically. One leading example is its failure to explain the existence of dark matter (DM),
strongly implied by multiple observation results of the universe [12–15]. Anisotropies of
the cosmic microwave background (CMB) and gravitational lensing e↵ects indicate that
the mass content of dark matter in the whole universe should be 5-6 times more than that
of ordinary baryonic matter. Another issue of the SM is its incapability of giving masses
to the neutrinos. Although the SM expects neutrinos to be massless, observations of
neutrino oscillations [16, 17] indicate massive neutrinos. On the theoretical side, the SM
incorporates strong, weak, and electromagnetic interactions, however, it does not unify
them as a single force. The theoretical framework for the unification of these three forces
is called “Grand Unified Theory (GUT)” [18–20], primarily motivated by the observation
of charge quantization. In addition, the inclusion of gravitational interactions and solu-
tions to the hierarchy problem [21] would be further necessary for a more fundamental
theory.

The utmost priority of modern particle physics is to therefore search for new physics
beyond the SM and to provide a clearer picture of microscopic phenomena surrounding
us. Although there are many theories which do so, none of them have been experimentally
confirmed to be correct. Supersymmetry (SUSY) [22–28] is one of the leading candidates
of physics beyond the SM, which has the potential of such impact. SUSY imposes trans-
formation relations between bosons and fermions, predicting new particles with quantum
numbers identical to their SM partners with the exception of spin; SM fermions (bosons)
have bosonic (fermionic) SUSY partners. Theoretical aspects of SUSY was first proposed
and established in the 1970s in the context of quantum field theory and string theory [29,
30]. Although experimental evidence of SUSY has not been found, the theory has been
held in high regard due to its strong prediction power and theoretical robustness [31].
SUSY not only gives viable candidates of DM [32, 33], but also gives solutions to grand
unification and the hierarchy problem [34–39]. In light of arguments regarding naturalness
[38, 40], higgsinos, SUSY partners of the Higgs bosons1, are expected to have mass near
the electroweak scale [41–44].

1In the minimal supersymmetric extension of the SM, an additional Higgs doublet is introduced,
causing the model to have four additional Higgs bosons.
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This dissertation presents searches for higgsino production at the Large Hadron Col-
lider (LHC), targeting scenarios where the lightest supersymmetric particles (LSPs) are
assumed to be higgsinos, within the framework of the minimal supersymmetric extension
of the SM (MSSM) [45, 46] with R-parity conservation. In such scenarios, the higgsi-
nos are expected to have compressed mass spectra, with typical mass splitting values of
O(0.1–1 GeV). The general strategy of this search is to target signatures with two low-
momentum leptons, which are emitted when the second-lightest neutral higgsino decays
into the lightest neutral higgsino.

1.1 The Standard Model

1.1.1 Overview

The Standard Model (SM) of particle physics is a quantum field theory which best de-
scribes three of the four known forces which interact between elementary particles or
fields: strong, weak, and electromagnetic interactions, with the exception of gravity. The
SM incorporates the three interactions as internal symmetries, formulated as the unitary
gauge group SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

The particle content of the SM is as follows. Table 1.1 shows the fermions in the SM.
The fermions are roughly divided into two categories: quarks which interact with strong
force and leptons which do not. Quarks and leptons both consist of three generations,
hence we introduce a notation using generation numbers i = 1, 2, 3. Up, charm, and top
quarks are denoted as up-type quarks ui = u, c, t, and down, strange, and bottom quarks
are denoted as down-type quarks di = d, s, b. Similarly for leptons, the three neutrinos
are denoted as ⌫i = ⌫e, ⌫µ, ⌫⌧ , whereas charged leptons are denoted as ei = e, µ, ⌧ . In
addition, the SU(2)L gauge group engages only with left-handed fermions, hence, the left-
handed components of the fermions constitue SU(2)L doublets, whereas the right-handed
components constitute SU(2)L singlets. In summary, the SM fermions are denoted as

Qi

L
=

✓
ui

L

di

L

◆
, Li

L
=

✓
⌫i
L

ei
L

◆
, ui

R
, di

R
, ei

R
. (1.1)

Although quarks constitute SU(3)C triplets and have color charges, the color notations
will be omitted below.

Table 1.2 shows the bosons in the SM. There are four gauge bosons: gluons which
mediate strong force, W and Z bosons which mediate weak force, and photons which me-
diate electromagnetic force. The Higgs boson emerges as a result of the Higgs mechanism
[9–11], where the spontaneous breaking of electroweak SU(2)L ⇥ U(1)Y gauge symmetry
gives mass to W and Z bosons.

The interactions of particles in the SM are characterized by the Lagrangian3 of the
SM. The Lagrangian formalism is a convenient way to describe quantum field theories
with Lorentz invariance and gauge invariances. The SM Lagrangian could be written as

LSM = LF + LG + LH + LY , (1.2)

2The upper mass limit on ⌫e shown here is the upper mass limit on ⌫̄e.
3Lagrangian density to be precise.
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Table 1.1: The SM fermions and their characteristics [47]. Although neutrinos are assumed to be massless
in the SM, upper limits on the mass are shown, since they are known to be massive2. The errors of electron
and muon masses have been omitted as they are negligibly small.

Generation Name Notation Mass T
3

YW Spin

Quarks

First
Up u 2.16 +0.49

�0.26 MeV +2/3 1/2
Down d 4.67 +0.48

�0.17 MeV �1/3 1/2

Second
Charm c 1.27 ± 0.02 GeV +2/3 1/2
Strange s 93.4 +8.6

�3.4 MeV �1/3 1/2

Third
Top t 172.69 ± 0.30 GeV +2/3 1/2

Bottom b 4.18 +0.03
�0.02 GeV �1/3 1/2

Leptons

First
Electron neutrino ⌫e < 0.8 eV 0 1/2

Electron e 0.511 MeV �1 1/2

Second
Mu neutrino ⌫µ < 0.19 eV 0 1/2

Muon µ 105.658 MeV �1 1/2

Third
Tau neutrino ⌫⌧ < 18.2 eV 0 1/2

Tau ⌧ 1776.86 ± 0.12 MeV �1 1/2

Table 1.2: The SM bosons and their characteristics [47].

Name Notation Mass Charge Spin

Vector bosons

Gluon g 0 0 1

W boson W
± 80.377 ± 0.012 GeV ±1 1

Z boson Z 91.1876 ± 0.0021 GeV 0 1

Photon � 0 0 1

Scalar boson Higgs H 125.25 ± 0.17 GeV 0 0

where

LF = Qi

L
i�µDµQ

i

L
+ ui

R
i�µDµu

i

R
+ di

R
i�µDµd

i

R
+ Li

L
i�µDµL

i

L
+ ei

R
i�µDµe

i

R
(1.3)

LG = �
1

4
G↵

µ⌫
G↵µ⌫

�
1

4
W a

µ⌫
W aµ⌫

�
1

4
Bµ⌫B

µ⌫ (1.4)

LH = (Dµ�)
†(Dµ�) � V (�) (1.5)

LY = � yij

L

n
L0i

L
�e0j

R
+ e0i

R
�†L0j

L

o
� yij

d

n
Q0i

L
�d0j

R
+ d0i

R
�†Q0j

L

o

� yij

u

n
Q0i

L
e�u0j

R
+ u0i

R
e�†Q0j

L

o
.

(1.6)

LF is the kinetic term of the fermions, where �µ(µ = 0, 1, 2, 3) are the Dirac matrices,
and Dµ are the covariant derivatives for each of the fermionic fields listed in Eq. (1.3).
LG is the kinetic term of gauge bosons, where G↵

µ⌫
(↵ = 1, ..., 8), W a

µ⌫
(a = 1, 2, 3), and

Bµ⌫ are the field strength tensors of the SU(3)C , SU(2)L, and U(1)Y gauges, respectively.
LH is the Higgs terms, with � representing the Higgs doublet; the first term is the kinetic
term, and the second term is the Higgs potential crucial for the Higgs mechanism. LY

is the Yukawa interaction terms representing the couplings between the Higgs boson and
the SM fermions, where the yij are the Yukawa coupling constants.
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1.1.2 Remaining problems of the Standard Model

Although it has been proven that the SM describes the microscopic phenomena sur-
rounding us with high precision, it is strongly believed that it is merely a low-energy
approximation; the SM cannot be the ultimate theory of everything as it contains ma-
jor experimental and theoretical problems. This section briefly highlights some of those
problems.

Dark matter

Cosmological observations have shown that ordinary baryonic matter does not fully ac-
count for the mass content of the universe; it is expected that there be 5-6 times more
mass content from “invisible” matter, which we refer to as dark matter (DM). Early ev-
idences of DM come from rotation curves of galaxies [48, 49]; the rotation velocities of
galaxies cannot be explained without the assumption of unordinary matter that we do
not observe. Fig. 1.1 displays an example of a rotation curve. The velocity of the galaxy
exhibits a flat behavior at large distances from the galactic center; this implies the exis-
tence of galactic halo, namely DM, in these regions. Further evidences from gravitational
lensing e↵ects [50] and anisotropies of CMB [12, 13] also strongly suggest the existence of
DM.

Figure 1.1: Rotation curve of galaxy NGC 6503 [51]. The points show the rotation velocities of the galaxy
with respect to the distances from its center. The solid line shows the fitted velocity with the assumption
of DM. The dotted, dashed, and dash-dotted lines each represents the contributions from gas, disk, and
DM (halo).

There are many proposed candidates of DM. Elementary particles beyond the SM, such
as Weakly Interacting Massive Particles (WIMPs) and axions, are leading DM candidates.
WIMP DM candidates are expected to be thermal relics. As the temperature of the
universe dropped below the WIMP mass scale, the number density of WIMPs would
decrease exponentially, eventually to a point where their interactions with surrounding
particles become negligible. This “freeze out” of WIMPs would lead to a substantial
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number of WIMP relics in the universe today. In the case in which the freeze out is
explained by a s-channel annihilation, the relic density of a WIMP is roughly given by

⌦WIMPh2
' 0.1 ⇥

✓
h�vi

3 ⇥ 10�26 cm3s�1

◆�1

, (1.7)

where h�vi is the self annihilation cross section [52]. Since the DM relic density is expected
to be ⌦DMh2

' 0.12 from recent observations [13], if all DM is assumed to be WIMPs,
typical WIMP mass would be O(100–1000) GeV.

Nonthermally produced objects such as axions [53–56] and dynamical, non-particle-like
objects such as primordial black holes [57–59] are also considered as DM candidates.

Grand Unified Theory and unification of gravity

The SM is a gauge theory based on SU(3)C ⇥ SU(2)L ⇥ U(1)Y symmetry. The relation

Q = T 3 +
YW

2
(1.8)

holds between electric charge Q, the third component of weak iso-spin number T 3, and
weak hypercharge YW . The electric charges of charged leptons Q(l) and down quarks
Q(d) is related by |Q(l)| = 3|Q(d)|. As the weak hypercharges are arbitrary, there is no
reason for this integer multiple relation to hold. Moreover, the sum of weak hypercharges
for all fermion content must be zero for U(1)Y gauge anomaly to cancel, which is indeed
the case for the SM. This quantized nature of charges has led to the idea of Grand Unified
Theory (GUT), which unifies the strong and electroweak interactions into a single force
described by a larger symmetry group. Therefore, the SM is strongly believed to be
merely a low-energy approximation of GUT.

Another motivation of GUT is the agreement of gauge couplings at high energy. Fol-
lowing the renormalization group equations, the gauge couplings of SU(3)C , SU(2)L, and
U(1)Y run to certain values at higher energy scales. The three couplings are expected
to take similar values at a certain grand unification scale ⇤GUT, which also indicates the
existence of GUT.

Although it is beyond the scope of modern particle physics experiments, it is worth-
while to mention that the fundamental theory of everything is expected to also accomodate
gravity. However, theories of quantum gravity cannot be constructed straightforwardly,
as gravitational interaction is non-renormalizable. Theories such as loop quantum gravity
[60–64] and string theory have been studied as leading candidates of gravity unification
theories.

Hierarchy problem and the fine-tuning of the Higgs mass

The SM cannot explain the large disparity between the energy scale of the weak force
and the gravitational force. This problem is often referred to as the hierarchy problem.
A famous manifestation of the hierarchy problem is the fine-tuning problem of the Higgs
mass. As already shown in Table 1.2, it has been discovered that the mass of the Higgs
boson is 125 GeV, however, this value is unnaturally small compared to the energy scale
of ultraviolet theories. If the SM is a low-energy approximation of a more general theory
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having an energy scale of ⇤, calculations of the Higgs mass squared will include quadratic
radiative corrections with a magnitude of O(⇤2):

m2

h
= m2

h0
+�m2

h
, �m2

h
⇠ ⇤2, (1.9)

where mh0 is the bare mass of the Higgs. If we assume the SM to hold up to the Planck
scale MPl ⇠ 1019 GeV, this implies the cancellation of 34 orders of magnitude between
m2

h
and �m2

h
. For this to happen in the SM, “fine-tuning” of the parameters is necessary,

which would be quite unnatural. To solve this problem of fine-tuning, it is therefore
required to extend the SM in a way that the quadratic radiative corrections to the Higgs
mass disappear in principle.

1.2 Supersymmetry

Supersymmetry (SUSY) is a symmetry between bosons and fermions. It introduces a
supersymmetric operator Q, which transforms bosonic states to fermionic states and vice
versa:

Q|Bosoni = |Fermioni, Q|Fermioni = |Bosoni. (1.10)

In particular, Q and its hermitian conjugate Q† are fermionic operators, or spinors, which
satisfy the following anti-commutation and commutation relations4:

{Q↵, Q
†
↵̇
} = �2�µ

↵↵̇
Pµ (1.11)

{Q↵, Q�} = 0, {Q†
↵̇
, Q†

�̇
} = 0, (1.12)

[Q↵, P
µ] = 0, [Q†

↵̇
, P µ] = 0. (1.13)

↵ and � are spinor indices, and P µ is the ordinary four-momentum generator of spacetime
translations.

In SUSY, single-particle states belong to the irreducible representations of the supresym-
metric algebra called supermultiplets. Each supermultiplet contains both fermion and
boson states, related to each other by Eq. (1.10). These fermion and boson states are
referred to as SUSY partner particles of each other. Since the squared-mass operator
�PµP µ commutes with Q and Q†, the fermion and boson belonging to the same super-
multiplet have equal mass. In addition, the supersymmetric operators also commute with
operators of gauge transformations; the particles in the same supermultiplet have the
same quantum numbers, including color, weak isospin, and electric charge.

It can be further proved that the number of degrees of freedom for fermions and
bosons in the same supermultiplet are equal [28]. Accordingly, two main types of su-
permultiplets partake in supersymmetric extensions of the SM: chiral supermultiplets
and vector supermultiplets. A chiral supermultiplet consists of a two-component Weyl
fermion and a complex scalar field. A vector supermultiplet consists of a vector boson and
a two-component Weyl fermion. Considering renormalizability and gauge transformation
properties, it is expected that the Weyl fermions in chiral supermultiplets correspond to
the SM fermions, and the vector bosons in vector supermultiplets correspond to the SM

4We assume here that there is only one set of supersymmetric operators. In the case of extended
supersymmetry, there could be multiple sets: QA

↵
, where A = 1, ...,N .
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gauge bosons. Consequently, the SM fermions should have scalar partner particles, and
the SM gauge bosons should have Weyl fermion partner particles. Additionally, the SM
Higgs boson is expected to reside in a chiral supermultiplet, as scalar fields can only be
in chiral supermultiplets.

In the low-energy world surrounding us, we have not observed any SUSY partner
particles which have the same mass as the SM particles. Therefore, it is natural to
assume that SUSY is a broken symmetry, as is the case with electroweak symmetry in
the SM. As a result of supersymmetry breaking, SUSY partner particles are expected to
have masses beyond the reach of currect SUSY search experiments.

1.2.1 MSSM and R-parity

The Minimal Supersymmetric Standard Model (MSSM) [45, 46] is the minimal supersym-
metric extension of the SM and has been the major target of many studies searching for
hints of SUSY. Table 1.3 shows the particle content of the MSSM. As already mentioned,
each SM fermion has a SUSY partner scalar, and each SM gauge boson has a SUSY
partner fermion.

Table 1.3: Particle content of the MSSM. Here, the SU(2)L gauge bosons have been denoted as W bosons
and the U(1)Y gauge boson as B boson. In general, the notation of SUSY particles are represented as
the notation of the corresponding SM particle with a tilde.

SM SUSY

Name Notation Spin Name Notation Spin

Quark

 
ui

L

di

L

!
, ui

R
, di

R
1/2 Squark

 
ũi

L

d̃i

L

!
, ũi

R
, d̃i

R
0

Lepton

 
⌫i
L

ei
L

!
, ei

R
1/2 Slepton

 
⌫̃i
L

ẽi
L

!
, ẽi

R
0

Gluon g 1 Gluino g̃ 1/2

W boson W±, W 0 1 Wino fW±,fW 0 1/2

B boson B 1 Bino eB 1/2

Higgs boson

 
H+

u

H0

u

!
,

 
H0

d

H�
d

!
0 Higgsino

 
eH+

u

eH0

u

!
,

 
eH0

d

eH�
d

!
1/2

For the Higgs sector, the MSSM requires an additional Higgs doublet. This is because a
consistent quantum field theory requires the cancellation of gauge anomalies, part of which
demands the sum of weak hypercharges for all fermions to be zero. As the fermion partner
of Higgs bosons, the higgsinos, give a non-zero contribution, another Higgs supermultiplet
is required to cancel this contribution. Hence, two Higgs supermultiplets, Hu and Hd,
are introduced, each having hypercharge of YW = 1 and YW = �1. Moreover, two
Higgs supermultiplets are necessary to give correct Yukawa couplings for the SM fermions,
without introducing large flavor-changing neutral currents; Hu gives masses to up-type
quarks, whereas Hd gives masses to down-type quarks and charged leptons.
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The MSSM Lagrangian and soft-supersymmetry breaking

One phenomenological motivation of SUSY is to provide a solution to the hierarchy prob-
lem by cancelling the quadratic divergent radiative corrections to the Higgs mass. To
maintain this solution even in the presence of supersymmetry breaking, the idea of “soft”
supersymmetry breaking is introduced. Therefore, the e↵ective Lagrangian of the MSSM
can be written as

L
MSSM = L

MSSM

SUSY
+ L

MSSM

soft
, (1.14)

where L
MSSM

SUSY
includes all gauge and Yukawa interactions which are invariant under super-

symmetry, and L
MSSM

soft
violates supersymmetry but only includes mass terms and coupling

parameters having positive mass dimensions. Particularly, L
MSSM

soft
is given by

L
MSSM

soft
= �

1

2

⇣
M3g̃g̃ + M2

fWfW + M1
eB eB + c.c.

⌘

�

⇣
ũAu

eQHu � d̃Ad
eQHd � ẽAe

eLHd + c.c.
⌘

� eQ†m2
Q
eQ � eL†m2

L
eL � ũm2

uũ
†
� d̃m2

dd̃
†
� ẽm2

e ẽ
†

� m2

Hu
H⇤

u
Hu � �m2

Hd
H⇤

d
Hd �

�
bHuHd + c.c.

�
. (1.15)

The first line represents mass terms for the gluino, wino, and bino, with M3,M2, and
M1 being the mass parameters. The second line gives the trilinear interaction terms for
squarks and sleptons, and the third line gives the mass terms for those SUSY scalar parti-
cles. The parametersAu,Ad,Ae are trilinear coupling matrices, andm2

Q,m2
L,m2

u,m
2
d,m

2
e

are mass matrices, each having 3 ⇥ 3 dimension in generation space. The last line gives
supersymmetry-breaking contributions to the Higgs potential, where m2

Hu
,m2

Hd
, and b are

squared-mass terms. If the hierarchy problem were to be solved, all of the soft-SUSY
breaking parameters should have a value near a general mass scale msoft, not much larger
than the TeV scale:

M1, M2, M3,Au,Ad,Ae ⇠ msoft (1.16)

m2
Q,m2

L,m2
u,m

2
d,m

2
e, m

2

Hu
, m2

Hd
, b ⇠ m2

soft
. (1.17)

In the MSSM, SUSY breaking is introduced explicitly as soft SUSY-breaking terms.
It is worthwhile to mention that this is only an e↵ective way of describing the phe-
nomenological consequences of spontaneous SUSY breaking. Besides, it is presumed that
supersymmetry is spontaneously broken in a “hidden sector” and its e↵ects are “medi-
ated” to the MSSM sector in a non-trivial way. This is because if the origin of SUSY
breaking were in the MSSM sector, this would indicate the existence of a SUSY scalar
particle lighter than its partner SM fermion, which is ruled out by experiment.

There are several viable candidates for models which induce spontaneous supersymme-
try breaking. One is gravity-mediated supersymmetry breaking scenario, which include
the e↵ects of supergravity (SUGRA) [65–72]. Supergravity further extends supersym-
metry from a global symmetry to a local symmetry, thus incorporating gravitational
e↵ects. In this case, the gravitino, a SUSY partner fermion of the graviton with spin of
3/2, is introduced. Other candidates of SUSY breaking models include scenarios such as
gauge-mediated supersymmetry breaking (GMSB) [73–78] and anomaly-mediated super-
symmetry breaking (AMSB) [79, 80].
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R-parity

In general, it is possible to include baryon number and lepton number violating terms in
the MSSM Lagrangian. However, such terms could be forbidden by imposing a symmetry
called R-parity:

PR ⌘ (�1)3(B�L)+2s, (1.18)

where B is the baryon number, L is the lepton number, and s is the spin of the parti-
cle. Consequently, all SM particles have PR = +1 and all SUSY partner particles have
PR = �1. The conservation of R-parity is motivated to prevent the decay of the proton,
the lifetime of which is experimentally constrained to be > 1.6 ⇥ 1034 years [47]. There-
fore, the MSSM is defined to conserve R-parity in this dissertation, as is done in many
phenomenological studies of SUSY.

R-parity conservation requires an even number of SUSY particles for each interaction
vertex in the theory. This leads to the following significant phenomenological conse-
quences:

• In collider experiments using SM particles, SUSY particles must be produced in
even numbers, usually in pairs.

• The lightest supersymmetric particle (LSP) cannot decay and must be stable.

• SUSY particles except the LSP eventually decay into states that contain an odd
number of LSPs.

1.2.2 Solutions to the remaining problems of the Standard Model

Although SUSY was first motivated rather by theoretical aspects of QFT, the MSSM
succeeds in giving fruitful solutions to the remaining problems of the SM.

Dark matter candidates from SUSY

As mentioned in Section 1.2.1, the lightest supersymmetric particle (LSP) in the MSSM
is stable. If the LSP is electrically neutral, it interacts only weakly with ordinary matter.
In this case, the LSP is a viable candidate of DM. There are two main candidates of LSP5:
the lightest neutralino and the gravitino.

As will be discussed later in Sec. 1.2.3, electrically neutral components of bino, wino,
and higgsino mix to form four mass eigenstates called neutralinos. The lightest neutralino
is a leading candidate of WIMP DM. The mixing ratio of each component for the lightest
neutralino largely depends on the parameters of the MSSM. In the case of bino-like DM,
most models are excluded by the relic density constraint; bino-like DM has very small self
interaction, leading to an early freeze-out and over-abundance of thermal relics. Despite
that, there are scenarios which still survive, for example, the bino-stau coannihilation
scenario, where the coannihilation of bino and the slightly heavier stau, the SUSY partner
of the tau, contribute to annihilation of bino [82–84]. In the case of wino-like DM or pure
higgsino-like DM, from the relic density constraint, the LSP mass is allowed up to 3 TeV

5The lightest sneutrino, SUSY partner of the neutrino, could also be a DM candidate, but is largely
excluded by direct detection experiments [81]. Further discussion is therefore omitted here.
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and 1.1 TeV, respectively. For lower masses, the LSP only accounts partially of all DM;
other types of DM or non-thermal mechanisms must be introduced to explain all dark
matter content [85–87]. Nevertheless, it is crucial to experimentally scrutinize all allowed
mass regions, as it is more natural for the LSP to have a mass of O(100) GeV, considering
the hierarchy problem.

On the other hand, the gravitino could be the LSP, which is the likely case for GMSB
scenarios. However, models with gravitino LSP su↵er from cosmological constraints called
the “gravitino problem” [88–90]. As a result, it is favored that gravitino LSP should have
mass of . O(10) eV.

Prospects of SUSY GUT

The running of gauge couplings in the MSSM strongly motivates the existence of GUT.
Fig. 1.2 shows the running of the gauge couplings for the SM and the MSSM under
renormalization group equations for SUSY breaking scale of O(TeV). Although the three
gauge couplings do not quite agree for the SM, they agree in the MSSM at ⇤MSSM ⇠

1016 GeV, indicating the possibility of supersymmetric GUT. Although partially excluded
by proton decay lifetime experiments, viable models of SUSY GUT include SUSY SU(5)
and SUSY SO(10).

Figure 1.2: Running of inverse gauge couplings ↵�1
a

(Q) (a = 1, 2, 3) for the SM (dashed lines) and the
MSSM (solid lines) using two-loop renormalization group equations [28]. For the MSSM, the common
SUSY mass is varied between 750 GeV and 2.5 TeV, and ↵3(mZ) is varied between 0.117 and 0.120.

Solutions to the fine-tuning problem of the Higgs mass

One of the leading motivations of SUSY is its capability of solving the fine-tuning problem
of the Higgs mass. In the SM, the most significant correction to the Higgs mass comes
from the one-loop top quark diagram shown in Fig. 1.3a, represented as

�m2

H
= �

|�t|2

8⇡2
⇤2 + · · · , (1.19)
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where ⇤ is the cuto↵ scale, and �t is the Yukawa coupling of the top quark. In models
with SUSY, the one-loop scalar top (stop) diagram shown in Fig. 1.3b also contribute to
the Higgs mass calculation:

e�m2

H
= +2 ·

�t̃
16⇡2

⇤2 + · · · . (1.20)

Since, �t̃ = |�t|2 holds under SUSY, the quadratic divergences of �m2

H
and e�m2

H
can-

cel out. Thus, the fine-tuning of parameters is unnecessary in SUSY, and the problem
is solved. However, it is notable that soft SUSY breaking leads to the incomplete can-
cellations of the terms other than the quadratic term. SUSY breaking must occur near
the TeV-scale, otherwise the remaining terms will come into e↵ect, possibly reviving the
fine-tuning problem.

(a) (b)

Figure 1.3: One-loop radiative corrections contributing to the Higgs mass calculation. (a) is from the top
quark, which leads to quadratic divergences in the SM. (b) is the contribution from the scalar top (stop)
in SUSY, which cancels contribution from (a).

1.2.3 The mass spectrum of the MSSM

This section gives a brief overview of the mass spectrum of the MSSM, necessary for
understanding the phenomenological consequences and current experimental constraints.

Higgs sector

As mentioned in Sec. 1.2.1, the MSSM Higgs sector possesses two Higgs doublets: Hu =
(H+

u
, H0

u
) and Hd = (H0

d
, H�

d
). Extracting the terms that contribute to electroweak

symmetry breaking, the MSSM Higgs scalar 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

u
H0

d
) + c.c.}

+
1

8
(g2

2
+ g2

Y
)(|H0

u
|
2 + |H+

u
|
2
� |H0

d
|
2
� |H�

d
|
2)2 +

1

2
g2

2
|H+

u
H0⇤

d
+ H0

u
H�⇤

d
|
2, (1.21)

where g2 and gY are the SU(2)L and U(1)Y gauge coupling constants, and µ is a Higgs
parameter originating from the supersymmetric Lagrangian. The terms with m2

Hu
,m2

Hd
,

and b are terms which contribute to Eq. (1.14). To realize electroweak symmetry breaking
as done in the SM, H0

u
and H0

d
are both required to acquire non-zero VEVs:

v2

SM
= v2

u
+ v2

d
=

2m2

Z

g2

2
+ g2

Y

, (1.22)
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where we have defined
vu,d ⌘ hH0

u,d
i. (1.23)

mZ is the mass of the Z boson. By further defining

tan � ⌘
vu
vd

(1.24)

and imposing the conditions H+

u
= H�

d
= 0 and @V/@H0

u
= @V/@H0

d
= 0, one obtains

sin(2�) =
2b

m2

Hu
+ m2

Hd
+ 2|µ|2

(1.25)

m2

Z
=

|m2

Hu
� m2

Hd
|

p
1 � sin2(2�)

� m2

Hu
� m2

Hd
� 2|µ|

2. (1.26)

As a result of electroweak symmetry breaking, three of the eight real scalar degrees of
freedom of the two Higgs doublets are absorbed as the longitudinal modes of the SU(2)L
gauge bosons, leading to massive W± and Z bosons. The remaining five degrees of freedom
emerge as the following scalar mass eigenstates: two CP-even neutral scalars h0 and H0,
one CP-odd neutral scalar A0, and two charged scalars H±. The tree-level masses of
these Higgs bosons are given by assuming that vu,d minimize the tree-level potential V
and using Eq. (1.25) and Eq. (1.26):

m2

A0 = m2

Hu
+ m2

Hd
+ 2|µ|

2 (1.27)

m2

h0,H0 =
1

2

✓
m2

A0 + m2

Z
⌥

q
(m2

A0 � m2

Z
)2 + 4m2

Z
m2

A0 sin
2(2�)

◆
(1.28)

m2

H± = m2

A0 + m2

W
, (1.29)

where mW is the mass of the W± bosons. h0 is lighter than H0 by convention and
corresponds to the Standard Model Higgs boson H shown in Table 1.2.

Neutralinos and charginos

Electroweak symmetry breaking induces the mixing of higgsinos, winos, and binos. The
four neutral components eH0

u
, eH0

d
,fW 0, and eB mix to form four mass eigenstates called

neutralinos, denoted by �̃0

i
(i = 1, 2, 3, 4). The charged components eH+

u
, eH�

d
, and fW±

mix to form two charged eigenstates called charginos, denoted by �̃±
i

(i = 1, 2). By
convention, the smaller the subscript, the lighter the mass: m�̃

0
1

< m�̃
0
2

< m�̃
0
3

< m�̃
0
4
and

m
�̃
±
1

< m
�̃
±
2
.

The neutralino mass part of the Lagrangian can be written as

Lneutralino mass = �
1

2
( 0)TM�̃0 0 + c.c., (1.30)

using the gauge-eigenstate basis  0 = ( eH0

u
, eH0

d
,fW 0, eB). The mass matrix is then

M�̃0 =

0

BB@

0 �µ �s�cWmZ s�sWmZ

�µ 0 c�cWmZ �c�sWmZ

�s�cWmZ c�cWmZ M2 0
s�sWmZ �c�sWmZ 0 M1

1

CCA , (1.31)
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where the abbreviations s� ⌘ sin �, c� ⌘ cos �, sW ⌘ sin ✓W , and cW ⌘ cos ✓W have been
introduced. ✓W is the SM weak mixing angle defined by tan ✓W = gY /g2. M2 and M1

are the wino and bino mass parameters introduced in Sec. 1.2.1. The tree-level masses of
the neutralinos are obtained by diagonalizing the mass matrix M�̃0 , hence, the neutralino
masses and components strongly depend on SUSY parameters µ, M2, M1, and also tan�.

The chargino mass part of the Lagrangian can similarly be written as

Lchargino mass = �
1

2
( ±)TM�̃± ± + c.c., (1.32)

using the gauge-eigenstate basis  ± = ( eH+

u
,fW+, eH�

d
,fW�). The mass matrix could be

written as

M�̃± =

0

BB@

0 0 µ
p
2s�mW

0 0
p
2c�mW M2

µ
p
2c�mW 0 0

p
2s�mW M2 0 0

1

CCA . (1.33)

Since Eq. (1.33) takes a 2 ⇥ 2 block form, the tree-level chargino masses can easily be
calculated as

m2

�̃
±
1,2

=
1

2

✓
µ2 + M2

2
+ 2m2

W
⌥

q
(µ2 + M2

2
+ 2m2

W
)2 � 4(µM2 � m2

W
sin 2�)2

◆
. (1.34)

Gluino

Contrary to the neutralino and chargino case, the gluino is a fermion with color and does
not mix with any particles in the MSSM. Under the assumption of gauge unification at a
certain high energy scale, the masses of gluino, wino, and bino also unify with a unified
mass value of m1/2. In that case, the gaugino mass parameters are related by

M1

g1
=

M2

g2
=

M3

g3
=

m1/2

gGUT

(1.35)

at any energy scale, where gi (i = 1, 2, 3) are gauge couplings of U(1)Y , SU(2)L, and
SU(3)C groups 6, and gGUT is the unified gauge coupling. Accordingly, the gaugino mass
parameters rougly satisfy the following relations at TeV scale:

M3 : M2 : M1 ⇡ 6 : 2 : 1. (1.36)

It is therefore natural to assume that the gluino is heavier than lighter neutralinos and
charginos.

Squarks and sleptons

Although any scalars with the same quantum numbers could in general mix to form mass
eigenstates, squarks and sleptons in the MSSM are expected to have less complicated
mixing structures due to various experimental constraints regarding flavor-changing and
CP-violating processes. It is popular to assume an idealized limit where the sfermion

6Note that g1 here is di↵erent from gY by a constant factor: g1 =
q

5
3gY
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mass matrices in Eq. (1.15) are all proportional to a 3 ⇥ 3 identity matrix in generation
space:

m2
Q = m2

Q
1, m2

u = m2

u
1, m2

d = m2

d
1, m2

L = m2

L
1, m2

e = m2

e
1. (1.37)

Moreover, flavor-changing neutral current processes could further be suppressed by assum-
ing that the trilinear coupling matrices in Eq. (1.15) are proportional to the corresponding
Yukawa coupling matrices yu,d,e, which could be approximated to have contributions only
from the (3, 3) generation components:

Au = Au0yu ⇡

0

@
0 0 0
0 0 0
0 0 At

1

A , Ad = Ad0yd ⇡

0

@
0 0 0
0 0 0
0 0 Ab

1

A ,

Ae = Ae0ye ⇡

0

@
0 0 0
0 0 0
0 0 A⌧

1

A . (1.38)

Under these assumptions and evolutions by renormalization group equations, all of the
mass matrices in Eq. (1.37) can be approximated to a diagonal matrix indicating mass
degeneracy of first and second generation sfermions. For example, the mass matrix of
left-handed squarks can be approximately written as

m2
Q ⇡

0

@
m2

Q1,2
0 0

0 m2

Q1,2
0

0 0 m2

Q3

1

A . (1.39)

Similar approximations can be applied to m2
u,m

2
d,m

2
L, and m2

e.
As a result of the large third-generation Yukawa couplings and trilinear couplings, the

third generation sfermions could have di↵erent masses compared to their first- and second-
generation counterparts. Moreover, there could be considerable mixing of left-handed and
right-handed components for the third generation pairs: (t̃L, t̃R), (b̃L, b̃R), and (⌧̃L, ⌧̃R). On
the other hand, the first- and second- generation sfermions have negligible Yukawa cou-
plings, resulting in nearly degenerate unmixed pairs: (ũL, c̃L), (d̃L, s̃L), (ũR, c̃R), (d̃R, s̃R),
(ẽL, µ̃L), (ẽR, µ̃R), and (⌫̃e, ⌫̃µ).

Assuming that the sfermion masses are unified at GUT scale with a universal mass
m0, the masses of the first- and second-generation sfermions could be written as

m2

Q1
= m2

Q2
= m2

0
+ K3 + K2 +

1

36
K1 +�Q, (1.40)

m2

u1
= m2

u2
= m2

0
+ K3 +

4

9
K1 +�u, (1.41)

m2

d1
= m2

d2
= m2

0
+ K3 +

1

9
K1 +�d, (1.42)

m2

L1
= m2

L2
= m2

0
+ K2 +

1

4
K1 +�L, (1.43)

m2

e1
= m2

e2
= m2

0
+ K1 +�e, (1.44)
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where Ki (i = 1, 2, 3) are contributions from the renormalization group running propor-
tional to the gaugino mass parameters Mi. �� in each equation represents contributions
from electroweak symmetry breaking, given by

�� = (T3� � Q� sin
2 ✓W ) cos(2�)m2

Z
, (1.45)

where T3� and Q� are the third component of weak isospin and the electric charge of the
left-handed chiral supermultiplet in which � resides.

As for scalar top quarks or stops, the Lagrangian mass term is given by

Lstop mass = �
�
t̃⇤
L

t̃⇤
R

�
m2

t̃

✓
t̃L
t̃R

◆
, (1.46)

where the mass matrix is written as

m2
t̃ =

✓
m2

Q3
+ m2

t
+�uL v(A⇤

t
sin � � µyt cos �)

v(At sin � � µ⇤yt cos �) m2

u3
+ m2

t
+�uR

◆
. (1.47)

The mass matrix can then be diagonalized to give mass eigenstates t̃1 and t̃2:
✓

t̃1
t̃2

◆
=

✓
cos ✓t̃ � sin⇤ ✓t̃
sin ✓t̃ cos⇤ ✓t̃

◆✓
t̃L
t̃R

◆
, (1.48)

where the ✓t̃ has been defined as the stop mixing angle. Due to renormalization group
e↵ects and significant mixing, m2

Q3
and m2

u3
in the diagonal elements of Eq. (1.47) are much

smaller than corresponding parameters of first- and second-generation squarks, hence, t̃1
is often the lightest squark in the MSSM.

Similar relations hold for sbottoms and staus with the following mass matrices:

m2
b̃
=

✓
m2

Q3
+�dL v(a⇤

b
cos � � µyb sin �)

v(ab cos � � µ⇤yb sin �) m2

d3
+�dR

◆
, (1.49)

m2
⌧̃
=

✓
m2

L3
+�eL v(a⇤

⌧
cos � � µy⌧ sin �)

v(a⌧ cos � � µ⇤y⌧ sin �) m2

e3
+�eR

◆
. (1.50)

The degree of left-right mixing for sbottoms and staus largely depend on the value of
tan �. For small tan � roughly below 10, the mixing e↵ect is minimal because of the
smaller Yukawa couplings of bottom quark and tau lepton compared to that of the top
quark. This results in a situation where b̃R, ⌧̃L, ⌧̃R, and also ⌫̃⌧ are nearly mass degenerate
with their first- and second- generation counterparts. However, b̃L could be substantially
lighter than d̃L and s̃L due to e↵ects induced by large top Yukawa coupling. For larger
tan �, significant left-right mixing e↵ects lead to third-generation mass eigenstates b̃1 and
⌧̃1, much lighter than their first- and second-generation counterparts. In this case, ⌫̃⌧ is
also nearly mass degenerate with ⌫̃e and ⌫̃µ.

Summary: theory to simplified models

Although the MSSM consists of a number of fundamental and soft SUSY breaking pa-
rameters, predictive models could be deducted by approximations consistent with various
observations. By adopting approximations Eq. (1.38) and Eq. (1.39), the MSSM can be
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Table 1.4: The list of parameters of pMSSM.

Parameter Description

µ Higgs/higgsino mass parameter

tan� Ratio of Higgs VEVs

mA0 Mass of CP-odd neutral Higgs

M1 Bino mass parameter

M2 Wino mass parameter

M3 Gluino mass parameter

mQ1,2 First- and second-generation left-handed squark mass

mQ3 Third-generation left-handed squark mass

mu1,2 First- and second-generation right-handed up-type squark mass

mu3 Third-generation right-handed up-type squark mass

md1,2 First- and second-generation right-handed down-type squark mass

md3 Third-generation right-handed down-type squark mass

mL1,2 First- and second-generation left-handed slepton mass

mL3 Third-generation left-handed slepton mass

me1,2 First- and second-generation right-handed slepton mass

me3 Third-generation right-handed slepton mass

At Top trilinear coupling

Ab Bottom trilinear coupling

A⌧ ⌧ trilinear coupling

reduced down to a more simple model called phenomenological MSSM (pMSSM), of which
parameters are listed in Table 1.4.

Hints from spontaneous SUSY breaking could also give constraints to the MSSM. In
the case of minimal supergravity model known as mSUGRA, the following relations are
imposed at a renormalization scale Q ⇡ 1.5 ⇥ 1016 GeV:

M1 = M2 = M3 = m1/2, (1.51)

m2

Q
= m2

u
= m2

d
= m2

L
= m2

e
= m2

0
, m2

Hu
= m2

Hd
= m2

0
, (1.52)

Au,d,e = A0yu,d,e, (1.53)

b = B0µ. (1.54)

Parameters B0 and µ can be reduced to tan � and sgn(µ) by requiring electroweak sym-
metry breaking. Fig. 1.4 shows the running of mass parameters in mSUGRA. There are
also models which relax the Higgs mass constraint in Eq. (1.52), based on the reason-
ing that Higgs mass universality with m0 does not follow any fundamental principles.
These scenarios are known as Non-Universal Higgs Mass (NUHM) models. mSUGRA
and NUHM models only have five to seven parameters and have been practically used
as target benchmark models for experimental searches. It is worthwhile to note that
mSUGRA scenarios typically predict the LSP to be bino-like, whereas NUHM scenarios
often predict higgsino-like LSP.
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Figure 1.4: Renormalization group evolution of mass parameters in mSUGRA, assuming unification at
Q ⇡ 1.5 ⇥ 1016 GeV [28]. The parameter values used for the illustration are m0 = 300 GeV,m1/2 =

�A0 = 1000 GeV, tan� = 15, and sgn(µ) = +. (µ2+m
2
Hu

)1/2 appearing in the Higgs potential Eq. (1.21)
runs negative and induces electroweak symmetry breaking. The dashed lines for sfermions represent third
generation mass parameters, while the solid lines represent first- and second-generation mass parameters.

1.2.4 Experimental constraints

This section highlights the various experimental constraints to SUSY, with focus on the
MSSM.

Constraints from the Standard Model Higgs mass

The observed Higgs mass of 125 GeV gives a stringent constraint on the MSSM. From
Eq. (1.28), one sees that at tree-level,

mh0 < mZ | cos(2�)| < 91.2 GeV, (1.55)

which is far below the observed mass. Radiative corrections to the Higgs mass mainly
from top and stop loops, give positive contributions, which in principle, are enough to
accomodate the observed mass. The approximate one-loop correction is given by

�(m2

h0) =
3m2

t

4⇡2v2

⇢
log

✓
m2

t̃

m2
t

◆
+

X2

t

m2

t̃

✓
1 �

X2

t

12m2

t̃

◆�
, (1.56)

where mt̃ ⌘ (mt̃1
mt̃2

)1/2 is the general stop mass, and Xt ⌘ At�µ cot � is the stop mixing
parameter [91]. For this to be consistent with the observed Higgs mass, the stops must
be much heavier than O(1 TeV) or the stop mixing must be significantly large as shown
in Fig. 1.5.

Constraints from collider search experiments

The most “direct” constraints come from high-energy collider searches, performed by
ATLAS and CMS collaborations at the LHC. Fig. 1.6 shows the production cross sections
of various SUSY processes at the LHC.
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Figure 1.5: The Higgs mass in the MSSM as a function of the lightest stop mass m
t̃1

[91]. The red(blue)
solid lines show the values computed by Suspect(FeynHiggs). The upper lines show results with maximal
stop mixing Xt =

p
6m

t̃
, and the lower lines show results with minimal stop mixing Xt = 0.

Gluinos Gluino has high production cross section at the LHC and has been actively
searched for by ATLAS and CMS experiments. Fig. 1.7 shows the exclusion limits for
gluinos set by ATLAS and CMS experiments. Gluino searches are usually performed by
searching for various decay products from the gluino decaying to the LSP, on top of an
energetic jet and high missing transverse momentum. Gluinos with masses up to about
2.4 TeV have been already excluded, depending on the lightest neutralino mass.

Squarks Squarks have also been actively searched by ATLAS and CMS experiments
due to their high production cross sections at LHC. Searches for squarks are performed
separately for third-generation and first/second-generation components, because third-
generation squarks tend to be lighter than their first- and second-generation counter-
parts, as explained in Section 1.2.3. Fig. 1.8 shows exclusion limits for first- and second-
generation squarks set by ATLAS and CMS experiments. Searches for squarks are usually
performed with strategies similar to those of gluino searches, by searching for various de-
cay products from the squarks decaying to the LSP, on top of an energetic jet and high
missing transverse momentum. First- and second-generation squarks with masses up to
about 1.8 TeV have been already excluded, depending on the lightest neutralino mass.

Fig. 1.9 shows exclusion limits for third-generation squarks (stops) set by ATLAS
and CMS experiments. Stops with masses up to 1.3 TeV have been already excluded,
depending on the lightest neutralino mass, ranging up to about 700 GeV. Limits on stop
is less stringent compared to those of first- and second-generation squarks, since their
production cross sections are much smaller as shown in Fig. 1.6a.

Electroweak sector Although production cross sections of electroweak SUSY particles
(bino, winos, higgsinos, and sleptons) at the LHC are much smaller than those of strong
SUSY particles, ATLAS and CMS experiments currently lead the SUSY searches tar-
geting the electroweak sector. However, for some parameter regions, results from LEP2
experiments still hold the best results.
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(a) Strong production processes (b) Electroweak production processes

Figure 1.6: Production cross sections of SUSY processes at the LHC [92] for
p
s = 13 TeV.
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Figure 1.7: Constraints on gluino by ATLAS and CMS experiments in the (gluino, lightest neutralino)
mass plane [93, 94]. The limits by ATLAS show search results for various decay channels, whereas the
limits by CMS only show results for g̃ ! tt̄�̃

0
1 decay channel. CMS results for other channels can be

found in Reference [94].
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SUSY scenarios with bino-like LSP and wino-like NLSP have been most actively ex-
plored, as they present signatures which are more accessible compared to other scenarios.
Signals for such scenarios are expected to leave multiple leptons and high missing trans-
verse momentum in the final states. Fig. 1.10 shows exclusion limits for pp ! �̃±

1
�̃0

2
,

mainly targeting the bino-like LSP and wino-like NLSP scenario. For this scenario, winos
with masses of up to about 1.4 TeV and bino with mass of up to about 800 GeV have
been excluded.
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Figure 1.10: Constraints on pp ! �̃
±
1 �̃

0
2 by ATLAS and CMS experiments [93, 94]. The limits by ATLAS

show search results only for decays via W/Z/H, whereas the limits by CMS also include intermediate
decays with sleptons. ATLAS results for other channels can be found in Reference [93].

Scenarios with wino-like LSP are expected to present “disappearing track” signatures,
which are produced by long-living lightest chargino decaying to the lightest neutralino.
Fig. 1.11 shows exclusion limits for the wino LSP scenario by ATLAS and CMS exper-
iments, targeting disappearing tracks. Pure winos have been excluded up to masses of
650 GeV.

Scenarios with higgsino-like LSP have been explored using several strategies, depend-
ing on the mass splitting values within the higgsino-like triplet (�̃0

1
, �̃±

1
, �̃0

2
). Fig. 1.12

shows the newest exclusion limits on higgsino-like LSP scenarios set by ATLAS. For pre-
vious searches, multi-lepton searches targeting soft leptons emitted from higgsino decays
have searched regions with �m(�̃±

1
, �̃0

1
) larger than about 1.5 GeV. Disappearing track

searches have probed regions with �m(�̃±
1
, �̃0

1
) smaller than about 400 MeV, excluding

pure higgsinos with masses of up to about 200 GeV. The newest displaced track search
has successfully searched the region in between, excluding the regions with �m(�̃±

1
, �̃0

1
)

smaller than about 1 GeV, for masses up to about 170 GeV. However, the regions between
those searched by the displaced track search and multi-lepton searches have not yet been
probed by the LHC, leaving the limit by the LEP2 experiments the most stringent. It
is worthwhile to mention here that the purpose of the research described in this
dissertation is to search for higgsino-like LSP scenarios in this regime with
�m(�̃±

1
, �̃0

1
) of about 1–1.5 GeV.
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Figure 1.11: Constraints on wino LSP by ATLAS and CMS experiments [95, 96].
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Figure 1.12: Recent experimental constraints by ATLAS on the higgsino-like LSP scenarios [97]. The
combination of the soft 2L and 3L analysis (blue) probes mass splittings larger than about 1.5 GeV
while the disappearing track analysis (light green) is sensitive to the ultra-compressed regime with mass
splittings of only several hundred MeV. New limits have been recently set by the displaced track analysis,
probing the regions in between, with mass splittings below 1 GeV.

22



Direct production of sleptons have also been searched at the LHC. Fig. 1.13 shows
the exclusion limits on direct slepton production set by ATLAS. Searches for sleptons
have been commonly performed by focusing on leptons emitted from the l̃ ! l�̃0

1
decay.

Similar to other SUSY searches, events with an energetic jet and high missing transverse
momentum become significant for regimes where the slepton and the LSP have compressed
mass spectra. First- and second-generation sleptons (selectrons and smuons) have been
excluded up to masses of about 700 GeV, and third-generation sleptons (staus) have been
excluded up to masses of about 450 GeV, depending on the lightest neutralino mass.
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Figure 1.13: Recent experimental constraints by ATLAS on direct production of sleptons [93]. Searches
for sleptons have been performed by focusing on leptons emitted from the l̃ ! l�̃

0
1 decay.

BSM Higgs As described in Section 1.2.3, the MSSM introduces another Higgs doublet,
resulting in four BSM Higgs bosons. Hence, experimental constraints on the BSM Higgs
could also be interpreted as additional constraints on the MSSM. Since BSM Higgs are
expected to be much heavier than the SM Higgs boson, ATLAS and CMS lead the searches
for them. The Higgs sector parameters of the MSSM can be reduced down to mA0 and
tan � as shown in Table 1.3, and search results are often summarized in a 2D plane of
those parameters. Fig. 1.14 shows the exclusion limits on BSM Higgs in the hMSSM
benchmark scenario [98–100], set by ATLAS and CMS. Regions with tan � > 10 have
already been largely excluded for mA0 ranging from 1–2 TeV. Regions with smaller tan �
have looser limits; only up to about mA0 = 700–800 GeV have been excluded, depending
on tan �.

Constraints from dark matter experiments

As explained in Section 1.2.2, MSSM scenarios with R-parity conservation is expected to
introduce dark matter candidates. Therefore, experimental constraints on DM observa-
tions and searches give crucial hints to MSSM phenomenology. Here, particular emphases
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Figure 1.14: Constraints on BSM Higgs by ATLAS and CMS experiments [101, 102] in the hMSSM
benchmark scenario.

will be put on scenarios having the lightest neutralino as the LSP and a WIMP DM
candidate.

Relic density constraint Recent observations indicate the DM relic density to be
⌦DMh2

' 0.12 [13], as described in Section 1.1.2. This value sets a very stringent con-
straint on the LSP mass, with the assumption that all dark matter content consists only
of the LSP. However, in principle, it is possible that the LSP only accounts for only a
fraction of the DM content. In this case, the relic density constraint becomes rather loose;
LSP masses below that satisfying the relic density equality are allowed.

Fig. 1.15 shows the expected relic density of the neutralino as a function of the LSP
neutralino mass, for each neutralino type. Bino-like LSP is mostly excluded in terms of
relic density, as it results in overabundance due to its small annihilation cross sections.
On the other hand, wino-like LSP and higgsino-like LSP have relic densities smaller than
the experimental constraint; up to 3 TeV and 1.1 TeV is allowed, respectively. Therefore,
in terms of dark matter relic density, SUSY scenarios with wino-like LSP and higgsino-like
LSP are generally more viable than those with bino-like LSP. However, some bino-like
LSP scenarios are still possible; scenarios where the bino coannihilates with other SUSY
particles (e.g. staus) could realize smaller relic densities [103].

Constraints from direct detection experiments Another constraint on WIMP dark
matter comes from direct detection experiments, which search for WIMP-nucleon interac-
tion. The most stringent limit on spin-independent WIMP-nucleon cross section (�SI) 7 is
currently set by the LUX-ZEPLIN (LZ) experiment [105]. For WIMP masses of 100 GeV
to 1 TeV, �SI down to 2 ⇥ 10�47 cm2 to 2 ⇥ 10�46 cm2 have already been excluded.

For the projection of direct detection results to constraints on the LSP neutralino,
one must scale the WIMP-nucleon cross section with the expected relic abundance of the
LSP, because it may be the case that the LSP only accounts for a fraction of currently
existing dark matter content. Fig. 1.17 shows the scaled relic density of higgsino-like

7There are also limits on spin-dependent WIMP-nucleon cross section (�SD), but they are less stringent
compared to limits on �SI, so the discussion is omitted here.
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Figure 1.15: Neutralino relic density as a function of the LSP neutralino mass [104]. The neutralino is
referred to as bino-/wino-/higgsino-like when it is composed of at least 90% bino/wino/higgsino compo-
nent, respectively, or mixed state otherwise. Relic density results by Planck is shown as a black line for
comparison.

Figure 1.16: Constraint on the spin-independent WIMP-nucleon cross section set by the LZ experiment
[105]. The solid black line shows the 90% confidence limit. For WIMP mass of 100 GeV, �SI ' 2 ⇥

10�47 cm2 has been excluded.

25



LSP calculated under the mSUGRA scenario, compared with limits from direct detection
experiments. By comparing this with Fig. 1.16, one can see that higgsino-like LSP is only
partially excluded. In scenarios with wino-like or bino-like LSP, �SI is typically smaller
and are less constrained by direct detection experiments.

Figure 1.17: Spin-independent WIMP-nucleon cross section for higgsino-like LSP, as a function of LSP
neutralino mass [106]. The WIMP-nucleon cross section has been scaled by the relic density fraction.
Solid lines show observed limits, whereas dot-dashed lines show projected reach of each experiment, as
of February 2018.

1.3 Target scenario and search strategy

The search introduced in this dissertation focuses on MSSM scenarios having higgsino-like
LSP. In this section, details of the target scenario and analysis strategies are presented.

1.3.1 Target scenario

MSSM with higgsino-like LSP are one of the most viable candidates of SUSY and BSM
scenarios, from both theoretical and experimental perspectives. LSP neutralino with a
mass of O(100) GeV is a perfect candidate for WIMP dark matter; the options are bino-
like, wino-like, and higgsino-like LSP. Bino-like LSP is mostly excluded due to its small
annihilation cross section and overabundance. Wino-like LSP has already been actively
searched with available LHC data and is excluded up to mass of about 800 GeV, although
depending on the mass splitting. However, higgsino-like LSP has only been searched up
to mass of about 200 GeV with currently available LHC data as shown in Fig. 1.12. For
some mass splitting values, limits from LEP2 experiments remain the most stringent,
excluding up to mass of only about 90 GeV. Since solutions to the hierarchy problem
favor SUSY particles to be relatively light (O(100) GeV), it is highly crucial to search for
higgsino-like LSP in the unfathomed mass regions.
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MSSM scenarios with higgsino-like LSP are also barely constrained from searches
for other SUSY particles described in Section 1.2.4. Higgsino-like LSP scenarios have
typical mass parameter relations of M1, M2 � µ, indicating large gluino mass according
to Eq. (1.36). Generally, masses of squarks, sleptons, and BSM Higgs could also be much
larger than those excluded by various searches at the LHC. Therefore, MSSM scenarios
with higgsino-like LSP have not been excluded by any indirect experimental constraints
and currently remain as one of the most viable candidates of physics beyond the SM.

In scenarios with higgsino-like LSP, in addition to the lightest neutralino �̃0

1
, the

lightest chargino �̃±
1
and the next-to-lightest neutralino �̃0

2
become higgsino-like. Thus,

the higgsino triplet (�̃0

2
, �̃±

1
, �̃0

1
) usually have compressed mass spectra. In the target

scenario of this search, the mass of �̃±
1
is assumed to be exactly in the middle between

the masses of �̃0

2
and �̃0

1
for simplicity:

• m(�̃0

2
) > m(�̃±

1
) > m(�̃0

1
),

• m(�̃±
1
) = 1

2

�
m(�̃0

2
) + m(�̃0

1
)
 
.

In particular, the search presented in this dissertation aims to probe regions with�m(�̃±
1
, �̃0

1
)

of about 1–1.5 GeV (or �m(�̃0

2
, �̃0

1
) of about 2–3 GeV), which have not yet been explored

by experiments at the LHC.

1.3.2 Previous searches

As stated previously in Section 1.2.4, various high-energy collider searches have targeted
higgsino-like LSP scenarios. Fig. 1.18 summarizes the existing experimental constraints
on the simplified higgsino model set by ATLAS.

Figure 1.18: Existing experimental constraints on the simplified higgsino model under consideration, set
by ATLAS.
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Results from LEP2 experiments The gray area in Fig. 1.18 shows the excluded
regions by the LEP2 experiments (ALEPH, DELPHI, L3, and OPAL). The LEP2 collided
electrons and positrons at

p
s = 208–209 GeV, and all four experiments have searched

for higgsinos. In the compressed mass region of �m(�̃±
1
, �̃0

1
) = 0.2–3 GeV, soft events

with an Initial State Radiation (ISR) photon were targeted. m(�̃±
1
) > 92.4 GeV has been

excluded at 95% C.L. for all mass splitting values by combining the results by the four
experiments. For �m(�̃±

1
, �̃0

1
) of about 1 GeV, this limit has remained the most stringent.

Figure 1.19: Experimental constraints on higgsinos set by LEP2 experiments [107]. m(�̃±
1 ) > 92.4 GeV

has been excluded at 95% C.L. for all mass splitting values.

Multi-lepton searches The blue area in Fig. 1.18 shows the excluded regions by the
multi-lepton searches (3L and soft 2L) by ATLAS. Fig. 1.20 shows example diagrams
of processes targeted by the multi-lepton searches. The 3L search targets �̃±

1
�̃0

2
pair

production and requires three leptons emitted from �̃±
1

! �̃0

1
`±⌫ and �̃0

2
! �̃0

1
`±`⌥ decays,

on top of high missing transverse momentum. The soft 2L search targets both �̃0

1
�̃0

2
and

�̃±
1
�̃0

2
pair productions and searches for two leptons emitted from the �̃0

2
! �̃0

1
`±`⌥ decay.

Although the soft 2L search has the power to probe regions with �m(�̃±
1
, �̃0

1
) of a

few GeV, its sensitivity drops significantly for �m(�̃±
1
, �̃0

1
) < 2 GeV. This is because the

electron and muon identification e�ciencies in the ATLAS experiment drop significantly
for low transverse momentum (pT), as shown in Fig. 1.21. The electron and muon identi-
fication methods have a pT threshold of 4.5 GeV and 3 GeV, respectively. Hence, the soft
2L search has also targeted events with one identified lepton and one unidentified isolated
track to probe into regions with very small mass splittings.
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Figure 1.20: Example diagrams of processes targeted by multi-lepton searches by ATLAS [108, 109].

Figure 1.21: Signal lepton e�ciencies for the soft 2L search in ATLAS [109]. In addition to standard
leptons (electrons and muons), unidentified isolated tracks have been utilized to search soft leptons
originating from the higgsino decay.
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Disappearing track search The light green area in Fig. 1.18 shows the excluded
regions by the disappearing track search by ATLAS. Fig. 1.22 shows an example diagram
of the process targeted by the disappearing track search. For very low mass splittings of
only several hundred MeV, the �̃±

1
becomes long-lived and could traverse the inner layers

of the ATLAS Inner Detector before decaying into an extremely soft pion, which is not
reconstructed. This gives rise to a specific signature referred to as a “disappearing track”:
the track of the �̃±

1
is visible in the first few tracking layers but vanishes in the outer

tracking layers. The search is sensitive to regions with �m(�̃±
1
, �̃0

1
) smaller than 400 MeV

and has excluded pure higgsinos with masses up to about 200 GeV.

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Figure 1.22: An example diagram of the process targeted by the disappearing and displaced track searches
by ATLAS [95].

Displaced track search The yellow area in Fig. 1.18 shows the excluded regions by the
displaced track search by ATLAS. The displaced track search also targets event topologies
shown in Fig. 1.22. In the region between those searched by the multi-lepton searches
and the disappearing track search, the �̃±

1
has a notable lifetime and can fly up to several

millimeters before decaying into �̃0

1
and a charged pion. In this case, the charged pion

can be reconstructed as a soft, isolated, and displaced track. The displaced track search
targeting such signatures has excluded higgsino-like �̃±

1
with masses up to 165 GeV and

�m(�̃±
1
, �̃0

1
) between 300 and 900 MeV, dependent on the �̃±

1
mass.

1.3.3 Analysis strategy

The search presented in this dissertation targets �̃±
1
�̃0

2
and �̃0

1
�̃0

2
higgsino pair produc-

tion from proton-proton collisions. Fig. 1.23 shows the branching ratios of �̃±
1
and �̃0

2
.

The branching ratio of �̃0

2
decaying leptonically to �̃0

1
is approximately 5% for e+e� and

µ+µ�, respectively. Although the branching ratios are relatively small, targeting this
opposite-charge same-flavor lepton pair is a valid search method, as the features of the
di-lepton system can be exploited to achieve su�cient background suppression. How-
ever, for mass splittings of a few GeV, the leptons from �̃0

2
! �̃0

1
`+`� decay only have
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transverse momentum (pT) of a few GeV. As shown in Fig. 1.21, many of these leptons
elude the standard lepton identification methods in ATLAS, which have pT thresholds of
4.5 GeV and 3 GeV for electrons and muons, respectively. Therefore, the soft 2L search
targeting such event topologies have low sensitivity in the small mass splitting regime, as
presented in Fig. 1.18. To overcome these di�culties with identifying low-pT leptons, new
low-pT lepton identification methods, dedicated to this search, have been developed. In
particular, the new low-pT electron tagger identifies electron tracks with pT = 0.5–5 GeV,
and the new low-pT muon tagger identifies muon tracks with pT = 1–5 GeV.

(a) �̃±
1 branching ratio (b) �̃0

2 branching ratio

Figure 1.23: Branching ratios of �̃±
1 and �̃0

2, as functions of mass splittings [110]. Here, the mass splittings
are assumed to be �m(�̃±

1 , �̃
0
1) ⇠ �m(�̃0

2, �̃
0
1), but this has little e↵ect on the branching ratios for leptonic

decays.

Fig. 6.1 shows diagrams of the higgsino pair production processes targeted in the
search. The targeted event topologies are similar to those targeted in the previous soft
2L search [109]. The lightest neutralino �̃0

1
is stable DM candidate in the considered

scenario, thus the two �̃0

1
in the final state are expected to pass through the detectors

such that their presence is highlighted only by the observation of a non-negligible missing
transverse momentum (Emiss

T
). In the small mass splitting region, other decay products

typically have very small activities, and the only object which could be used to trigger
these events is the Emiss

T
object. However, when the two �̃0

1
are emitted back-to-back in

the plane perpendicular to the beampipe, Emiss

T
will be small, and the events will fail the

Emiss

T
trigger requirement. Therefore, a highly energetic initial state radiation hadronic

jet is required to boost the SUSY system and to align the two �̃0

1
to produce large Emiss

T
.

To improve sensitivity to regions with�m(�̃0

2
, �̃0

1
) = 2–3 GeV, where the soft 2L search

could not probe, the analysis targets events where only one lepton (electron or muon)
from �̃0

2
! �̃0

1
`+`� is identified using the standard identification method in ATLAS. The

other lepton is assumed to elude the standard identification method, due to its softness.
Therefore, only one standard lepton is required, and the other lepton is only required to
be reconstructed as a track, which is later required to be identified as a low-pT lepton
track by the newly developed taggers.

Event selection is performed using a state-of-the-art neural network method called
parametrized neural network (pNN) [111]. The pNN is optimized to separate signal
higgsino production processes and dominant background processes exploiting the features
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Figure 1.24: Diagrams of the target higgsino pair production processes. The j represents an initial state
radiation jet. For �̃±

1 �̃
0
2 production, leptonic decays of o↵-shell W boson are also allowed.

of the event topology. As these features depend on �m(�̃0

2
, �̃0

1
), the pNN is parametrized

by �m(�̃0

2
, �̃0

1
) to be e�ciently trained to identify signal events for various mass splitting

scenarios. The analysis is structured to combine the pNN event selection method and the
newly developed low-pT lepton taggers to achieve significant signal to background ratio
for higgsinos with small mass splittings. The Signal Region is defined to have high pNN
score (corresponding to higgsino event-like topology) and a track with high low-pT lepton
tagger score (corresponding to lepton-like track).

The SM background in the defined Signal Region is estimated using a semi-data-driven
method. Dominant contributions are expected to be from W+jets processes, which have
a similar event topology; W boson production with leptonic decays (W ! `⌫) present
a single lepton and a large Emiss

T
signature. The track identified by the newly developed

low-pT lepton tagger is likely a misidentified hadronic track originating from underlying
events. Since there are ambiguities in the modeling of such tracks in the Monte-Carlo
(MC) simulations, these “fake lepton track” contributions are inclusively estimated by a
data-driven method, later described in Section 7. On the other hand, “true lepton track”
contributions, which mainly come from diboson and Z+jets processes are expected to be
well-modeled and are estimated directly using MC simulations.
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2. Experimental Setup

The search presented in this dissertation exploits 140 fb�1 of proton-proton collision data
at

p
s = 13 TeV, collected by the ATLAS experiment in 2015–2018 during LHC Run 2.

This section gives an overview of the LHC and the ATLAS detector.

2.1 Large Hadron Collider

The Large Hadron Collider (LHC) [112] is the world’s largest and the highest-energy
circular collider, constructed on the borders of France and Switzerland. It has a circum-
ference of 26.659 km and is designed to collide protons at the center-of-mass energy of
p

s = 14 TeV. The beampipe is situated in a tunnel about 100 meters underground,
and the proton collisions occur at four interaction points (IP), where ATLAS [1], ALICE
[113], CMS [114], and LHCb [115] experiments are situated. ATLAS and CMS are large
general-purpose experiments which conduct wide varieties of physics programs. ALICE
and LHCb are more specialized towards studies of heavy-ion collisions and b-hadrons,
respectively.

Table 2.1 summarizes the operation conditions of past and ongoing LHC Runs. The
operation of LHC started in 2010 as “Run 1”, in which data was collected until early 2013
at

p
s = 7–8 TeV. In the Long Shutdown 1 (LS1) period, maintenances and upgrades

of the accelerator and each detector were carried out. Operation was resumed at
p

s =
13 TeV in 2015 as “Run 2”, which continued until the end of 2018. After another round
of maintenances and upgrades in Long Shutdown 2 (LS2), the ongoing operation started
in 2022 as “Run 3”, in which the center-of-mass energy is now at

p
s = 13.6 TeV.

Table 2.1: Operation conditions for each LHC Run. Only proton operations are considered. hµi represents
the average number of proton-proton interactions per bunch crossing. The figures for delivered integrated
luminosity include previous runs. Note that the year and delivered integrated luminosity for Run 3 are
expected values.

Operation conditions Run 1 Run 2 Run 3

Year 2010–2013 2015–2018 2022–2025
Center-of-mass energy [TeV] 7–8 13 13.6
Peak hµi 25 50–60 50–60
Peak instantaneous luminosity [cm�2s�1] 8 ⇥ 1033 2 ⇥ 1034 2 ⇥ 1034

Delivered integrated luminosity [fb�1] 29 190 450

Fig. 2.1 shows a schematic of diagram of the accelerator complex at CERN. Proton
acceleration for the LHC occurs in multiple steps. From 2020, Linear Accelerator 4
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(LINAC4) has been used for the seeding of protons; it accelerates negative hydrogen ions
to 160 MeV using radiofrequency (RF) cavities. The accelerated ions are then stripped of
their electrons during injection from LINAC4 to the Proton Synchrotron Booster, which
accelerates the protons to 2 GeV. After the protons are accelerated to 26 GeV by the
Proton Synchrotron (PS), they are injected to the Super Proton Synchrotron (SPS) and
accelerated up to 450 GeV. Finally, the protons accelerated by the SPS are injected to
the LHC.

Figure 2.1: A schematic diagram of the CERN accelerator complex [116].

Proton beams at the LHC consist of groups of protons called “bunches” and are
accelerated by RF cavities at 400.8 MHz. Since proton bunches are accelerated up to
near the speed of light c, in principle, there could be as much as

400.8 MHz

c/26.659 km
⇡ 35640

bunches in one round of the LHC circumference. However, considering margins for beam
injection and dumping, the LHC is designed to be injected with a maximum of 2808
bunches, having minimum time spacing of 25 ns. Hnece, the frequency of proton bunch
crossings at the LHC is (25 ns)�1

⇡ 40.08 MHz. Number of protons per bunch has
reached about 1.6⇥1011 in 2023, and the mean number of interactions per bunch crossing
is typically larger in Run 3 compared to Run 2 as shown in Fig. 2.2.

The trajectories of proton beams at the LHC are primarily bent by 1232 dipole mag-
nets using superconducting Nb-Ti wires. The dipole magnets are cooled down to 1.9 K
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Figure 2.2: Mean number of interactions per bunch crossing for LHC Runs 1, 2, and 3 for all physics
data recorded by ATLAS [117].

with superfluid helium and can provide up to magnetic field of about 8.3 T. Moreover,
quadrupole magnets with FODO structures are used to keep the beam with finite emit-
tance within its aperture.

2.2 ATLAS detector

The ATLAS detector is a large general-purpose detector situated at Point 1 of the LHC.
Fig. 2.3 shows the overall view of the detector. The ATLAS detector can be roughly
categorized into three detector groups: Inner Detector, the calorimeters, and the muon
spectrometers. The Inner Detector is in the most inner part of the detector and mea-
sures pT of charged particle tracks. The calorimeters surrounding the Inner Detector are
responsible for identifying electrons, photons, and hadrons, and measuring their energy.
The muon spectrometers consist the outer layers of the detector and measure the pT of
muons. This section gives a brief summary of the magnets, detectors, and Trigger and
Data Acquisition system of ATLAS.

2.2.1 Coordinate system

ATLAS experiment adopts a right-handed Cartesian coordinate system shown in Fig. 2.4.
In the Cartesian coordinates, the x-axis points towards the center of the LHC ring, the
y-axis points upward, and the origin is at the center of the detector, where the beam
collisions occur. In terms of the cylindrical coordinate system, the radial distance R and
azimuth angle � are also used. Moreover, using the polar angle ✓, pseudorapidity ⌘ is
defined as

⌘ = � ln

✓
tan

✓

2

◆
, (2.1)
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Figure 2.3: Overall view of the ATLAS detector [1]. The cylindrical detector is 44 m long and 25 m in
diameter and weighs 7000 t.

which is convenient for describing detector coverage and particle orientation. The region
corresponding to the side of the cylinder, is referred to as the “barrel” region, and that
corresponding to the base is referred to as the “endcap” region.

Figure 2.4: Coordinate system of the ATLAS detector. The x-axis points towards the center of the LHC
ring, and the y-axis points upward, towards the sky. The side with z > 0 is referred to as the A-side, and
the side with z < 0 is referred to as the C-side. ⌘ is often used to describe the coverage of the detectors.

2.2.2 Magnet system

The ATLAS detector has three types of superconducting magnets, which are necessary
for particle identification and their pT measurement. Fig. 2.5 shows a schematic diagram
of the ATLAS magnet system. The system consists of three types of magnets: central
solenoid, barrel toroid, and endcap toroid.
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Figure 2.5: Schematic diagram of the ATLAS magnet system [1]. The system consists of three types of
magnets: central solenoid, barrel toroid, and endcap toroid.

Central solenoid

The central solenoid magnet is situated between the Inner Detector and the Liquid Argon
calorimeter (later described in Sections 2.2.3 and 2.2.4) and is necessary for bending
the trajectories of charged particles within the Inner Detector. The magnetic field of
the central solenoid is approximately 2 T. Its length is 5.8 m, and its inner and outer
diameters are 2.46 m and 2.56 m, respectively.

Barrel toroid

Eight barrel toroid magnets are situated in the barrel regions, in the outer regions with
muon systems. These are used to bend trajectories of muons in the barrel regions for pT
measurement. The length of the barrel toroid is 25.3 m, and its inner and outer diameters
are 9.4 m and 20.1 m, respectively.

Endcap toroid

Two endcap toroid magnets are situated in the endcap regions, one on each side of the
detector. These are used to bend trajectories of muons in the endcap regions for momen-
tum measurement. Each endcap toroid has eight coils, each placed between the barrel
toroid coils. Its axial length is 5.0 m, and its inner and outer diameters are 1.65 m and
10.7 m, respectively.

2.2.3 Inner Detector

The ATLAS Inner Detector performs various tracking measurements of charged particles,
such as impact parameters, pT, and charge. As shown in Fig. 2.6, the Inner Detector
consists of three subdetectors: Pixel, Semiconductor Tracker (SCT), and Transition Ra-
diation Tracker (TRT).
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(a) Cutaway view (b) Cross section view

Figure 2.6: Schematic views of the ATLAS Inner Detector [118, 119]. The Inner Detector consists of
three subdetectors: Pixel, SCT, and TRT.

Pixel

The Pixel detector is structured from four layers of silicon pixel sensors. The most inner
layer at R = 33.25 mm is called the Insertable B-Layer (IBL) and was newly introduced in
Run 2. The position resolution of the silicon pixels in the IBL is (��, �z) = (8 µm, 40 µm).
The three outer layers used from Run 1 are each called layer-0, layer-1, and layer-2 in
the barrel regions and disks in the endcap regions. The position resolution of the silicon
pixels in these layers is (��, �z(R)) = (10 µm, 115 µm). Pixel covers regions with |⌘| < 2.5.

Semiconductor Tracker

The Semiconductor Tracker (SCT) detector is made of layers of silicon strip sensors. The
barrel and endcap regions each consist of four and nine layers, respectively. Each layer has
two stereo strips with 40 mrad angle di↵erence to realize 2D stereo measurement. The
position measurement of the 2D stereo measurement is (��, �z(R)) = (17 µm, 580 µm).
SCT covers regions with |⌘| < 2.5.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is made of straw-shaped drift tubes with a
diameter of 4 mm. The barrel tubes are placed in parallel with the LHC beampipe,
whereas the endcap tubes are oriented in the R-direction. TRT tubes are placed in a
way that all particles in |⌘| < 2.0 (excluding the barrel-endcap gap in 0.8 < |⌘| < 1.0)
pass through at least 36 tubes; by combination with hits provided by Pixel and SCT at
small radii, it is possible to reconstruct particle tracks with high precision. The position
resolution of TRT itself is 130 µm per straw. Although Pixel and SCT have detector
coverage of |⌘| < 2.5, TRT only covers regions with |⌘| < 2.0.

TRT also plays a significant role in electron identification. When charged particle
tracks pass through the radiator material between the tubes, photons emitted by transition
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radiation are absorbed by the xenon gas in the drift tubes. As subsequent ionization
proceeds, the transition radiation is detected through the anode wires centered in the drift
tubes. Since the probability of transition radiation increases with the relativistic gamma
factor, for particles with energy less than 100 GeV, only electrons are capable of inducing
transition radiation within the ATLAS detector. Therefore, electron identification in
ATLAS is enhanced by checking the presence of transition radiation in the TRT.

2.2.4 Calorimeters

Fig. 2.7 shows a cutaway view of the ATLAS calorimeter detectors. Calorimeters in
ATLAS are roughly categorized into two types by their usage: electromagnetic calorime-
ters and hadronic calorimeters. Moreover, they can also be categorized by their active
material: Liquid Argon (LAr) calorimeters and Tile calorimeters.

Figure 2.7: Cutaway view of the ATLAS calorimeter detectors [1]. The calorimeters are roughly catego-
rized into two types by their usage: electromagnetic and hadronic.

Electromagnetic calorimeters

The electromagnetic (EM) calorimeters measure the position and energy of electrons and
photons. LAr electromagnetic barrel and endcap calorimeters in Fig. 2.7 are the two EM
calorimeters. Since LAr calorimeters operate at 88.5 K, these calorimeters are housed in
cryostats. EM calorimeters have accordion-like structures made from lead as absorber
material and liquid argon as active material as shown in Fig. 2.8. These structures enable
full coverage in the �-direction.

The EM barrel calorimeter covers |⌘| < 1.475 and has a total thickness of at least 22X0,
where X0 is the radiation length, thus assuring su�cient absorption of EM showers. As
shown in Fig. 2.8, the EM barrel calorimeter consists of three layers, each having di↵erent
granularities (cell sizes). Moreover, there is an additional layer called the presampler
before the first layer for correcting the electron and photon energy lost by upstream of
the calorimeter.
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Figure 2.8: Structure of the ATLAS LAr electromagnetic barrel calorimeter [1]. The wavy lines show
the accordion-like structure made from lead and liquid argon layers. The LAr electromagnetic endcap
calorimeters have similar structures.
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The EM endcap calorimeter covers 1.375 < |⌘| < 3.2 and has a total thickness of at
least 24X0. Similar to the barrel regions, the EM endcap calorimeters have three layers
and an additional presampler layer.

Hadronic calorimeters

Hadronic calorimeters measure the position and energy of hadrons, primarily hadronic
jets. Fig. 2.9 shows the cumulative amount of material of each calorimeter in units of
hadronic interaction length. The hadronic calorimeters are designed to have su�cient
containment of hadronic showers and also to reduce punch-through of hadrons into the
muon spectrometers. Hadronic calorimeters are classified into three types: Tile calorime-
ters, LAr hadronic endcap calorimeters, and LAr forward calorimeters.

Figure 2.9: Cumulative amount of material in the ATLAS calorimeters in units of hadronic interaction
length, as a function of |⌘| [1]. The light blue components show the total amount of material in front of
first active layer of the muon spectrometers (up to |⌘| < 3.0).

Tile calorimeters are made from steel as absorber material and scintillator tiles as ac-
tive material. Tile barrel calorimeter covers regions with |⌘| < 1.0, and the Tile extended
barrel covers regions with 0.8 < |⌘| < 1.7. The thickness of the Tile calorimeters corre-
sponds to 7.4�0, where �0 is the hadronic interaction length. Tile barrel and extended
barrel are both divided into 64 modules in the �-direction as shown in Fig. 2.10.

LAr hadronic endcap calorimeters are placed in the endcap regions, outside the EM
endcap calorimeters, covering 1.5 < |⌘| < 3.2. Instead of lead, LAr hadronic endcap
calorimeters adopts copper as their absorber material. The granularity of LAr hadronic
endcap calorimeters is �⌘ ⇥ �� = 0.1 ⇥ 0.1 for 1.5 < |⌘| < 2.5 and �⌘ ⇥ �� = 0.2 ⇥ 0.2
for 2.5 < |⌘| < 3.2.

LAr forward calorimeters cover the forward regions of ATLAS, in particular, regions
with 3.1 < |⌘| < 4.9. The forward calorimeter, consisting of three layers, is used as both
EM and hadronic calorimeters; the first layer is used as an EM calorimeter, and the second
and third layers are used as hadronic calorimeters. As for the absorber material, the first
layer adopts copper, and the second and third layer adopt tungsten.
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Figure 2.10: Structure of the ATLAS Tile calorimeter module [1]. Tile barrel and extended barrel
calorimeters are divided into 64 modules having�� = 5.625�. As zoomed in on the right, Tile calorimeters
have sandwich-like structures made from tile scintillators and steel.

2.2.5 Muon spectrometers

The muon spectrometers consist the most outer layers of the ATLAS detector and have
the significant role of reconstruction and identification of muons. Although the muon
detectors have been partially upgraded for the ongoing Run 3, the configurations for Run
2 are summarized in this section, as the search presented in this paper uses Run 2 data.

Fig. 2.11 shows the overall view of the ATLAS muon spectrometers, which consist
of four subdetectors: Monitored Drift Tube (MDT), Cathode Strip Chamber (CSC),
Resistive Plate Chamber (RPC), and Thin Gap Chamber (TGC). MDT and CSC have
high position resolution and are responsible for precision pT measurements of muons.
RPC and TGC have high timing resolution and provide muon trigger signals.

Monitored Drift Tube

Monitored Drift Tube (MDT) is a precision measurement muon detector and consists of
three layers of drift chambers for both barrel and endcap regions. The coverage is |⌘| < 2.0
for the most inner layer and |⌘| < 2.7 for the outer two layers.

Fig. 2.12a shows the structure of the MDT drift tube. Each drift tube is made of
aluminum and is about 30 mm in diameter. When a muon passes through the tube, the
AR/CO2 gas is ionized, and the resulting electrons drift towards the anode wire, with a
maximum drifting time of 700 ns. The position resolution of each tube is estimated to
be 80 µm. Fig. 2.12b shows the MDT chamber structure. Each chamber has one or more
“multilayers”, which consist of 3–4 layers of drift tubes. Although the chamber frames
have robust structures made of aluminum, a laser-based alignment system is implemented
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Figure 2.11: Overall view of the ATLAS muon spectrometers [1]. Four detectors consist the muon system:
MDT, CSC, RPC, and TGC.

to detect distortions from aging.

Cathod Strip Chamber

Cathode Strip Chamber (CSC) is a multiwire proportional chamber specifically made for
performing muon precision measurements in the endcap regions with 2.0 < |⌘| < 2.7.
Although the MDT chambers also cover the same regions, muon hit frequency in the
endcap regions exceeds the stable operation threshold of MDT chambers of 150 Hz/cm2.
Hence, the CSC was prepared complementarily for precision measurement of muons in
the endcap regions.

Fig. 2.13a shows the layout of CSC chambers. There are 16 chambers for each CSC
wheel: eight large and eight small chambers. In each chamber, anode wires are placed in
the radial direction with spacings of 2.5 mm, and cathode strips are placed perpendicularly
in the �-direction, as shown in Fig. 2.13b. When a muon passes through the chamber,
the AR/CO2 gas is ionized, resulting in an electron avalanche. The position of the muon
is determined by reading out the charge distribution on the cathode strips. The position
resolution is 60 µm per CSC plane, and the timing resolution is 7 ns, su�ciently high to
withstand high muon hit frequency in the endcap regions.

The CSC was decommissioned after Run 2 and has been upgraded to the New Small
Wheel (NSW) detector in the ongoing Run 3.

Resistive Plate Chamber

Resisitive Plate Chamber (RPC) is a gaseous parallel electrode-plate detector, designed
to provide muon trigger signals in |⌘| < 1.05. RPC consists of three stations, each of
which has a structure shown in Fig. 2.14. Each station has two units, each having two
gas layers for measuring (⌘,�) of the muon hit position.
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(a) Drift tube structure (b) Chamber structure

Figure 2.12: Schematic diagram of the MDT drift tube and chamber structures [1]. Each chamber is
made from one or more multilayers, where each multilayer has 3–4 layers of tubes. The red lines on
Fig. 2.12b show the lasers used for the alignment system.

(a) Layout of CSC chambers (b) CSC anode wires and cathode strips

Figure 2.13: Schematic diagram of the CSC chambers and the structure of anode wires and cathode strips
[1].
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Figure 2.14: Cross-section view of the RPC station [1]. The unit of length is in mm. Each station has
two units, each having two gas layers that measure (⌘,�) of the muon hit position.

The chambers of RPC consist of a 2 mm thick gas layer sandwiched by two highly
resistive plastic plates. An electron avanlanche is induced when a muon passes through
the nonflammable gas mixture (94.7% C2H2F4, 5.0% Iso-C4H10, 0.3% SF6), with applied
voltage of 4.9 kV/mm. The position resolution of RPC is 10 mm in both z- and �-
directions, and the timing resolution is 1.5 ns, su�ciently high to operate as a trigger
detector.

Thin Gap Chamber

Thin Gap Chamber (TGC) is a multiwire proportional chamber detector, which provides
muon trigger signals in the endcap regions with 1.05 < |⌘| < 2.4. TGC is roughly
categorized into two types: TGC Big Wheel (TGC-BW) and TGC Inner (TGC-I) situated
farther from and closer to the IP relative to the endcap toroid magnet, respectively.

Fig. 2.15a shows the gas chamber structure of TGC. The anode wires have spacings
of 1.8 mm, and the cathode strips are placed 1.4 mm apart from the wires, resulting
in a 2.8 mm thick gas layer. When a muon passes through the gas mixture (55% CO2,
45% n-C5H12), an electron avalanche is induced by an applied voltage of 2.8 kV. The
wires detect the positive ions caused by the avalanche, and the cathode strips detect the
image charges of those ions. The position resolution of each chamber is 2–6 mm in the
R-direction and 3–7 mm in the �-direction, and its timing resolution is about 4 ns.

TGC-BW and TGC-I both consist of multiple stations, each having two or three gas
layers, as shown in Fig. 2.15b. The station with three and two gas layers are called triplets
and doublets, respectively. TGC-BW have three stations, one triplet and two doublets,
which are inclusively used to measure the pT of muons. TGC-I have two doublet stations
called Endcap Inner (EI) and Forward Inner (FI), each covering di↵erent ⌘ regions. The
Inner stations are primarily used to veto muon candidates which do not come from the
IP. However, similar to the CSC, TGC-FI has been decommissioned after Run 2 and has
been replaced by the NSW detector.
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(a) TGC chamber structure (b) Cross-section view of TGC triplet and doublet stations

Figure 2.15: Schematic diagram of the TGC chambers and stations [1].

2.2.6 Luminosity detectors

Precise measurement of integrated luminosity is necessary for properly normalizing the
simulated dataset for comparison with collected data. The integrated luminosity of the
data used in the search presented in this paper has been measured by the luminosity
detectors of ATLAS.

Instantaneous luminosity L is calculated with

L =
µnbf

�
, (2.2)

where nb is the number of colliding bunches, f = 11.246 kHz is the frequency of LHC
proton bunch revolution, � is the cross section of inelastic proton-proton collisions, and µ is
the number of proton-proton interactions per bunch crossing, averaged over all colliding
bunches [120]. Although � = 80 mb is assumed in all experiments at the LHC, the
instantaneous luminosity is measured independent of that assumption; L is calculated
by measuring the visible interaction rate per bunch µvis and the visible cross section �vis
using the following luminosity detectors.

LUCID

LUCID is a luminosity detector situated in the forward regions of the ATLAS detector,
at z = ±17 m from the IP. LUCID consists of 16 photonmultiplier tubes surrounding the
beampipe, which detect Cherenkov light emitted by charged particles passing through
the C4F10 gas filled in the tubes. µvis is then measured online by counting the number
of Cherenkov light signals, each corresponding to one or more inelastic proton-proton
collisions. On the other hand, �vis is measured during special LHC fills with the van der
Meer (vdM) scan method. LUCID was upgraded to LUCID-2 [121] at the start of Run 2
to cope with increased energy and higher luminosity conditions.

Beam Conditions Monitor

Beam Conditions Monitor (BCM) detector is at z = ±1.84 m from the IP and consists
of four diamond sensors. BCM mainly provides beam conditions information and beam

46



abort functionalities for protecting the ATLAS inner detector. It was the main lumi-
nosity detector in Run 1, however, its use was limited to consistency checks for special
configuration runs in Run 2, due to technical problems such as radiation damage.

2.2.7 Trigger and Data Acquisition system

As mentioned in Section 2.1, proton bunch crossings at the LHC occur at 40 MHz, and
50–60 proton interactions occur in each bunch crossing. However, target processes of
interest such as physics beyond the SM and Higgs production, have cross sections much
smaller compared to those of proton-proton inelastic scattering. Therefore, a sophisticated
Trigger and Data Acquisition (TDAQ) system is necessary to select and record data
with physics of interest, making e�cient use of limited readout bandwidths and o✏ine
computing resources. Fig. 2.16 shows the overview of the ATLAS TDAQ system in LHC
Run 2. ATLAS adopts a two-step trigger system consisting of the hardware-based Level-1
Trigger and the software-based High Level Trigger.

Figure 2.16: Overview of the ATLAS TDAQ system in LHC Run 2 [122]. On the left is the trigger
system, and on the right is the DAQ system.

Level-1 Trigger

The Level-1 Trigger is a hardware-based trigger system, which reduces the data rate
from 40 MHz to about 100 kHz using calorimeter and muon information. In the Level-
1 calorimeter (L1Calo) trigger, analog signals from the calorimeters are first digitized
and calibrated by the preprocessor and then sent to the Cluster Processor (CP) and
Jet/Energy-sum Processor (JEP). The CP system identifies electron, photon, and tau
candidates, whereas the JEP system identifies hadronic jet candidates and calculates
the total jet energy sum and missing transverse energy. In the Level-1 muon (L1Muon)
trigger, muon candidates are identified in the barrel and endcap regions using muon hit
information from RPC and TGC detectors, respectively. Based on the information from
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L1Calo and L1Muon triggers, Central Trigger Processor (CTP) forms the final L1 trigger
decision. Data corresponding to the L1 trigger decision is then read out from the detector
frontend systems to the ATLAS readout system. The Level-1 Trigger is required to operate
with a fixed latency within 2.5 µs.

High Level Trigger

The High Level Trigger (HLT) is a software-based trigger system, which further reduces
the data rate to 1–2 kHz using more precise and CPU-intesive algorithms, motivated by
physics of interest. For event data read out to the ATLAS readout system, the HLT per-
forms online reconstruction based on Region-of-Interest (RoI) information passed on from
the Level-1 Trigger. The HLT decision is processed within a few hundred milliseconds.

Data Acquisition

In all detector subsystems, data for every bunch crossing is temporarily stored in the
detector frontends. Subsequently, only the corresponding data accepted by the Level-
1 Trigger is further read out to the Readout Drivers (RODs), in which event data is
organized into a common format. The formatted data is then passed to the ATLAS
central Readout System (ROS), which is responsible for bu↵ering event data from all
detector subsystems and transferring them to the HLT system. Event data accepted by
the HLT is sent to permanent storage via the Sub-Farm Output (SFO).
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3. Data and Simulated Event Samples

This section describes the details of the data and simulated event samples used for the
search presented in this dissertation.

3.1 Dataset

The search presented in this dissertation uses the full LHC Run 2 dataset collected by the
ATLAS detector in 2015–2018, corresponding to 140 fb�1 of proton-proton collisons at
p

s = 13 TeV. Table 3.1 shows the integrated luminosity of the data used in the analysis
for each year. The relative uncertainty of the total integrated luminosity is 0.83% [120],
obtained using the LUCID-2 detector [121] for the primary luminosity measurements,
complemented by measurements using the Inner Detector and calorimeters.

Table 3.1: Integrated luminosity of p-p data used in the analysis for each year [120].

Year Integrated luminosity [fb�1]

2015 3.24 ± 0.04

2016 33.40 ± 0.30

2017 44.63 ± 0.50

2018 58.79 ± 0.64

Total 140.07 ± 1.17

3.2 Trigger

As mentioned in Section 1.3.3, the search targets signal event topologies with high missing
transverse momentum (Emiss

T
), resulting from the two �̃0

1
in the final state. Since the decay

products from �̃0

2
and �̃±

1
are too soft to be triggered on, Emiss

T
triggers are used for all data

used in the search. In particular, the lowest unpresecaled Emiss

T
triggers shown in Table 3.2

are used for each data-taking period. Although increasing pileup levels had a large impact
on triggers during Run 2, only small adjustments were made for the L1 threshold for Emiss

T

triggers, because the trigger rate was reduced by adjusting the calorimeter noise thresholds
[123].

On the other hand, the HLT algorithm for Emiss

T
triggers made a large evolution be-

tween 2016 and 2017. In 2015-2016, the mht algorithm was used. This adopts a calibrated
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Table 3.2: List of Emiss
T triggers used for each data-taking period [123]. For 2017–2018, the two HLT

thresholds each correspond to the threshold for the pufit and cell algorithm, respectively.

Year Period L1 threshold [GeV] HLT threshold [GeV] HLT algorithm

2015 All 50 70 mht

2016
A–D3 50 90 mht

D4–F1 50 100 mht

F2– 50 110 mht

2017 All 55 110/50 pufit/cell

2018
B–C5 50 110/70 pufit/cell

C6– 50 110/65 pufit/cell

jet based Emiss

T
calculation, which subtracts contributions from pileup. From 2017, the

pufit algorithm was introduced, which performs pileup corrections. This was combined
with the cell algorithm, which determines the Emiss

T
from calorimeter cells, without any

corrections on pileup e↵ects.
Fig. 3.1 shows the e�ciencies of the Emiss

T
trigger for each year of Run 2. The e�ciencies

are measured with Z ! µµ processes, in which the pT of the dimuon system could be
treated as Emiss

T
, because muons have little interaction with the calorimeters. The trigger

is fully e�cient and its fluctuation in e�ciency could be ignored for Emiss

T
> 200 GeV,

which is the required Emiss

T
threshold for all kinematic regions used in the analysis.
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Figure 3.1: E�ciency of the ATLAS E
miss
T trigger for each year of Run 2 [123]. The e�ciency is measured

with Z ! µµ processes, and the e�ciency is shown as a function of pT(µµ), which corresponds to E
miss
T .
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3.3 Monte-Carlo sample simulation

This section highlights the simulated event samples for signal higgsino production pro-
cesses and background processes used in the analysis. The simulation is done using
Monte-Carlo (MC) methods; the simulated event samples are hereinafter referred to as
MC samples in this dissertation.

3.3.1 Signal MC sample generation

As mentioned in Section 1.3.1, the search presented in this dissertation assumes a simpli-
fied higgsino-like LSP model, a typical case where the LSP is dominated by the higgsino
component. In such a model, the masses of the higgsino triplet (�̃0

2
, �̃±

1
, �̃0

1
) have the

following relations:

• m(�̃0

2
) > m(�̃±

1
) > m(�̃0

1
),

• m(�̃±
1
) = 1

2

�
m(�̃0

2
) + m(�̃0

1
)
 
.

Thus, the signal MC samples have been generated with the above assumptions. All other
SUSY particles are assumed to be much heavier and not have any phenomenological rela-
tions with the higgsinos. Total of 28 mass points have been considered to target the unex-
plored regions: the considered mass splitting values are �m(�̃0

2
, �̃0

1
) = 1.0, 1.5, 2.0, 3.0, 4.0,

and 5.0 GeV, and the considered masses are m(�̃0

1
) = 85, 100, 125, 150, and 175 GeV.

Fig. 3.2 shows an overall view of the mass points used for signal MC sample generation,
compared to the exclusion limits set by other searches. For each of the mass points, sep-
arate MC samples have been generated to properly calculate the cross sections for each
of the three production processes: �̃0

2
�̃0

1
, �̃0

2
�̃+

1
, and �̃0

2
�̃�
1
.

The signal MC samples have been generated at leading order (LO) with MG5 aMC@NLO
2.9.3 [124] using the NNPDF23LO [125] parton distribution function (PDF) set. The spin
of the higgsinos were conserved using MadSpin [126]. The events were then interfaced
with Pythia 8.245 [127] to model parton showering, hadronization, and underlying events
using A14 tune [128]. The matching between the matrix element and parton shower was
performed using the CKKW-L scheme [129], with the merging scale set to 15 GeV.

For e�cient generation of the targeted event topology, several requirements have been
imposed during the generation step. First, due to the ISR topology targeted by this search,
the samples are generated only for events associated with at least one hadronic jet with
pT > 50 GeV. The e↵ect of this requirement on the production cross section is considered
by applying a dedicated correction factor, later described in this section. Moreover, as an
event filter, the transverse component of the momentum sum of non-interacting particles
(corresponding to Emiss

T
at reconstruction level) is required to be more than 50 GeV.

One lepton (electron or muon) filter with pT > 2 GeV are also applied to ensure high
production e�ciency of the targeted high Emiss

T
and one lepton topology. For these two

filters, corresponding filter e�ciencies are applied to the samples, ranging from 10% to
70%, with high dependence on the mass splitting value.

The production cross sections and their uncertainties are calculated to NLO+NLL
accuracy using Resummino [130–135]. Since these cross sections do not account for the
ISR jet as mentioned above, they must be corrected by a factor of �(� 1 jet)/�(� 0 jet).
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Figure 3.2: Overall view of the signal mass points used in the search in the m(�̃±
1 ) vs �m(�̃±

1 , �̃
0
1) plane.

The mass points have been chosen to search for regions with small mass splitting values, not yet explored
by other searches.

This correction factor is derived for each signal point by preparing low statistics samples
which include the 0-jet process, and their typical values range from 0.2 to 0.3. The
corrected channel inclusive cross sections range from about 300 fb for the lowest mass point
to about 30 fb for the highest mass point, satisfying the relation �(�̃0

2
�̃+

1
) > �(�̃0

2
�̃0

1
) >

�(�̃0

2
�̃�
1
).

3.3.2 Background MC sample generation

As later described in Section 7, although the dominant background contribution from
“fake” lepton tracks, mainly misidentified hadronic tracks, is estimated using a data-
driven method, small contribution of “true” lepton tracks, actual leptons coming from
physics processes, is estimated using background MC samples. Table 3.3 shows the list
of background MC samples used in the analysis. Note that processes with little “true”
contribution, such as tt̄, single top, dijet, and �+jets, have also been included just in case,
but were later found to be negligible.

Sherpa [136] and NNPDF30NNLO [125] PDF sets are used for the modeling of W ,
Z, and � production associated with hadronic jets, as well as diboson (WZ, ZZ, WW )
production processes. W+jets and Z+jets processes are generated with Sherpa 2.2.11,
whereas �+jets processes are generated with Sherpa 2.2.2. Diboson processes are mainly
generated with Sherpa 2.2.2 but partially generated with Sherpa 2.2.1.

Powheg [137–139] interfaced with Pythia 8.2 [127] for showering is used for single
top production (s-channel, t-channel, and tW ), tt̄, and dijet processes. For these processes,
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Table 3.3: List of background MC samples used in the analysis.

Physics process Generator PDF set Parton shower Tune

W (! `⌫)+jets Sherpa 2.2.11 NNPDF30NNLO Sherpa Sherpa
Z(! ``)+jets Sherpa 2.2.11 NNPDF30NNLO Sherpa Sherpa
Diboson (WZ/ZZ/WW ) Sherpa 2.2.2/2.2.1 NNPDF30NNLO Sherpa Sherpa
tt̄ Powheg-box v2 NNPDF23LO Pythia v8.230 A14

Single top (s/t-channel, tW ) Powheg-box v2 NNPDF23LO Pythia v8.230 A14

Dijet Powheg-box v2 NNPDF23LO Pythia v8.235/v8.243 A14

�+jets Sherpa 2.2.2 NNPDF30NNLO Sherpa Sherpa

NNPDF23LO is used for the PDF sets.

3.3.3 Detector and pileup simulation

All signal and background MC samples are processed through the full ATLAS simula-
tion framework [140], which uses Geant4 [141]. Simulation of the e↵ects of pileup is
performed by generating soft QCD processes separately and overlaying them to each of
the hard-scatter events. The MC samples are then reweighted to have a matching pileup
distribution with observed data, with respect to the number of pileup through the data-
taking periods.
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4. Standard Object Reconstruction and
Identification

For both recorded data and simulated MC samples, detector-level information is processed
and translated into physics-level “objects” through reconstruction and identification. This
section summarizes the reconstruction and identification of standard objects used in this
search.

4.1 Track

The trajectories of charged particles are reconstructed as tracks using the hit information
in the Inner Detectors. The tracks used in this search are standard tracks reconstructed
by the primary “inside out” algorithm [142]. For each layer of Pixel and SCT detectors,
the algorithm first combines signals into clusters, which are further converted to three
dimensional “space points”. Next, track seeds are formed from three space points, ex-
pected to be originating from the same charged track trajectory. Track seeds are then
extended through a combinatorial Kalman filter [143], which yield a set of potential track
candidates. Since these candidates still have overlaps, an ambiguity resolution algorithm
and a subsequent global �2 fit method are applied to obtain the final tracks.

After the final track candidates are obtained from the Pixel and SCT hits, extensions
to the TRT detector is attempted. TRT extension is performed in a similar way using
a Kalman filter and a global �2 fit. At least nine TRT hits are required to perform the
extension, and the extension may be rejected when the fit quality is detrimentally a↵ected.

Tracks are described by five parameters using a perigee representation as shown in
Fig. 4.1. d0 and z0 are the transverse and longitudinal impact parameters with respect
to the primary vertex, described later in Section 4.2. � and ✓ are the azimuth and polar
angles similar to those defined in Section 2.2.1. q/p is the charge of the track divided
by the magnitude of its momentum, measured from the curvature of the track under the
solenoid magnetic field.

Preselection requirements in this search

The following preselection requirements, defined as the TightPrimary working point, are
imposed to the tracks used in the analysis.

• pT > 500 MeV

• |⌘| < 2.5
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Figure 4.1: Schematic diagram of a track in the ATLAS detector and its parameters.
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• NSi � 7: At least 7 hits in the silicon detectors (Pixel and SCT, including dead
sensors)

• Nsh

mod
 1: Less than or equal to 1 Pixel/SCT hits assigned to multiple tracks

• Nhole

Si
 2: Less than or equal to 2 Pixel/SCT hits missing

• NSi � 9 (if |⌘| < 1.65): At least 9 hits in the silicon detectors (if |⌘| < 1.65)

• NSi � 11 (if |⌘| > 1.65): At least 11 hits in the silicon detectors (if |⌘| > 1.65)

• NIBL+NB-Layer > 0: At least 1 hit in the two innermost layers (IBL or B-Layer) if
expected

• Nhole

pix
= 0: No Pixel hits missing

Further track selection criteria used in the analysis are discussed later in Section 6.

4.2 Vertex

The positions where the proton-proton collisions occurred, often referred to as the primary
vertices, must be reconstructed for each event to find the “hard-scatter” vertex and provide
a reference point for object reconstruction. Primary vertex reconstruction is performed
using vertex finding and fitting algorithms, exploiting reconstructed track information
[144].

A vertex seed is first found from the maximum in the z coordinate distribution of the
reconstructed tracks. Then, the vertex seed and its surrounding tracks are used in the
adaptive vertex fitting algorithm [145] for determining the vertex position. Tracks incom-
patible with the found vertex is used to seed another vertex, and the finding procedure
is repeated until all tracks are associated to vertices, each required to have at least two
associated tracks. Out of the multiple primary vertices found by these procedures, one
vertex with the highest sum of associated track pT is considered as the “hard-scatter”
vertex and is used as the reference point of object calibrations.

4.3 Topo-cluster

Particle energy measurement in the calorimeters are performed for each three-dimensional
“topo-cluster”, which is a cluster of topologically connected calorimeter cell signals [146].
The formation of topo-clusters is performed by a three dimensional growing-volume al-
gorithm starting from a seed cell with high energy deposit. Neighboring cells of the seed
cell are added to the cluster if the cell signal has a energy deposit exceeding two times
the expected noise signal. The neighboring cells are then considered as the seed cells
for the next iteration of the growth. The growth continues until the all cells exceeding
the threshold are collected. If two growing clusters overlap, they are merged into one
cluster. The cluster formed by the this algorithm could be too large to provide precise
measurement of the particle energy. Hence, cluster splitting is applied if there are two or
more local signal maxima defined by Ecell > 500 MeV.
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4.4 Jet

Reconstruction and calibration

Gluons and quarks produced by the proton-proton interactions are reconstructed as groups
of hadrons called “jets” as a result of hadronization. Jets are reconstructed using charged
tracks and topo-clusters with dedicated algorithms. First using the particle flow algorithm
[147], tracks and topo-clusters are matched accordingly, and cell-based energy subtraction
is performed to remove overlaps between the momentum and energy measurements in
the Inner Detector and calorimeters. Next, using the tracks originating from the hard-
scatter vertex and topo-clusters surviving the energy subtraction in particle flow, jets are
reconstructed using the anti-kt algorithm [148] with radius parameter R = 0.4.

Since the energy of the jets are reconstructed at electromagnetic scale, jet energy scale
calibration [149] is performed to correct the measured jet energy. Fig. 4.2 shows the
stages of jet energy scale calibrations. Pileup corrections are first conducted to subtract
contributions of pileup from the jet pT. This is followed by the absolute MC-based cali-
bration, which corrects the reconstructed jet four-momentum to the particle-level energy
scale, considering detector response e↵ects. Global sequential calibration is later per-
formed to reduce dependencies on the initiating and constituent particles. Finally, in situ
calibrations are applied to data to correct for the di↵erences between data and MC.

Figure 4.2: Stages of jet energy scale calibrations [149].

Jet vertex tagging

Pileup mitigation is necessary to suppress jets which do not originate from the hard-
scatter event. For the jets used in the analysis, jet vertex tagging (JVT) [150] is applied
for this purpose. JVT is constructed using a two-dimensional likelihood in the corrected
jet vertex fraction (corrJVF) and RpT plane. The corrJVF variable is defined as the
scalar pT sum of the tracks associated with the jet and originate from the hard-scatter
vertex (PV0), divided by the scalar pT sum of the associated tracks that originate from
all interactions including pileup [150]:

corrJVF =

P
i
ptrki
T

(PV0)P
i
ptrki
T

(PV0) +
1

·nPU
trk

P
n�1

P
i
ptrki
T

(PVn)
. (4.1)
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Here, PVn (n � 1) denotes primary vertices of pileup interactions. For correction of the
linear increase of pileup ptrk

T
with the total number of pileup tracks per event nPU

trk
, the

pileup term is divided by a factor of ( · nPU

trk
) with  = 0.01. On the other hand, RpT is

defined as

RpT =

P
i
ptrki
T

(PV0)

pjet
T

, (4.2)

where pjet
T

is the fully calibrated jet pT [150]. Using the two-dimensional likelihood, the
JVT is capable of separating hard-scatter jets and pileup jets as shown in Fig. 4.3.

Figure 4.3: Distributions of JVT score for hard-scatter jets and pileup jets, evaluated with dijet samples
[150].

Flavor tagging

Jet flavor tagging plays a significant role in identifying physics processes. In particular,
separation of jets containing b-hadrons and c-hadrons (b- and c-jets) from light-flavor jets
(u-, d-, and s-jets) and gluon jets is of high importance. In this search, flavor tagging is
used to veto events with b-jets to suppress tt̄ backgrounds.

Flavor tagging algorithms exploit the long lifetime of b- and c-hadrons, generally re-
sulting in a displaced secondary vertex, few mm away from the hard-scatter primary
vertex. First, low-level algorithms reconstruct the characteristics of b-and c-jets using
properties of tracks and displaced vertices. IP2D and IP3D [151] are low-level algorithms
which use the impact parameters of individual tracks associated with the jets. RNNIP

algorithm [152] uses recurrent neural networks (RNNs) to further consider the correla-
tion of impact parameters between tracks; if one track has a large impact parameter, it
is likely that other associated tracks also have large impact parameters. SV1 [153] is a
secondary vertex tagging algorithm that reconstructs a displaced secondary vertex within
a jet, using a �2 test. JetFitter [154] uses a modified Kalman filter [143] to reconstruct
the full b- and c-hadron decay chain by exploiting the topological features within the jet.
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The subsequent high-level algorithm combines the outputs of the low-level algorithms
using multivariate classifiers. This search uses the DL1r algorithm [155], which combines
the results of IP2D, IP3D, RNNIP, SV1, and JetFitter, using a fully connected NN. The
DL1r NN outputs the probabilities for a jet to be a b-jet, a c-jet, or a light-flavor jet,
defined as pb, pc, and plight, respectively.

This search uses b-jet tagging to veto events with b-jets, mainly to suppress tt̄ processes.
The final discriminant of b-tagging is defined as

D = ln

✓
pb

fc · pc + (1 � fc) · plight

◆
, (4.3)

where fc is the e↵ective c-jet fraction, optimized to 0.018. Fig. 4.4 shows the b-jet tagging
e�ciency for various working points. This search uses the 85% working point, which the
final discriminant D is fixed to a value for which 85% of the b-jets in a tt̄ sample have a
higher score.

Figure 4.4: B-jet tagging e�ciency for various working points as a function of b-jet pT [155].

Jet cleaning

In searches using leading jets, imposing certain criteria on the quality of the jets help
suppress non-collision background processes [156]. The implementation of these criteria
are known as jet cleaning.

Good and fake jets can be discriminated using track and calorimeter based variables.
In particular, the following variables are used. The jet charged fraction fch is defined
as the scalar sum of the pT of tracks, originating from the primary vertex associated
to the jet, divided by the pT of that jet. In addition, the energy fraction in the layer
with maximum energy deposit in the calorimeters, denoted as fmax, is defined. The ratio
between these variables, fch/fmax, is required to be small for good quality jets. In the
Tight working point used in this search and later mentioned in Section 6.2, fch/fmax < 0.1
is required for jets with |⌘| < 2.4.
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Preselection requirements in this search

The following preselection requirements are imposed to the jets used in the analysis.

• All jets are required to have pT > 20 GeV and |⌘| < 4.5.

• For jets having pT < 60 GeV and |⌘| < 2.4, JVT > 0.5 is required for pileup
mitigation.

• B-jets are required to have pT > 20 GeV and |⌘| < 2.5 and are identified using the
DL1r 85% working point,

Further selection criteria used in the analysis are discussed later in Section 6.

4.5 Electron

When electrons pass through material, they radiate photons through Bremsstrahlung, and
the generated photons create electrons through pair production, resulting in an electro-
magnetic (EM) shower. This mainly occurs in the EM calorimeter in the ATLAS detector,
but could also occur more upstream, inside the Inner Detector. Thus, the reconstruction
of electrons is performed using track and EM cluster information. Fig. 4.5 shows the path
of an electron inside the ATLAS detector.

Figure 4.5: Schematic illustration of the electron path within the ATLAS detector [157].

Electron reconstruction starts o↵ with seed-cluster reconstruction in the EM calorime-
ter. This is done using a sliding-window algorithm [158], which seeds energy cluster
candidates from localized energy deposits by scanning over the whole EM calorimeter.
The seed-cluster candidates are then matched to modified tracks, which account for the
energy loss in material through an optimzed Gaussian-sum filter (GSF) [159]. Finally,
reconstructed clusters are formed around the seed clusters, and energy calibration is per-
formed using multivariate algorithms [160].

Identification of electrons are performed using a likelihood-based (LH) method [157],
which uses information from tracking, calorimetry, and combinations of both as inputs.
The final discriminant for identification is formed by transforming the signal likelihood
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fraction using an inverse sigmoid function. By setting fixed thresholds on this discrim-
inant, three working points are defined for electrons with ET > 4.5 GeV, as shown in
Fig. 4.6: Loose, Medium, and Tight. The e�ciencies for identifying a prompt electron
with ET = 40 GeV are 93%, 88%, and 80% for each of the working points, respectively.
In addition, a variation of the Loose working point is defined by requiring a hit in the
innermost layer of the Pixel detector and is called LooseAndBLayer.

(a) E�ciency vs ET (b) E�ciency vs ⌘

Figure 4.6: Electron identification e�ciencies for various working points as a function of ET and ⌘ [161].

Preselection requirements in this search

The following preselection requirements are imposed to the electrons used in this analysis.

• All electrons are required to have pT > 4.5 GeV and |⌘| < 2.47.

• All electrons are required to pass the LooseAndBLayer identification working point.

• All electrons must have |z0 sin ✓| < 0.5 mm, likely originating from the hard-scatter
vertex.

Further selection criteria used in the analysis are discussed later in Section 6.

4.6 Muon

Muon reconstruction is mainly based on information from the tracks in the Inner Detector
and the measurements in the muon spectrometers [162, 163]. The matching between
tracks in the Inner Detector and the tracks in the muon spectrometers is performed by a
combined track fit based on the hits in both Inner Detector and muon spectrometers, also
considering the energy loss in the calorimeters. This is done using an outside-in approach,
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in which a muon reconstructed in the muon spectrometers is extrapolated inwards and
matched to a track in the Inner Detector.

Muons are identified by imposing various requirements on features such as the number
of hits in the Inner Detector and muon spectrometers, track fit properties, and variables
defined to test the compatibilities between individual measurements in the Inner Detector
and muon spectrometers. For instance, the q/p compatibility [163], defined as

q/p compatibility =
|q/pID � q/pMS|p

�2(q/pID) + �2(q/pMS)
, (4.4)

is required to be small for muons, where q/pID(MS) and �(q/pID(MS)) represent the q/p
and its uncertainty measured in the Inner Detector (muon spectrometers), respectively.
Five identification working points are defined for muons with pT > 3 GeV and |⌘| < 2.7:
Loose, Medium, Tight, High-pT, and Low-pT [163]. Fig. 4.7 shows the muon identification
e�ciencies for Medium and Low-pT working points, specifically for low-pT muons.

(a) E�ciency vs pT (b) E�ciency vs ⌘

Figure 4.7: Muon identification e�ciencies for Medium and Low-pT working points as a function of pT
and ⌘, measured using tt̄ samples [163]. For Low-pT working point, two variants are shown: cut-based
and multivariate. Hadron misidentification e�ciencies are also shown for reference.

Preselection requirements in this search

The following preselection requirements are imposed to the muons used in this analysis.

• All muons are required to have pT > 3 GeV and |⌘| < 2.7.

• All muons are required to pass the Medium identification working point to realize
su�cient background suppression.

• All muons must have |z0 sin ✓| < 0.5 mm, likely originating from the hard-scatter
vertex.
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4.7 Overlap removal

Since the reconstruction of multiple physics objects are performed individually, this could
potentially result in ambiguities and overlaps between objects. To avoid the “double-
counting” of each object, these ambiguities are resolved by performing sequential proce-
dures known as “overlap removal (OR)”. The removal procedures are carried out in the fol-
lowing order, using the angular distance between objects defined as dR =

p
(�⌘)2 + (��)2.

Note that overlap removals for photons and tau-leptons are not applied, because they are
not explicitly used in the event selection described in Section 6.

Muon-electron OR

Reject the muon if its Inner Detector track is shared with an electron.

Jet-electron OR

Reject the jet if not a b-jet and dR < 0.2.

Electron-jet OR

Reject the electron if dR < min(0.4, 0.04 + 10 GeV/pT(e)).

Jet-muon OR

Reject the jet if not a b-jet and dR < 0.2.

Muon-jet OR

Reject the muon if dR < min(0.4, 0.04 + 10 GeV/pT(µ)).

4.8 Missing transverse momentum

Particles that do not interact with strong or electromagnetic force will likely pass through
the ATLAS detector without leaving any trace. These include SM particles such as neu-
trinos and BSM particles such as neutralinos. However, since the transverse momentum
of the initial p-p collision system at the LHC is zero, they can be indirectly detected as
missing transverse momentum pmiss

T
with its magnitude Emiss

T
.

Missing transverse momentum is reconstructed as the negative vector sum of all visible
objects, which consist of hard and soft objects. The hard objects are comprised of elec-
trons (e), photons (�), hadronically decaying tau leptons (⌧had), muons (µ), and jets (j).
The term considering soft objects, often referred to as the soft term, consider additional
contributions from charged tracks which are from the hard-scatter vertex and are unused
in the reconstruction of other objects. Thus, the missing transverse momentum can be
written as [164]

pmiss

T
= �

X
pe

T
�

X
p�

T
�

X
p⌧had
T

�

X
pµ

T
�

X
pj

T
� psoft term

T
, (4.5)
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in which the sum over each object is taken over those passing certain criteria, specifically
described in Ref. [164]. In addition, the missing transverse momentum used in the analysis
is defined as the Tight working point, in which forward jets are required to satisfy pT >
30 GeV.
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5. Development of Low-pT Lepton Track
Identification

One of the main e↵orts of the search presented in this dissertation is the development
of the low-pT electron and muon track identification methods, which aim to identify the
low-pT electrons and muons emitted from the signal �̃0

2
! �̃0

1
`+`� decay. They serve

significant roles in this search; as the emitted electrons and muons have very low-pT as
shown in Fig. 5.1, the sensitivity to higgsinos with target mass splitting values largely
depends on the performance of these identification algorithms.

(a) Electron (b) Muon

Figure 5.1: Truth pT distributions of electrons and muons emitted from the higgsino through �̃
0
2 !

�̃
0
1`

+
`
� decay. The distributions are shown for five di↵erent mass points, which have mass splitting

values of �m(�̃0
2, �̃

0
1) = 2–3 GeV. Most events have leptons having pT below 1–2 GeV. No kinematic

requirements have been imposed for the events used in these plots.

5.1 Low-pT electron track

Standard electron identification algorithm described in Section 4.5 has a lower pT thresh-
old of 4.5 GeV to suppress hadronic noise in the calorimeters. However, target higgsino
signals having a typical mass splitting �m(�̃0

2
, �̃0

1
) of a few GeV tend to emit electrons

(and muons, which is discussed later in Section 5.2) with lower pT. Therefore, a new
low-pT electron track identification algorithm, dedicated to this search, has been newly
developed. The new algorithm targets electron tracks having pT = 0.5–5 GeV. This
section describes the details of the low-pT electron identification algorithm, its selection
criteria, and its e�ciency calibration.
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5.1.1 Identification algorithm

The new low-pT electron track identification (hereinafter referred to as LPET ID) targets
tracks having pT down to 0.5 GeV, which is the lower bound required for charged tracks.
Considering that some of the electrons, having pT larger but close to the 4.5 GeV threshold,
escape the standard electron ID, the new LPET ID targets tracks having pT = 0.5–5 GeV.

Tracks in the target pT range is dominated by hadrons (mostly charged pions) and fake
tracks. The idea of LPET ID is to distinguish electron-like tracks from these background
tracks by exploiting their characteristics. The characteristics of tracks can be roughly
categorized into two groups: silicon (Pixel and SCT) detector response and TRT detector
response. Since the detector response of TRT has a large impact on electron identification
as described in Section 2.2.3, its information is actively used for tracks with successful
extension. In addition to this tracking information, energy deposits in the electromagnetic
calorimeter are used by matching each track to the corresponding topo-cluster. LPET
ID has been designed to utilize these track and calorimeter variables as inputs to classify
electron-like tracks.

Track to calorimeter cluster position extrapolation

Although target tracks have very low pT, the bulk is expected to reach the calorimeter in
principle. It is therefore plausible to also use the calorimeter information as inputs of the
LPET ID by extrapolating each track to its corresponding topo-cluster. The standard
extrapolation method of tracks to the calorimeter has been briefly extended to support
the target pT range using a dedicated position matching method.

The basic idea of this method is to simply match the track to its corresponding cluster
based on its relative position coordinates �⌘ ⌘ ⌘calo � ⌘track and �� ⌘ �calo � �track; a
schematic diagram of the latter is shown in Fig. 5.2. Here, (⌘track,�track) and (⌘calo,�calo)
correspond to the orientation of the particle at the interaction point and at the calorimeter,
respectively. Considering the barrel and endcap topology of the calorimeters and also the
curvature of electrons in 2 T magnetic field, candidate clusters for each track are required
to pass the following loose position requirements:

• |⌘calo � ⌘track| < 0.1,

• cos(�calo � �track) > 0.8,

• | sin(��)
ext

| < 0.2, where

sin(��)
ext

⌘ sin(�calo � �track) + 0.45 ·
trackCharge

trackPt [GeV]
(if |⌘track| < 1.5),

sin(��)
ext

⌘ sin(�calo � �track) +
2

e1.13|⌘|�e�1.13|⌘| ·
trackCharge

trackPt [GeV]
(if |⌘track| > 1.5).

The first requirement on �⌘ simply requires the track and the calo cluster to be close to
each other, whereas the second and third requirements on �� consider the electron track
curvature in the plane perpendicular to the beampipe.

Cluster selection using energy deposits

In addition to the position requirements, cuts on the energy deposits of calorimeter lay-
ers are imposed to preselect electron-like topo-clusters, which tend to have more energy
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Figure 5.2: Schematic diagram of the curvature of the track and its corresponding calorimeter cluster, in
the plane perpendicular to the beam pipe.

deposits in the EM layers, compared to the hadronic layers. To make the criteria inde-
pendent of the electron energy, the cuts are imposed on the energy ratios Ei/⌃iEi rather
than the energy deposit Ei itself. Table 5.1 shows the list of calorimeter layers and their
preselection requirements. Fig. 5.3 shows the energy ratio distributions of electron and
background tracks in the first layers of the EM calorimeter. The values in Table 5.1 have
been determined from these distributions.

(a) EMB1 (b) EME1

Figure 5.3: EMB1 and EME1 energy ratio distribution of topo-clusters passing the extrapolation require-
ments for electron tracks and background tracks. The energy ratio requirements in Table 5.1 have not
been required for the clusters used in these plots, and the green lines indicate the selection requirements.
Electrons tend to deposit more energy in the inner layer of the EM calorimeter.

Although there could be cases where multiple topo-clusters are associated to one track
as shown in Fig. 5.4, for simplicity, a single cluster is selected for each track. For the train-
ing samples mentioned later in this section, this is achieved by selecting the preselected
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Table 5.1: List of calorimeter layers and preselection cuts used for extrapolation of tracks to topo-clusters.
Since raw energy values are used, the ratio values here could take negative values. The energy ratio value
cuts for each layer are applied only when there is a corresponding energy deposit on that layer.

Layer name Layer description Energy ratio

PreSamplerB Presampling layer of barrel EM calo [�0.1, 1.1] (if |⌘track| < 1.5)
EMB1 First layer of barrel EM calo [0.15, 1.0] (if |⌘track| < 1.5)
EMB2 Second layer of barrel EM calo [�0.1, 0.8] (if |⌘track| < 1.5)
EMB3 Third layer of barrel EM calo [�0.1, 0.1] (if |⌘track| < 1.5)

PreSamplerE Presampling layer of endcap EM calo [�0.1, 0.55] (if |⌘track| > 1.5)
EME1 First layer of endcap EM calo [0.2, 1.0] (if |⌘track| > 1.5)
EME2 Second layer of endcap EM calo [0.05, 0.9] (if |⌘track| > 1.5)
EME3 Third layer of endcap EM calo [�0.05, 0.05] (if |⌘track| > 1.5)

HEC0 Zeroth layer of hadronic endcap calo [�0.2, 0.2] (if |⌘track| > 1.5)
HEC1 First layer of hadronic endcap calo [�0.5, 0.5] (if |⌘track| > 1.5)
HEC2 Second layer of hadronic endcap calo -
HEC3 Third layer of hadronic endcap calo -

TileBar0 Zeroth layer of barrel tile calo [�0.05, 0.05] (if |⌘track| < 1.5)
TileBar1 First layer of barrel tile calo No deposit (if |⌘track| < 1.5)
TileBar2 Second layer of barrel tile calo No deposit (if |⌘track| < 1.5)

TileGap1 First layer of tile calo gap No deposit (|⌘track| < 2.5)
TileGap2 Second layer of tile calo gap No deposit (|⌘track| < 2.5)
TileGap3 Third layer of tile calo gap [�0.05, 0.05], [0.95, 1.05]

TileExt0 Zeroth layer of tile extended barrel calo [�0.05, 0.05] (if |⌘track| < 1.5)
TileExt1 First layer of tile extended barrel calo No deposit (|⌘track| < 2.5)
TileExt2 Second layer of tile extended barrel calo No deposit (|⌘track| < 2.5)
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cluster having the smallest dRext defined as

dRext ⌘

p
(�⌘)2 + (��ext)2,

where ��ext ⌘ sin�1
�
sin(��)

ext

�
. Two-dimensional distributions of ��ext vs �⌘ are

shown in Fig. 5.5. This simply requires the cluster to be the closest to the track, with
curving trajectory and detector topology taken into account. However, this method is
only used for the training and not used for the search; the preselected cluster having the
highest LPET ID score is chosen for the search.

Figure 5.4: Simulated number of topo-clusters passing the position extrapolation and energy deposit
preselection requirements, associated to an electron track reconstructed with pileup conditions similar
to 2018 data. About 40 % of the electron tracks have two or more associated topo-clusters, and 15% of
electron tracks do not have any associated topo-clusters.

Input features

The list of the input variables used for the LPET ID are shown on Table 5.2. The inputs
are roughly categorized into three groups: track, TRT, and calo inputs. Track inputs are
available for every track, whereas the TRT and calo inputs are available only when the
extension to the TRT and to the calorimeter is successfully performed, respectively.

The distributions of these variables have been checked to select which variables to use
as inputs to the LPET ID. It has been seen that the fitting error variables of track inputs,
many of the TRT inputs, and the energy deposits in the inner calorimeter layers have high
importances for discriminating low-pT electron tracks against low-pT background tracks.

Fig. 5.6 shows the distributions of fitting error variables of the track inputs. Due
to e↵ects of Bremsstrahlung, the fitting errors of the track position tend to be larger
for electron tracks compared to background hadron tracks. It has also been seen that
this e↵ect is more apparent if tracks with the same “actual” (or truth) pT are compared;
electron tracks tend to have smaller reconstructed pT due to Bremsstrahlung, resulting in
larger values of fitting errors.
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(a) Barrel (|⌘| < 1.5) (b) Endcap (|⌘| � 1.5)

Figure 5.5: ��ext vs �⌘ distributions for simulated electron tracks having truth pT = 1 GeV and
reconstructed without pileup. The plots are shown separately for barrel and endcap regions. ��ext and
�⌘ are both small for target electron tracks, motivating the requirement of small dRext.

(a) �(d0) (d0err) (b) �(�) (phierr)

Figure 5.6: Distributions of fitting error variables of the track inputs. For tracks with pT = 0.9–1.1 GeV,
�(d0) (d0err) and �(�) (phierr) are shown as examples. Error variables tend to be larger for electron
tracks, due to e↵ects of Bremsstrahlung.
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Fig. 5.7 shows the distributions of TRT inputs with high importance. Many of the
TRT inputs have strong separation power, since the TRT is capable of detecting transition
radiation of the electrons, as described in Section 2.2.3. TRT hits with high transition
radiation are detected as “high threshold hits”, and the number of such hits is larger
for electrons. The probability of the track being an electron is also calculated from the
high threshold hits as “eProbabilityHT”. Other TRT inputs such as dE/dx also have
separation power.

(a) Number of TRT high threshold hits (b) eProbabilityHT

Figure 5.7: Distributions of TRT inputs. For tracks with pT = 0.9–1.1 GeV, the number of TRT high
threshold hits and eProbabilityHT are shown as examples. TRT inputs have strong separation power,
because the TRT is capable of detecting transition radiation of the electrons.

Fig. 5.8 shows the distributions of energy deposit ratios in the inner layers of the EM
calorimeter. The values of these variables tend to be larger for electron tracks compared
to background tracks, because electrons are more likely to induce electromagnetic showers
and deposit more energy.

(a) Energy ratio in PreSamplerB (b) Energy ratio in EMB1

Figure 5.8: Distributions of calo inputs. For tracks with pT = 0.9–1.1 GeV and |⌘| < 1.5, the energy
deposit ratios in PreSamplerB and EMB1 are shown as examples. The energy deposit in the inner layers
of the EM calorimeter tend to be larger for electron tracks compared to background hadron tracks.
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Classification with deep neural network

A deep neural network (DNN) algorithm has been developed to maximize the identifica-
tion e�ciency of electron-like tracks by exploiting the track and its associated topo-cluster
variables. Fig. 5.9 shows the overall structure of the LPET ID DNN. The algorithm bi-
narily classifies whether the input track is electron-like or non-electron-like; an output
electron likeliness score ranging from 0 to 1 is calculated based on the 79 input variables.
The TRT variables and calorimeter variables may not be available for some tracks due to
detector coverage and noise thresholds; in this case, these variables are set to 0. All of
the input values are standardized according to the transformation

z =
x � µ

�
, (5.1)

where x is the raw input value, µ is the average of that input in the training dataset, �
is the standard deviation of that input in the training dataset, and z is the standardized
input used for the DNN.

Figure 5.9: Overall structure of LPET ID DNN. 79 variables are used as inputs, and there are two hidden
layers with 128 nodes. The nodes are fully connected. The output electron likeliness score ranges from 0
to 1, with 1 meaning that the track is fully electron-like.

The training of LPET ID DNN has been done using MC “SingleParticleGun” electron
events, where there is only one electron per event at the stage of event generation. To
consider the e↵ects of pileup collisions on track reconstruction in the training, the events
were reconstructed by overlaying pileup collisions as described in Section 3.3.3. The signal
electron tracks used for the training were sampled from these events by dR matching
between the tracks and the truth electron particle. The background tracks used for the
training were also sampled from these events by vetoing the dR matched signal tracks.
For each signal and background tracks, about 4.5M samples were used for the training,
where 10% were assigned as validation samples. The training configurations of the neural
network; which have been optimized together with the model structure, are summarized
in Table 5.3. The accuracy and loss values [165] during the training procedure are shown
in Fig. 5.10; no overtraining has been observed.
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Table 5.2: List of input variables used for LPET ID DNN.

Track inputs

charge
chi2
chi2OvernDoF
d0
d0err
eProbabilityComb
eProbabilityHT
eta
expectIBLHit
expectBLayerHit
hitPattern
nDoF
numOfContribPixelLayers
numOfGangedFlaggedFakes
numOfGangedPixels
numOfIBLOverflowsdEdx
numOfIBLHits
numOfIBLOutliers
numOfIBLSharedHits
numOfIBLSplitHits
numOfIBLSpoiltHits
numOfBLayerHits
numOfBLayerOutliers
numOfBLayerSharedHits
numOfBLayerSplitHits
numOfBLayerSpoiltHits
numOfOutliersOnTrack
numOfPixelDeadSensors
numOfPixelHits
numOfPixelHoles
numOfPixelSharedHits
numOfPixelSplitHits
numOfPixelSpoiltHits
numOfSCTDeadSensors
numOfSCTDoubleHoles
numOfSCTHits
numOfSCTHoles
numOfSCTOutliers
numOfSCTSharedHits
numOfSCTSpoiltHits
numOfUsedHitsdEdx
pixeldEdx
phi
phierr
pt
qOverP
qoverperr
stdDevOfChi2OS
theta
thetaerr

TRT inputs

numOfTRTHighThresholdHits
numOfTRTHighThresholdHitsTotal
numOfTRTHighThresholdOutliers
numOfTRTHits
numOfTRTOutliers
numOfTRTSharedHits
numOfTRTTubeHits
numOfTRTXenonHits
TRTdEdx
TRTdEdxUsedHits
TRTTrackOccupancy

Calo inputs

CaloClusterE
CaloClusterEta
CaloClusterPhi
CaloERatio PreSamplerB
CaloERatio EMB1
CaloERatio EMB2
CaloERatio EMB3
CaloERatio PreSamplerE
CaloERatio EME1
CaloERatio EME2
CaloERatio EME3
CaloIsValid PreSamplerB
CaloIsValid EMB1
CaloIsValid EMB2
CaloIsValid EMB3
CaloIsValid PreSamplerE
CaloIsValid EME1
CaloIsValid EME2
CaloIsValid EME3
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Table 5.3: Summary of the training configurations of LPET ID DNN.

Hyperparameter Value

Batch size 2048
EarlyStopping Enabled (Patience = 5)
Learning rate 0.001
Loss type Categorical crossentropy
Optimizer Adam

(a) Accuracy (b) Loss

Figure 5.10: Accuracy and loss values for each epoch of LPET ID DNN training. No overtraining has
been observed. The di↵erences between training and validation is due to the dropout applied during the
training procedure.
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Performance

The performance of LPET ID DNN has been briefly evaluated using signal and back-
ground tracks in MC higgsino production events; detailed evaluation is described in Sec-
tion 5.1.2, after the definition of its selection criteria. For simplicity, a single mass point
�m(�̃0

2
, �̃0

1
) = (153, 150) GeV and a single production channel pp ! �̃0

2
�̃0

1
have been

chosen. The signal tracks were sampled from these events by performing dR matching to
the truth electron particles originating from �̃0

2
! �̃0

1
Z⇤ decays. The background tracks

were sampled by vetoing the signal tracks in the same set of events. Fig. 5.11 shows
the performance of LPET ID DNN evaluated using these signal and background tracks.
Clear separation of signal and background tracks has been achieved in the target low-pT
regimes.

(a) LPET ID DNN score distribution (b) ROC curve of LPET ID DNN for each track pT

range

Figure 5.11: Performance of LPET ID DNN evaluated by signal and background tracks in higgsino
production events. Clear separation of the signal and background tracks has been achieved.

5.1.2 Optimization of selection criteria

Because the LPET ID was trained using SingleParticleGun samples, it is necessary to
adapt the LPET ID to the kinematics of the target signal. Therefore, optimized selection
criteria targeting electron tracks from �̃0

2
! �̃0

1
Z⇤ decay needs to be defined. Since the

LPET ID DNN score may have some dependency on the track pT and ⌘, it is ideal to define
criteria depending on these three variables. This section describes the criteria definition
and the corresponding performance.

LPET ID WP DNN

To dynamically define selection criteria or “working point (WP)” dependent on the LPET
ID DNN score, track pT, and track ⌘, another DNN algorithm (hereinafter referred to as
LPET ID WP DNN) has been developed. Fig. 5.12 shows the overall structure of LPET
ID WP DNN. The WP DNN is designed to binarily classify whether the input track is
an electron coming from �̃0

2
! �̃0

1
Z⇤ decay or not; an output score is calculated based on

the three inputs. The inputs are standardized following Eq. (5.1).
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Figure 5.12: Overall structure of LPET ID WP DNN. Three variables are used as inputs: track pT, track
⌘ and LPET ID DNN score. The structure is similar to that of LPET ID DNN, having fully connected
nodes and two hidden layers with 128 nodes. The output WP score ranges from 0 to 1, with 1 meaning
that the track is fully likely to be an electron from �̃

0
2 ! �̃

0
1Z

⇤ decay.

The training of LPET ID WP DNN has been done using MC events passing the
1L1T selection criteria mentioned later in Section 6. The signal electron tracks were
sampled from higgsino production events by requiring dR matching between the tracks
and the truth electron particle originating from �̃0

2
. All mass points and production

channels mentioned in Section 3.3.1 have been used to ensure enough statistics and to
achieve training compatible to all masses. The background tracks were sampled from
W+jets events, which is the main SM background process of this search. All signal and
background tracks are required to pass the track selection criteria also mentioned later in
Section 6. For each signal and background tracks, 42k samples were used for the training,
where 20% were assigned as validation samples. The training configurations of the WP
DNN are summarized in Table 5.4. The distributions of the input variables are shown in
Fig. 5.13.

Table 5.4: Summary of the training configurations of LPET ID WP DNN.

Hyperparameter Value

Batch size 128
EarlyStopping Enabled (Patience = 10)
Learning rate 0.0001
Loss type Binary crossentropy
Optimizer Adam

WP definition and performance

Fig. 5.14 shows the LPET ID WP DNN score distributions for test samples of signal and
background tracks. By imposing a cut on this output score, it is possible to dynamically
define a LPET ID WP targeting electron tracks from �̃0

2
! �̃0

1
Z⇤ decays. In the analysis,

described later in Section 6, tracks having WP scores above 0.8 are considered to be signal
tracks. Fig. 5.15 shows the LPET ID e�ciency for this working point. The overall signal
e�ciency is 30–40%, while the background e�ciency is about 0.5%.
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(a) Track pT (b) Track |⌘| (c) LPET ID DNN score

Figure 5.13: Input distributions of LPET ID WP DNN. The blue and red histogram represent signal
tracks from higgsino MC and background tracks from W + jets MC respectively.

Figure 5.14: Output score of LPET ID WP DNN evaluated using test samples. The blue and red
histogram represent signal tracks from higgsino MC and background tracks fromW+jets MC respectively.
The WP used for the analysis is defined using this score.

(a) E�ciency as a function of track pT (b) E�ciency as a function of track |⌘|

Figure 5.15: LPET ID e�ciency of WP 0.8 for MC. The blue and red plots represent signal tracks from
higgsino MC and background tracks from W+jets MC respectively. The e�ciency was evaluated for
tracks passing the preselection used in the analysis.
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5.1.3 Performance measurement with data and e�ciency cali-
bration

To apply the LPET ID WP in the analysis, its e�ciency must be calibrated with data.
This calibration has been done using Z ! ee� events. The section briefly summarizes
the calibration method and its results.

Target event topology

For the calibration of LPET ID, a well-known SM process having a low-pT electron track
must be used as a control sample. Z ! ee� events are introduced for this purpose,
considering its event topology with low background level. Fig. 5.16 shows a diagram
representing Z ! ee� events. In this evaluation, only events with the following topology
is targeted; the electron closer to the photon is required to have very low pT, and the
other electron and the photon take away most of the energy.

Figure 5.16: Diagram representing Z ! ee� events used for the calibration of LPET ID. The electron
closer to the photon is required to have very low pT for target events.

Event and track selection criteria

Events are selected using single electron trigger with trigger matching applied. Emiss

T
<

50 GeV and b-tagged jet veto are required to suppress background events. A single
electron and a single photon are required for each event; the electron must pass the Tight
WP and have 30 < pT < 60 GeV, and the photon must pass the Tight WP and have
30 < pT < 55 GeV. Additional cuts on kinematic variables such as the electron-photon
invariant mass m(e, �) and dR(e, �) are imposed to select Z ! ee� -like events.

Target tracks are required to pass the TightPrimary WP (defined in Section 4.1) and
have charges opposite to that of the electron. Usual pT and ⌘ requirements are applied:
0.5 < pT < 5 GeV and |⌘| < 2.5. Cuts on kinematic variables such as the track-photon
invariant mass m(trk, �), dR(trk, e) and dR(trk, �) are imposed to suppress background
tracks as much as possible.

More details of the event and track selection criteria are summarized in Appendix B.
All events and tracks passing these criteria are used for the LPET ID calibration.
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Strategy and method for performance measurement

The events and tracks passing the selection criteria above are dominated by background.
Z ! ee� consists only about 10% of the events passing the selection criteria. The re-
maining background events are mostly Z ! ee; one of the electrons fakes a photon.
Tracks passing the selection criteria are dominated by hadronic tracks originating from
underlying events for both Z ! ee� and Z ! ee events. These “fake” electron track con-
tributions can be inclusively considered as a single component. Therefore, the following
discussion categorizes the events into only two components: “true electron” tracks having
a low-pT electron track which originate from Z ! ee� and “fake electron” tracks which
do not.

To classify true and fake electron tracks in data, dR(trk, �) fit method has been in-
troduced. As shown in Fig. 5.17, the shapes of dR(trk, �) distributions largely di↵er for
true and fake electron tracks, because true electrons tend to be close to the photon, while
fake electrons, mostly hadrons from underlying events, are randomly positioned relative
to the selected photon for both Z ! ee and Z ! ee� processes. The main strategy
of the calibration is to fit these distributions for data using true and fake electron track
templates retrieved from MC. The fit is performed independently for tracks passing and
failing the LPET ID WP, respectively. Fig. 5.18 shows the post-fit distributions for tracks
passing and failing LPET ID WP 0.8.

Figure 5.17: Normalized distributions of dR(trk, �) for true and fake electron tracks. True electrons only
come from Z ! ee� events, while fake electron tracks also come from Z ! ee events.

The e�ciency of LPET ID WP for true electron tracks "true
LPET ID

can then be derived
by integrating the post-fit distributions for both pass and fail tracks, namely,

"true
LPET ID

=
N true

pass

N true
pass

+ N true

fail

,

where N true

pass
and N true

fail
are numbers of pass and fail true electron tracks counted by the

integration. Since the LPET ID e�ciency has strong dependence on track pT as already
shown in Fig. 5.15a, the fitting procedure is done for each track pT bin.
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(a) Post-fit distribution of dR(trk, �) for WP pass
tracks

(b) Post-fit distribution of dR(trk, �) for WP fail tracks

Figure 5.18: Post-fit distributions of dR(trk, �) for WP pass and fail tracks. The blue and red histograms
represent the fitted distributions of true and fake electron tracks respectively.

E�ciency and scale factors

Fig. 5.19 shows the LPET ID WP e�ciency and scale factors derived by dR(trk, �) fit
method. Large discrepancies between data and MC is observed, leading to small scale
factors. This is caused by poor MC modeling of input variables used for LPET ID DNN,
such as the TRT variables. By applying the scale factors to signal and background MC
tracks, these data/MC discrepancies of input variables are considered in an inclusive
manner. In addition, the scale factors for fake electron tracks, shown later in Appendix B
and not used in the analysis, have smaller values. Thus, the performance of LPET ID
WP for data is expected to be better than MC in terms of true e�ciency and fake rate.

(a) LPET ID WP e�ciency for true electron tracks (b) LPET ID WP scale factors for true electron tracks

Figure 5.19: LPET ID WP e�ciency and scale factors derived by dR(trk, �) fit method. The data
e�ciency is calculated by performing the fit for each track pT bin. Scale factors are calculated by taking
the ratio of data and MC e�ciencies.
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5.2 Low-pT muon track

Similar to the low-pT electron track identification in Section 5.1, a new algorithm has been
developed for this search to identify low-pT muon tracks eluding the standard identification
algorithm described in Section 4.6. The contents summarized in this section are mainly
from Ref. [166].

A muon loses about 3 GeV of its energy when traversing the ATLAS calorimeters as a
minimum ionizing particle (MIP) [163]. Thus, standard muon identification described in
Section 4.6 has a lower pT threshold of 3 GeV as it requires hits in the muon spectrometers.
The basic idea of the new low-pT muon identification algorithm, called the Low-pT Calo
Tag (LCaT) muon algorithm, is to identify low-pT muons that do not reach the muon
spectrometers by exploiting the di↵erence of energy deposits in the calorimeters. Such
muons tend to stop within the outer layers of the calorimeters and behave as MIPs in those
layers, leaving little energy. On the other hand, background hadrons such as pions induce
hadronic showers and produce topo-clusters with large energy deposits. Fig. 5.20 shows
the energy deposit distributions of muons and pions in the first layer of Tile calorimeter.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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single muon MC
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Figure 5.20: Energy deposit distributions for muons and pions in the first layer of the Tile barrel [166].
Muons have a peak around 0.5 GeV corresponding to MIP energy deposit, while the energy of pions is
mostly distributed above that of a MIP.

The LCaT muon algorithm exploits track pT, track ⌘, and energy deposits in each of
the layer of the topo-cluster by inputting them in a deep neural network. Thus, track and
topo-cluster matching is required, which has been performed by a method similar to that
described in Section 5.1.1. The neural network has been trained using signal muons and
background particles in J/ ! µµ MC samples. The output muon likeliness score ranges
from 0 to 1 and is referred to as the LCaT DNN score.

A working point (WP) dedicated to the search for higgsinos has also been defined by
a neural-network-based method, similar to that mentioned in Sec. 5.1.2. The LCaT muon
DNN score, track pT, and track ⌘ are input into the LCaT muon WP DNN to output a
single WP score (LCaT muon WP score). The WP DNN has been trained with signal
muon tracks in higgsino MC and background tracks in W+jets MC. As shown in Fig. 5.21,
LCaT muon WP score larger than 0.6 is required in the analysis. Fig. 5.22 shows the
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e�ciency for this working point as a function of track pT. For pT above 1.5 GeV, the
signal e�ciency is above 50%, while the e�ciency for non-muon tracks is kept below 2%.
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Higgsino MC (training)
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Figure 5.21: WP DNN score distributions for signal muon tracks in higgsino MC and background tracks
in W+jets [166]. The blue dots and histogram are the distributions of test and training of LCaT DNN
scores for signal muons in higgsino MC, respectively. Similarly, the red dots and histogram are for non-
muon tracks in W+jets MC. There are no significant di↵erences between test data and training data; no
overtraining is observed.

The calibration of the LCaT muon ID has been conducted by targeting the process of
J/ decay to two muons. In particular, tag and probe method was adopted to evaluate
the e�ciency of the LCaT muon ID for both data and MC. Target events are required
to pass the single muon trigger, and the trigger matched muon is considered as the tag
muon. The distribution of invariant mass of the tag muon and the probe muon is fit using
crystal ball and quadratic functions to calculate the e�ciency of LCaT muon ID for probe
muons. The e�ciencies and scale factors obtained from this calibration method are shown
in Fig. 5.23. The scale factors are applied in this search to correct for the discrepancies
observed between data and MC, which are mostly within 10% for all pT and ⌘ regions.
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Figure 5.22: LCaT muon ID e�ciency in higgsino MC and W+jets MC when WP threshold is set to 0.6
[166]. The blue histogram shows the identification e�ciency for signal muons in higgsino MC. The red
histogram is the identification e�ciency for non-muon tracks in W+jets MC. High e�ciency of signal
muon tracks is realized in the low-pT region, while the e�ciency for non-muon tracks is kept below 2%.
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(a) 1.0 < pT < 2.0 GeV (b) 2.0 < pT < 2.5 GeV

(c) 2.5 < pT < 3.0 GeV (d) 3.0 < pT < 3.5 GeV

(e) 3.5 < pT < 4.0 GeV (f) 4.0 < pT < 4.5 GeV
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(g) 4.5 < pT < 5.0 GeV

Figure 5.23: The result of LCaT muon ID e�ciency measurement using tag and probe method. The
red and blue histograms in the upper figure show the LCaT muon ID e�ciency in J/ data and MC,
respectively. The bottom figure shows the ratio of the e�ciencies, corresponding to the scale factors
which are applied to the signal and background MC samples.
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6. Event Selection

To maximize sensitivity towards SUSY models having higgsinos with �m(�̃0

2
, �̃0

1
) ⇠

O(1) GeV, dedicated event selection strategies utilizing the low-pT lepton track taggers,
described in Sections 5.1 and 5.2, have been developed. This section describes the basic
strategies of the analysis, preselection and variables used for the definition of the Sig-
nal Region, neural network used to define the final discriminant, and the Signal Region
definition.

Two channels have been prepared for the analysis: electron channel and muon channel.
As the event selection strategies are similar for the two channels, they are described in a
parallel manner.

6.1 Analysis strategy
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Figure 6.1: Diagrams of target signal processes. The j represents an initial state radiation jet. For �̃±
1

�̃
0
2 production, the o↵-shell W boson can also decay leptonically.

The main production processes of �̃0

2
are shown in Fig. 6.1. In this search, events

with �̃0

2
! �̃0

1
Z⇤ decay where the o↵-shell Z boson decays leptonically are targeted, as

Z⇤ mass reconstructed from the two leptons, m(Z⇤) = m(``), has significant separation
power between signal and background processes as mentioned later in Section 6.2.2. �̃±

1
�̃0

2

production and �̃0

1
�̃0

2
production are both considered as signal processes. In the case of

�̃±
1
�̃0

2
production, the decay process of �̃±

1
is not specified: the o↵-shell W boson could

decay hadronically or leptonically.
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The signatures of these target processes could be observed in multiple detectors. First,
with the requirement of R-parity conservation, �̃0

1
are weakly interacting stable particles

and are likely to traverse the ATLAS detector without leaving any signals. These are
indirectly observed as missing transverse momentum pmiss

T
(defined in Section 4.8), how-

ever, if two �̃0

1
are emitted back-to-back, the pmiss

T
would cancel out and not be observed.

Therefore, an initial state radiation (ISR) jet is required in this analysis to boost the
target higgsino pair production system. In this case, the two �̃0

1
are emitted in the same

direction, opposite to the ISR jet, and could be observed as a high Emiss

T
signature.

In addition, the features of the o↵-shell Z boson (Z⇤) help in enhancing the sensitivity.
The maximum value of the reconstructed Z⇤ mass equals the mass di↵erence �m(�̃0

2
, �̃0

1
).

Moreover, since the system including the Z⇤ is boosted by the ISR jet, Z⇤ is emitted in
a direction close to the pmiss

T
.

In previous studies [109, 167], the identification e�ciencies of low-pT leptons were the
bottleneck of the search. In the target �m(�̃0

2
, �̃0

1
) of a few GeV, typical pT of the emitted

leptons are a few GeV, however, pT thresholds of standard lepton identification are 4.5
GeV and 3 GeV for electrons and muons, respectively. This leads to very low acceptance
of the target signal processes, thus limiting the sensitivity.

To overcome this di�culty, signal event e�ciency is recovered by applying the newly
developed low-pT lepton track taggers: LPET ID to the electron channel and LCaT muon
ID to the muon channel. In particular, these new taggers are applied to only one of
the two leptons from Z⇤; standard identification is applied to the other lepton to realize
su�cient background suppression. Hereinafter, the low-pT lepton identified with
the standard method is referred to as the “ID lepton”, while the other low-
pT lepton identified with the newly developed method is referred to as the
“lepton track”.

Furthermore, the kinematics of the two leptons from Z⇤ are exploited. The two leptons
are also boosted with the requirement of an ISR jet, which results in close-by ID lepton
and low-pT lepton track. The characteristics of the signal events are summarized in the
following list, and a schematic diagram of a typical signal event is shown in Fig. 6.2.

• Objects

– High Emiss

T

– High-pT ISR jet

– 1 low-pT ID lepton

– 1 low-pT lepton track

• Small angle between pmiss

T
and Z⇤

• Small Z⇤ invariant mass

• Small angle between ID lepton and lepton track

The flow of the analysis, described later in detail, is as follows. First, event preselection
is applied to select events with a high-pT hadronic jet, large missing transverse momentum,
and one low-pT ID lepton. Next, track selection is performed to select a single candidate
low-pT lepton track from many of the background hadronic tracks originating mainly from
underlying events. Finally, the newly developed low-pT lepton track identification method
is applied to that candidate track to extract signal-like events.
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Figure 6.2: Schematic diagram of a signal event seen from the cross section of the ATLAS detector. An
ISR jet is required to boost the target higgsino pair production system. The E

miss
T and the two leptons

are objects originating from the boosted system.

6.2 Preselection and variables used to define the Sig-
nal Regions

Various requirements are imposed on distinctive variables of the event to discriminate
signals from background events and to define the Signal Regions (SRs).

6.2.1 Event kinematic variables

Events are preselected with the following criteria, summarized in Table 6.1.

Table 6.1: Event kinematics preselection applied to all events in SR for the electron channel and the
muon channel.

Variable Electron channel Muon channel

Trigger Emiss

T
trigger

O✏ine Emiss

T
[GeV] > 200

Leading jet pT [GeV] > 100

Leading jet cleaning WP Tight

Number of b-jets = 0

Number of leptons = 1 (electron) = 1 (muon)

Lepton pT [GeV] < 10

Lepton |z0 sin ✓| [mm] < 0.5

Lepton |d0/�(d0)| < 5 < 3

Lepton identification WP Medium

Lepton isolation No activities within dR = 0.3
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Emiss
T requirements

Signal events are expected to emit high Emiss

T
due to two boosted �̃0

1
. Therefore, the

search uses data collected by inclusive Emiss

T
triggers. The o✏ine Emiss

T
is required

to be above 200 GeV, which ensures the trigger to be at its e�ciency plateau and
be fully e�cient, as described in Section 3.2.

Leading jet selection
In each event, the reconstructed jet with the highest pT is identified as the leading
jet. Leading jet pT is required to be larger than 100 GeV to boost the higgsino
pair production system. In addition, the leading jet is required to pass the Tight
jet cleaning working point, aforementioned in Section 4.4, for the reduction of non-
collision backgrounds.

Number of b-jets
B-veto is applied to suppress tt̄ and single top backgrounds. It is required that
the number of b-jets with pT higher than 20 GeV be 0. The b-jets are identified
with DL1r algorithm with a condition corresponding to 85% e�ciency, as already
mentioned in Section 4.4.

Number of leptons
Exactly one lepton is required to target signal events; one electron for the electron
channel and one muon for the muon channel, where the preselection requirements
have been described in Sections 4.5 and 4.6, respectively. This one lepton require-
ment assumes that the other lepton from Z⇤ decay fails the standard identification
criteria, because it is expected to have very low pT.

ID lepton selection
In addition to the preselection requirements, further criteria are required for the ID
lepton to realize su�cient background suppression. Both the electron and the muon
are required to pass the Medium working point and to be low-pT: pT < 10 GeV.

Promptness of ID lepton
For the target �m(�̃0

2
, �̃0

1
) of a few GeV, the lifetime of �̃0

2
is expected to be short

enough for the lepton to be prompt. Therefore, |z0 sin ✓| < 0.5 mm is required
for both leptons, and for the transverse impact parameter, |d0/�(d0)| < 5 and
|d0/�(d0)| < 3 are required for electrons and muons, respectively.

Isolation of ID lepton
Signal leptons originating from Z⇤ are expected to have little surrounding activity
compared to background leptons. Thus, the following “isolation” requirements are
imposed. Within a cone of dR = 0.3, no charged tracks with pT > 1 GeV associated
to the hard-scatter vertex (excluding the track of the lepton itself) are allowed.
However, if the later mentioned low-pT lepton track candidate is within the cone,
its contribution is subtracted to avoid vetoing signal tracks.

6.2.2 Variables used for low-pT lepton track preselection

Candidate tracks, which the newly developed low-pT lepton track ID will be applied to,
are preselected by the following criteria. Events with no candidate tracks fail the event
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selection and are not used in the analysis. The track preselection criteria are summarized
in Table 6.2.

Table 6.2: Track preselection applied to low-pT lepton candidate tracks for the electron channel and the
muon channel.

Variable Electron channel Muon channel

Quality WP TightPrimary

Charge Opposite of ID lepton

pT [GeV] [0.5, 5] [1, 5]

|⌘| < 2.5 < 1.6

|z0 sin ✓| [mm] < 0.5

|d0| [mm] < 0.5

Isolation No activities within dR = 0.3

m(Z⇤) [GeV] < 3, [3.2, 5]

dR(lep, trk) [0.1, 1.4]

�d0(lep, trk) [mm] < 0.25 < 0.10

�z0(lep, trk) [mm] < 0.30 < 0.26

Track quality and basic kinematic selections
First, the tracks must pass the TightPrimary working point described in Section 4.1.
As the signal track comes from the Z⇤ decay, its charge is required to be opposite of
that of the ID lepton. The required track pT ranges are 0.5–5 GeV and 1–5 GeV for
the electron and muon channel, respectively. For the track position, |⌘| < 2.5 and
|⌘| < 1.6 are required for the electron and muon channel, respectively. These pT
and ⌘ requirements correspond to the LPET ID and LCaT muon ID target regions.
In addition, impact parameter requirements are applied to both channels to target
prompt lepton signals and to reject pileup track contributions: |z0 sin ✓| < 0.5 mm
and |d0| < 0.5 mm. For track isolation, a requirement similar to that of the ID
lepton isolation is imposed: no charged tracks associated to the hard-scatter vertex
are allowed within a cone of dR = 0.3, with the exception of the ID lepton to avoid
vetoing signal tracks.

��(pmiss
T , Z⇤)
��(pmiss

T
, Z⇤) is the angular di↵erence between the Emiss

T
and Z⇤, defined by

��(pmiss

T
, Z⇤) = |�(pmiss

T
) � �(Z⇤)|

in which �(pmiss

T
) and �(Z⇤) are the directions of missing transverse momentum and

Z⇤ in �. It is defined to be the absolute value of the angular di↵erence, ranging
from 0 to ⇡. For signals, ��(pmiss

T
, Z⇤) is expected to be small since both Emiss

T

and Z⇤ originate from the higgsino pair production system boosted by the ISR
jet. This variable is not used for the track preselection but is used as one of the
inputs of the event selection neural network described later in Section 6.3. It also
plays a significant role in the definition of regions used to validate the background
estimation method, described later in Section 7.2.
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m(Z⇤)
The mass of the reconstructed o↵-shell Z boson m(Z⇤) has a peaking distribution
with its maximum value at �m(�̃0

2
, �̃0

1
). Therefore, the distribution of m(Z⇤) de-

pends on �m(�̃0

2
, �̃0

1
). m(Z⇤) < 5 GeV is required for all scenarios since �m(�̃0

2
, �̃0

1
)

of the target scenarios are below 5 GeV. In addition, 3–3.2 GeV is rejected to veto
tracks coming from J/ decays.

dR(lep, trk)
dR(lep, trk) is the distance between the ID lepton and the lepton track defined by

dR(lep, trk) =
q
(⌘lep � ⌘trk)2 + (�lep � �trk)2.

dR(lep, trk) also depends on �m(�̃0

2
, �̃0

1
); it is smaller for smaller mass splitting

values. This is because Z⇤ with lighter mass tends to be more boosted, and the dis-
tribution of m(Z⇤) depends on �m(�̃0

2
, �̃0

1
). dR(lep, trk) < 1.4 is required to target

scenarios with mass splitting values below 5 GeV. On top of this, dR(lep, trk) > 0.1
is imposed to veto very close-by tracks associated to the ID lepton.

�d0(lep, trk) and �z0(lep, trk)
The di↵erences of impact parameters between the ID lepton and the lepton track
�d0(lep, trk) and �z0(lep, trk) defined by

�d0(lep, trk) = |d0(lep) � d0(trk)|,

�z0(lep, trk) = |z0(lep) � z0(trk)|

are also used to preselect candidate tracks. The d0 and z0 of the lepton and the
track should be close since they both come from the same Z⇤ decay. For the electron
channel, �d0(lep, trk) < 0.25 mm and�z0(lep, trk) < 0.30 mm are required. For the
muon channel, �d0(lep, trk) < 0.10 mm and �z0(lep, trk) < 0.26 mm are required.

6.3 Parameterized neural network for event selection

The event topology of signal events has large dependence on the mass splitting of the
higgsinos, namely �m(�̃0

2
, �̃0

1
). For very small �m(�̃0

2
, �̃0

1
), the leptons emitted from �̃0

2
!

�̃0

1
Z⇤ decay have very low pT, and the two �̃0

1
tend to become more collimated, leading

to higher Emiss

T
values. In this case, variables such as dR(lep, trk) and ��(pmiss

T
, Z⇤) have

very small values. For larger �m(�̃0

2
, �̃0

1
), the leptons have higher pT, leading to lower

Emiss

T
, and therefore, larger dR(lep, trk) and ��(pmiss

T
, Z⇤).

To consider these dependencies and to classify signal and background events in a dy-
namic manner, parameterized neural network (pNN) [111] is introduced. Fig. 6.3 shows
a schematic diagram of pNN. By choosing �m(�̃0

2
, �̃0

1
) as the physics parameter ✓ (here-

inafter referred to as pNN-✓), it is possible to realize�m(�̃0

2
, �̃0

1
)-dependent event selection

with a single network model. This also simplifies the training procedure, as pNN has the
ability to smoothly interpolate between �m(�̃0

2
, �̃0

1
) used for training, thus giving the pos-

sibility to explore various mass splitting scenarios with limited number of training samples.
This section describes the inputs, the model and its training, and the performance of the
pNN designed for event selection.
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= b

Fig. 1 Left, individual networks with input features (x1, x2), each
trained with examples with a single value of some parameter θ = θa, θb.
The individual networks are purely functions of the input features. Per-
formance for intermediate values of θ is not optimal nor does it nec-
essarily vary smoothly between the networks. Right, a single network
trained with input features (x1, x2) as well as an input parameter θ ; such
a network is trained with examples at several values of the parameter θ

tion of θ̄ introduces additional considerations in the training
procedure. While traditionally the training only requires the
conditional distribution of x̄ given θ̄ (which is predicted by
the theory and detector simulation), now the training data
has some implicit prior distribution over θ̄ as well (which is
arbitrary). When the network is used in practice it will be
to predict y conditional on both x̄ and θ̄ , so the distribution
of θ̄ used for training is only relevant in how it affects the
quality of the resulting parameterized network – it does not
imply that the resulting inference is Bayesian. In the studies
presented below, we simply use equal sized samples for a few
discrete values of θ̄ . Another issue is that some or all of the
components of θ̄ may not be meaningful for a particular target
class. For instance, the mass of a new particle is not meaning-
ful for the background training examples. In what follows,
we randomly assign values to those components of θ̄ accord-
ing to the same distribution used for the signal class. In the
examples studied below, the networks have enough general-
ization capacity and the training sets are large enough that
the resulting parameterized classifier performs well without
any tuning of the training procedure. However, the robust-
ness of the resulting parameterized classifier to the implicit
distribution of θ̄ in the training sample will in general depend
on the generalization capacity of the classifier, the number of
training examples, the physics encoded in the distributions
p(x̄ |θ̄ , y), and how much those distributions change with θ̄ .

3 Toy example

As a demonstration for a simple toy problem, we construct a
parameterized network which has a single input feature x and
a single parameter θ . The network, with one hidden layer of
three nodes and sigmoid activation functions, is trained using
labeled examples where examples with label 0 are drawn
from a uniform background and examples with label 1 are

Fig. 2 Top training samples in which the signal is drawn from a Gaus-
sian and the background is uniform. Bottom, neural network response
as a function of the value of the input feature x , for various choices of
the input parameter θ ; note that the single parameterized network has
seen no training examples for θ = −1.5,−0.5, 0.5, 1.5

drawn from a Gaussian with mean θ and width σ = 0.25.
Training samples are generated with θ = −2,−1, 0, 1, 2;
see Fig. 2a.

As shown in Fig. 2, this network generalizes the solu-
tion and provides reasonable output even for values of the
parameter where it was given no examples. Note that the
response function has the same shape for these values (θ =
−1.5,−0.5, 0.5, 1.5) as for values where training data was
provided, indicating that the network has successfully param-
eterized the solution. The signal-background classification
accuracy is as good for values where training data exist as it
is for values where training data does not.

4 1D physical example

A natural physical case is the application to the search for new
particle of unknown mass. As an example, we consider the
search for a new particle X which decays to t t̄ . We treat the

123

Figure 6.3: Schematic diagram of pNN [111]. In the case where input features x1 and x2 depend on
the physics parameter ✓, with conventional neural networks, a dedicated neural network for each ✓ value
would be necessary to realize optimized performance (left). Instead with parameterized neural networks,
only a single network is necessary to achieve the purpose, simply by using ✓ as one of the inputs to the
network (right).

6.3.1 Input variables

The input variables of the pNN are summarized in Table 6.3. The same set of variables
are used for both electron and muon channels, because they are expected to have the
same event topology. However, a separate network is prepared for each channel, since the
kinematic requirements of leptons and tracks di↵er as mentioned in Section 6.2.

Out of the 16 input variables (excluding pNN-✓), lepton pT, track pT, Emiss

T
, leading jet

pT, m(Z⇤), dR(lep, trk), H(lep, trk)/Emiss

T
, mT(lep, Emiss

T
), ��(pmiss

T
, Z⇤), and ��(j1, Z⇤)

have significant dependencies on �m(�̃0

2
, �̃0

1
), thus having high importance. Normalized

distributions of these input variables are shown in Fig. 6.4 and Fig. 6.5 for the electron
channel and the muon channel, respectively. The topology di↵erences between signal and
background events tend to become more significant for smaller �m(�̃0

2
, �̃0

1
).

6.3.2 Model and training

Fig. 6.6 shows the overall structure of the pNN model developed for event selection. This
model is used for both electron and muon channels. Based on �m(�̃0

2
, �̃0

1
), which is

the pNN-✓, and 16 kinematic variables, the algorithm outputs a signal event likeliness
score (hereinafter referred to as pNN score) ranging from 0 to 1. All of the inputs are
standardized following Eq. 5.1.

Since the kinematic requirements for leptons and tracks di↵er for the electron and
muon channel, the training of pNN has been done separately for each channel using the
same pNN model. To ensure enough statistics, higgsino production MC events have
been used inclusively in terms of mass points and production channels as signal training
samples. W+jets MC events have been used as background training samples. pNN-✓
of background training samples are assigned randomly so that its distribution matches
that of the signal training samples. All training samples are required to pass the event
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Figure 6.4: Normalized distributions of pNN input variables for electron channel. Signals with
�m(�̃0

2, �̃
0
1) = 1, 2, 3, 5 GeV, W+jets MC, and same-sign (SS) data are shown. SS data refers to ac-

tual data but with flipped charge requirements for the track; the track is required to have the same sign
charge with the ID lepton. For signals, various m(�̃0

1) scenarios are plotted inclusively, ranging from 85
to 175 GeV. Out of the 16 input variables excluding pNN-✓, only variables with high importance are
shown. Note that the selection criteria in Table 6.1 and Table 6.2 are applied.
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Figure 6.5: Normalized distributions of pNN input variables for muon channel. Signals with�m(�̃0
2, �̃

0
1) =

1, 2, 3, 5 GeV, W+jets MC, and same-sign (SS) data are shown. SS data refers to actual data but with
flipped charge requirements for the track; the track is required to have the same sign charge with the ID
lepton. For signals, various m(�̃0

1) scenarios are plotted inclusively, ranging from 85 to 175 GeV. Out of
the 16 input variables excluding pNN-✓, only variables with high importance are shown. Note that the
selection criteria in Table 6.1 and Table 6.2 are applied.
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Table 6.3: Summary of input variables of the pNN. The same set of variables are used for both electron
and muon channels.

Input variable Description

�m(�̃0
2, �̃

0
1) pNN-✓, mass di↵erence between �̃0

2 and �̃0
1

Lepton pT

Kinematics of ID leptonLepton ⌘
Lepton �
Track pT

Kinematics of trackTrack ⌘
Track �
E

miss
T Kinematics of missing energy

�(pmiss
T )

Leading jet pT Kinematics of leading jet
Leading jet �
m(Z⇤) Mass of Z⇤ reconstructed from the lepton and the track
dR(lep, trk) Distance between the lepton and the track
H(lep, trk)/Emiss

T Ratio of scalar sum of lepton pT and track pT to E
miss
T

mT(lep, Emiss
T ) Transverse mass reconstructed from the lepton and E

miss
T

��(pmiss
T , Z

⇤) Angular di↵erence between the missing momentum and reconstructed Z
⇤

��(j1, Z⇤) Angular di↵erence between the leading jet and reconstructed Z
⇤

Figure 6.6: Overall structure of the pNN model used for event selection. �m(�̃0
2, �̃

0
1) and 16 kinematic

variables are used as inputs, and there are six hidden layers with 64 nodes each. The nodes are fully
connected. L1 and L2 regularizations are applied to each layer to prevent overtraining. The output pNN
score ranges from 0 to 1, with 1 meaning that the input event is signal event-like.
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and track preselections described in Section 6.2. For the electron channel, about 22k
signal events and 630k background events are used for the training, in which 20% were
assigned as validation samples. For the muon channel, about 51k signal events and 380k
background events are used for the training, in which 20% were assigned as validation
samples. The training configurations of the pNN are summarized in Table 6.4, common
to both channels.

Table 6.4: Summary of the training configurations of event selection pNN.

Hyperparameter Value

Batch size 128
EarlyStopping Enabled (Patience = 10)
Learning rate 0.0001
Loss type Binary crossentropy
Optimizer Adam

6.3.3 Performance

Fig. 6.7 and Fig. 6.8 show the training and testing pNN score distributions for the electron
channel and the muon channel, respectively. Fig. 6.9 shows the ROC curves for each
pNN-✓ for each channel, derived by scanning the testing pNN score distributions. As
expected from the distributions of the input variables shown in Fig. 6.4 and Fig. 6.5, the
classification performance is higher for smaller pNN-✓ values.
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Figure 6.7: Electron channel pNN score distribution for each pNN-✓. The training and testing distribu-
tions agree well; no overtraining is observed.
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Figure 6.8: Muon channel pNN score distribution for each pNN-✓. The training and testing distributions
agree well; no overtraining is observed.

(a) Electron channel (b) Muon channel

Figure 6.9: ROC curves of pNN for each pNN-✓. The performance is better for smaller �m(�̃0
2, �̃

0
1) values

for both channels.
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6.3.4 Application

In the case where a simple neural network is used for a search analysis, the neural network
model is trained and optimized for each mass point. On the other hand, pNN has a single
model trained to perform for each of the mass points, but with additional degrees of
freedom, which could be adjusted manually. In the analysis, the degree of freedom is the
pNN-✓, corresponding to the �m(�̃0

2
, �̃0

1
).

The pNN in this search analysis is trained with pNN-✓ = 1, 1.5, 2, 3, 4 and 5 GeV. The
same values are used for the search by fixing the pNN-✓ to each value. Therefore, there
are six models to choose from for each mass point. Straightforwardly, the best performing
model for each mass point should be the one having the same pNN-✓, however, this might
not always be the case due to fluctuations. Hence, the best performing pNN-✓ is chosen
for each mass point by comparing the final CLs values obtained from statistical analysis
described later in Section 9.

6.4 Signal Region definition

Fig. 6.10 shows the flow of this search analysis. Event and track preselection requirements
defined in Section 6.2 are first applied. Next, a single track with the highest pNN score
is selected for each event. This is performed by reconstructing the Z⇤ candidate and
applying the pNN with each of the preselected tracks. After the track selection, cuts on
��(pmiss

T
, Z⇤) and the pNN score are applied to select signal-like events. The regions that

fail these requirements are used as Validation Regions (VRs) of the background estimation
method. Finally, low-pT lepton track ID is applied to the selected track with dedicated
WPs. The regions passing the low-pT lepton track ID requirement are used as Signal
Regions (SRs). The definition of SRs is discussed in this section.

Figure 6.10: Diagram of the overall analysis flow. The basic flow is common to the electron and muon
channels, while the detailed requirements slightly di↵er for each channel.
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The general idea of SR definition is to maximize the sensitivity towards signals by
choosing regions where the signal contribution is relatively high compared to SM back-
ground contributions. This is achieved by applying two independent selections on the
main variables of the analysis: the pNN score and the low-pT lepton track ID score. By
first selecting events with high pNN scores, background events having non-signal-like event
topology are vetoed. Then by selecting events having a track with high low-pT lepton
track ID WP score, significant background suppression is achieved by rejecting hadronic
and fake tracks, which are the main background track components in the targeted regime.

Table 6.5 summarizes the selection criteria of SRs for the electron channel and the
muon channel. The requirement on ��(pmiss

T
, Z⇤) is imposed to keep the orthogonality

with Validation Regions defined for the background estimation method and is common to
both channels. The requirements on the pNN score and low-pT lepton track ID WP score
have been optimized to realize maximum sensitivity with expected background assuming
20% uncertainty.

Table 6.5: Summary of the selection criteria of SR.

Variable Electron channel Muon channel

��(pmiss

T
, Z⇤) < 1

pNN score > 0.95
Low-pT lepton track ID LPET WP score > 0.8 LCaT muon WP score > 0.6
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7. Methodology of Background Esti-
mation

In this section, the main sources of background events are presented, followed by the
details of the strategy of estimating the background contribution in the Signal Region.

7.1 Background components

All SM processes with a high-pT jet and a boosted system with neutrinos in the final
state could pass the leading jet and Emiss

T
selection of this search. The requirements

for the ID lepton, which the standard lepton identification is applied to, are relatively
tight, hence the ID lepton is expected to be a real lepton in most cases. On the other
hand, the requirements for the low-pT lepton track, which the newly developed low-pT
lepton track identification method is applied to, are much looser; its main contribution is
hadronic/fake tracks. Since the tracks are required to be associated with the hard-scatter
vertex and have no surrounding activities, most of the background tracks are expected to
be originating from underlying events. Some of these tracks could potentially imitate the
signal lepton track originating from Z⇤.

Considering that the target event topology requires a high-pT hadronic jet, large miss-
ing momentum, and a single lepton, the most probable background process is W+jets,
where the W decays leptonically. Fig. 7.1 shows the diagram of W+jets process. In this
process, the true lepton originating from the W will likely be identified as the ID lepton,
and the neutrino will likely result in high Emiss

T
signature. As already mentioned, the

hadronic/fake tracks would fake the low-pT lepton track in this case. Moreover, there
could also be small contributions from true leptonic tracks. Z+jets, diboson, and other
processes which could possibly have two or more true leptons in their final states, could
contribute as “true lepton” backgrounds. The dominant background with a “fake low-pT
lepton track” is estimated by a data-driven method described in Section 7.2, whereas the
subdominant background with a “true low-pT lepton track” is estimated directly from
MC simulation as described in Section 7.3. A semi data-driven method is therefore used
for the background estimation of the analysis.
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Figure 7.1: Diagram of W+jets process. This process is the main background of this search.

7.2 Data-driven estimation of 1L + fake lepton track
background

A data-driven method has been adopted to estimate the dominant hadronic/fake track
background in the SR due to the following reasons:

• The reliability of MC simulation modeling of low-pT hadronic/fake tracks is not
fully understood,

• Systematic uncertainties for the MC modeling of fake low-pT lepton track would not
have to be considered, allowing for a more accurate estimation.

The general idea of this method is to measure and apply the pass-to-fail ratios or the
“transfer factors” of the low-pT lepton track ID in certain Control Regions (CRs), having
di↵erent kinematics compared to the SR. The validity of the method is verified in multiple
Validation Regions (VRs). This transfer factor method is compatible with the analysis
flow visualized in Fig. 6.10 and is common to both electron and muon channels.

Although the method mentioned above is expected to estimate nearly 90% of the total
background in the SR, it has been observed in VRs that the above method does not fully
consider relatively small contributions from true leptons to the low-pT lepton track. These
contributions are estimated using MC simulations as discussed later in Section 7.3. For
the estimation of fake lepton track background, the contributions from “true leptons” are
subtracted from data in each of the CRs to properly measure the hadronic/fake track
transfer factors.
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CR definitions and estimation procedures

Here, the definitions of the CRs used for measuring and applying the low-pT lepton track
ID transfer factors are described. The definitions are identical for both electron and muon
channels.

Figure 7.2: Kinematic plane diagram used for region definitions. In terms of kinematics, the SR, CRs,
and VRs are defined by imposing cuts on the pNN score and ��(pmiss

T , Z
⇤).

Fig. 7.2 shows the kinematic plane used to define the SR, CRs, and VRs. The SR,
which has already been defined in Section 6.4, is within the ↵-region, where pNN score
threshold p is defined in Table 6.5 for each channel. It must be noted that the kinematic
regions defined here do not consider the low-pT lepton track ID requirements in Table 6.5;
therefore, the SR is defined by the region passing the low-pT lepton track ID WP within
the ↵-region.

Since the low-pT lepton track ID and the event selection pNN are defined independently
of each other, the low pNN score region, dominated by SM background, is a valid region
for measuring the transfer factors. In particular, the kinematic �-region, with pNN scores
lower than 0.4, is used. Within this �-region, the region passing the low-pT lepton track
ID WP requirements (WP pass region) in Table 6.5 is defined as CR-A, and the region
failing the WP requirements (WP fail region) is defined as CR-B. The transfer factors are
then measured by taking the ratio of the number of events belonging to CR-A to that of
CR-B. To consider the e↵ects of indirect relations between the low-pT lepton track ID and
the pNN through the track kinematics, the transfer factors are measured separately for
each of the track pT bins listed in Table 7.1. This track pT binned transfer factor method
is capable of estimating the pNN score shape in the WP pass region.

The measured transfer factors are then applied to the WP fail region within the
kinematic ↵-region, defined as CR-C. This method is expected to correctly estimate the
pNN score shape in the SR, and its validity has been checked with MC simulated samples.
Fig. 7.3 shows a schematic diagram of the background estimation method, summarizing
the definition of each CR.

102



Table 7.1: List of track pT bins used for low-pT lepton track ID transfer factor measurement. The electron
channel has an additional bin compared to the muon channel, since the target track pT range is lower.

Track pT bin name Electron channel Muon channel

Track pT bin A [0.5, 1.0] GeV -
Track pT bin B [1.0, 1.5] GeV
Track pT bin C [1.5, 2.0] GeV
Track pT bin D [2.0, 3.0] GeV
Track pT bin E [3.0, 5.0] GeV

Figure 7.3: Schematic diagram of the background estimation method. CR-A and CR-B are used to
measured the transfer factors (pass-to-fail ratio) of the low-pT lepton track ID WP. The transfer factors
are binned by the track pT to correctly estimate the pNN score shape in the SR. The measured transfer
factors are then applied to CR-C to estimate the background in the SR.
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7.3 MC estimation of 1L + true lepton track back-
ground

As briefly mentioned in the previous section, the subdominant contribution of 1L +
true lepton track background is estimated using MC simulation. These contributions
are considered by adding them directly to the data-driven estimated fake lepton track
contribution in the SRs and VRs. The considered background MC samples are listed
in Table 3.3, and true lepton tracks are selected by matching with corresponding truth
particles. Processes which have two or more prompt leptons, such as Z+jets and diboson
production, tend to have small but non-negligible contributions. The e↵ects of non-
prompt leptons from processes such as dijet production and �+jets have also been checked
but were found to be negligible.

7.4 Validation strategy

The background estimation method described in Sections 7.2 and 7.3 must be validated
by checking the agreement of estimated background and data in certain VRs. This is
done in multiple VRs, having su�ciently low signal contamination. The VRs are used to
evaluate the non-closure systematics of the background estimation method later described
in Section 8.

Since the estimation method assumes that the transfer factors measured in the low
pNN score region are also valid in the high pNN score region, this validity must be
checked with a dedicated VR. This is done within the kinematic �-region in Fig. 7.2,
defined by pNN score > 0.4 and ��(pmiss

T
, Z⇤) > 1.4. Although the SR is defined by

��(pmiss

T
, Z⇤) < 1.0, the cut threshold for the �-region has been raised to 1.4 to suppress

signal contamination. Fig. 7.4 shows the schematic diagram of the validation using the
kinematic �-region. By applying the measured transfer factors to CR-highLarge, which
corresponds to the WP fail region within the �-region, the number of events in VR-
highLarge, defined by WP pass region within the �-region, is estimated.

Additional VRs are considered to verify the validity of the background estimation
method in the ↵-region. This is performed by flipping the charge or the flavor relations
between the ID lepton and the low-pT lepton track. For the SR shown in Fig. 7.3, the
ID lepton and the low-pT lepton track are required to have opposite signs (OS) and be of
the same flavor (SF), namely, electrons for the electron channel and muons for the muon
channel. For additional VRs, the ID lepton and the low-pT lepton track are requied to
have the same sign (SS) or di↵erent flavors (DF), with other requirements set identically
to those of the SR. For these two VRs and their corresponding CRs, the pNN score
thresholds for ↵-regions are lowered to 0.4 to increase statistics.

For the same sign VR, defined as VR-SS, the transfer factors are measured and applied
within the same sign region; therefore, additional CRs named CR-SS-A, CR-SS-B, and
CR-SS-C are defined in correspondence with the three CRs shown in Fig. 7.3. Fig. 7.5
shows the schematic diagram of the validation using VR-SS. The estimated background
in VR-SS is compared to data for validation.

For the di↵erent flavor VR, defined as VR-DF, the transfer factors are measured and
applied within the di↵erent flavor region. For the electron channel, an ID muon and a low-
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Figure 7.4: Schematic diagram of the background estimation validation in VR-highLarge. The transfer
factors measured in the low pNN score region are applied to CR-highLarge to estimate the number of
events in VR-highLarge.

Figure 7.5: Schematic diagram of the background estimation validation in VR-SS. CR-SS-A and CR-SS-
B are used to measured the same sign transfer factors (TF-SS) of the low-pT lepton track ID WP. The
transfer factors are binned by the track pT using the same binning as the OS-SF regions. The measured
transfer factors are then applied to CR-SS-C to estimate the background in VR-SS.
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pT electron track are considered to measure the transfer factors of LPET ID. For the muon
channel, an ID electron and a low-pT muon track are considered to measure the transfer
factors of LCaT muon ID. Therefore, additional CRs named CR-DF-A, CR-DF-B, and
CR-DF-C are defined in correspondence with the three CRs shown in Fig. 7.3. Fig. 7.6
shows the schematic diagram of the validation using VR-DF. The estimated background
in VR-DF is compared to data for validation.

Figure 7.6: Schematic diagram of the background estimation validation in VR-DF. CR-DF-A and CR-
DF-B are used to measured the di↵erent flavor transfer factors (TF-DF) of the low-pT lepton track ID
WP. The transfer factors are binned by the track pT using the same binning as the OS-SF region. The
measured transfer factors are then applied to CR-DF-C to estimate the background in VR-DF.

7.5 Summary of CR and VR definitions

In summary, there are three VRs and 10 CRs for each channel as listed in Table 7.2.
Three CRs (CR-A/B/C) are necessary for estimating the SR background: two for TF
measurement and one for TF application. The remaining seven CRs are dedicated to
validation: one (CR-highLarge) for VR-highLarge, three (CR-A/B/C-SS) for VR-SS, and
three (CR-A/B/C-DF) for VR-DF. It should be again noted that the contributions from
true lepton tracks are subtracted from CRs before measuring the transfer factors and are
added to SRs and VRs afterwards.
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Table 7.2: List of CRs and VRs used in the analysis. The pNN score threshold p is the value used for
the SR definition, listed on Table 6.5. Note that the pNN score thresholds for ↵-regions for SS-SF and
OS-DF are lowered to 0.4 to increase statistics.

Region name Sign Flavor pNN score ��(pmiss
T , Z

⇤
) WP Description

CR-A OS SF < 0.4 - Pass TF measurement numerator

CR-B OS SF < 0.4 - Fail TF measurement denominator

CR-C OS SF > p < 1.0 Fail TF application CR for SR

CR-highLarge OS SF > 0.4 > 1.4 Fail TF application CR for VR-highLarge

CR-A-SS SS SF < 0.4 - Pass TF-SS measurement numerator

CR-B-SS SS SF < 0.4 - Fail TF-SS measurement denominator

CR-C-SS SS SF > 0.4 < 1.0 Fail TF-SS application CR for VR-SS

CR-A-DF OS DF < 0.4 - Pass TF-DF measurement numerator

CR-B-DF OS DF < 0.4 - Fail TF-DF measurement denominator

CR-C-DF OS DF > 0.4 < 1.0 Fail TF-DF application CR for VR-DF

VR-highLarge OS SF > 0.4 > 1.4 Pass VR within OS-SF with large ��(pmiss
T , Z

⇤
)

VR-SS SS SF > 0.4 < 1.0 Pass VR with SS-SF

VR-DF OS DF > 0.4 < 1.0 Pass VR with OS-DF
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7.6 Estimation results in the Signal Region

By adding the data-driven estimated fake lepton track contribution and MC estimated
true lepton track contribution, the total SM background in the SR is estimated for the
electron and muon channels for each pNN-✓, as mentioned in Section 6.3.4. This is done by
applying the systematic uncertainties later described in Section 8 and using the statistical
fit framework described in Section 9. Table 7.3 and Table 7.4 summarize the estimated
event yields in the SR for the electron channel and the muon channel, respectively.

Table 7.3: Expected event yields in the SR for the electron channel, for each pNN-✓. “Others” includes
true e track contributions from top, dijet, and �+jets processes.

pNN-✓ [GeV] 1 1.5 2 3 4 5

Total fitted SM events 1.43± 0.37 2.44± 0.56 4.41± 0.92 8.44± 1.78 9.88± 2.36 5.76± 1.75

Fake e track 1.10± 0.28 1.93± 0.48 3.65± 0.83 7.64± 1.76 8.61± 2.24 4.74± 1.66

Diboson true e track 0.22± 0.18 0.42± 0.28 0.65± 0.42 0.67± 0.43 0.78± 0.53 0.65± 0.44

W+jets true e track 0.10
+0.14
�0.10 0.10

+0.13
�0.10 0.10

+0.13
�0.10 0.10

+0.13
�0.10 0.41

+0.43
�0.41 0.12

+0.14
�0.12

Z+jets true e track 0.00± 0.00 0.00± 0.00 0.00
+0.01
�0.00 0.02± 0.02 0.09± 0.07 0.25± 0.20

Others 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

Table 7.4: Expected event yields in the SR for the muon channel, for each pNN-✓. “Others” includes
true µ track contributions from top, dijet, and �+jets processes.

pNN-✓ [GeV] 1 1.5 2 3 4 5

Total fitted SM events 6.54± 2.39 12.06± 4.44 17.06± 6.37 19.46± 7.20 12.68± 4.65 7.91± 3.25

Fake µ track 5.74± 2.34 10.80± 4.39 15.59± 6.33 17.47± 7.14 10.91± 4.60 6.38± 3.14

Diboson true µ track 0.79± 0.53 1.25± 0.78 1.33± 0.82 1.73± 1.03 1.37± 0.82 1.07± 0.65

W+jets true µ track 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00
+0.01
�0.00 0.00

+0.01
�0.00 0.00± 0.00

Z+jets true µ track 0.01± 0.01 0.01± 0.01 0.14± 0.12 0.26± 0.19 0.40± 0.26 0.46± 0.30

Others 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00
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8. Systematic Uncertainties

This section describes the systematic uncertainties considered in this search: experimen-
tal uncertainties, theoretical uncertainties, and analysis specific uncertainties. As the
dominant background is the fake lepton track contribution estimated by the data-driven
method, the non-closure uncertainty on that component is the most dominant source of
the systematic uncertainty. Although contributions of background MC samples are rel-
atively small and their systematic uncertainties should have little impact on the results,
they have been evaluated to a certain extent.

8.1 Experimental uncertainties

Experimental uncertainties are considered for the MC samples to account for the mis-
modeling in detector responses and imperfections in calibrations. The considered exper-
imental uncertainties are described below. Experimental uncertainties for the signal MC
samples have been implemented straightforwardly by handling each of the uncertainties
as separate nuisance parameters in the statistical analysis framework later described in
Section 9. On the other hand, for background MC samples used for estimating the true
lepton contribution, the experimental uncertainties have been handled as a flat 50% en-
velope systematic of all uncertainties described below and implemented to the statistical
framework as a single nuisance parameter. This is to prevent fit instabilities in the frame-
work, caused by low MC statistics. As the true lepton track contribution accounts for
only about 10% of the SR background, its uncertainties are of second order and have
minimal impact on the total uncertainty.

Electrons

• Energy resolution: up/down variations in the resolution of the electron energy.

• Energy scale: up/down variations in the scale of the electron energy.

• Reconstruction e�ciency: up/down variations in the error of the electron recon-
struction scale factors.

• Identification e�ciency: up/down variations in the error of the electron identifica-
tion working-point scale factors.

• Isolation e�ciency: up/down variations in the error of the electron isolation working-
point scale factors.
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Muons

• Inner Detector smearing: up/down variations in the smearing of the muon tracks
in the Inner Detector.

• Muon spectrometer smearing: up/down variations in the smearing of the muon
tracks in the muon spectrometers.

• Momentum scale: up/down variations in the muon momentum scale.

• Sagitta resolution: up/down charge-dependent variations in the scale of the momen-
tum and its statistical error associated to the charge-dependent corrections.

• Reconstruction e�ciency: up/down variations in the statistical and systematic er-
rors on the muon reconstruction scale factors.

• Isolation e�ciency: up/down variations in statistical and systematic errors on the
muon isolation working-point scale factors.

• Track-to-vertex association (TTVA) e�ciency: up/down variations in statistical and
systematic errors on the muon TTVA scale factors.

Jets

• Jet energy resolution: up/down variations in the smearing of the MC jets to the
data to correct the MC resolution. These uncertainties are evaluated from dijet
events and zero bias data using random cones.

• Jet energy scale: up/down variations in the scale of the jet momentum. These uncer-
tainties are derived from the dijet eta-intercalibration across eta, Z(! ee, µµ)+jets,
�+jets and multijet balance, and the propagation of single particles in high-pT
regimes.

• Jet vertex tagger: up/down variations accounting for the residual contamination
from pileup jets in the central region.

• Flavor tagging e�ciency: up/down variations in the error on the scale factors used
to correct the simulation-over-data flavor tagging rate.

Missing transverse momentum

• Soft term resolution: one-sided variations of the Emiss

T
track soft term resolution,

parallel and perpendicular to the hard term.

• Soft term scale: up/down variations in the Emiss

T
track soft term scale, obtained by

scaling the soft term magnitude in the direction of phard
T

.
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Others

• Pileup: up/down variations of the pileup weight used to reweight nominal MC
predictions to reproduce the correct distribution of the number of pp collisions per
bunch crossing in data.

• Track impact parameter resolution: one-sided variations on the transverse and lon-
gitudinal impact parameter resolutions to account for any di↵erences with respect to
data. These uncertainties are obtained by replacing the nominal impact parameter
with a random value taken from a Gaussian distribution, whose central value is the
original MC impact parameter and whose sigma is taken from dedicated smearing
maps from studies on MC/data resolution di↵erences.

8.2 Theoretical uncertainties

Theoretical uncertainties for signal and background MC samples have been evaluated
to consider generator-level modeling uncertainties. Note that for the background MC
samples, all theoretical uncertainties have been considered only for diboson and V +jets
samples, which are the dominant components of the true lepton track contribution. Un-
certainties of other background processes have negligible impact and are hence not con-
sidered.

The following variations of QCD renormalization and factorization scales and parton
distribution functions (PDFs) have been taken into account for both signal and back-
ground MC samples. These uncertainties are combined by taking their quadratic sum.

QCD renormalization and factorization scales
Renormalization and factorization scales (µR and µF ) are used to estimate the un-
certainties originating from truncated higher orders in the perturbative expansion
of the partonic cross-section corrections. The uncertainties are estimated by varying
µR and µF by a factor of two resulting in 7-point variations of {µR, µF} = {0.5, 0.5},
{1.0, 0.5}, {0.5, 1.0}, {1.0, 1.0}, {2.0, 1.0}, {1.0, 2.0}, {2.0, 2.0}. 3-point variations
of {µR, µF} = {0.5, 0.5}, {1.0, 1.0}, {2.0, 2.0} are used when the 7-point variations
are unavailable at generator-level. The envelope of the 7-point (3-point) variations
are taken as the overall uncertainty.

Parton Distribution Function (PDF)
PDFs at a given scale (Q) are determined by fitting a given functional form to
data. The PDF at di↵erent energy scales in the MC generator is estimated by
DGLAP equations [168–170]. Therefore, experimental uncertainties in the used
dataset and uncertainty on the functional form for PDF fits are sources of uncer-
tainties. Truncated higher order calculations of DGLAP equations could also be
sources of uncertainties, however, they are considered by varying the renormaliza-
tion and factorization scales as mentioned above.

Additionally, the following uncertainties are considered, depending on the signal and
background processes.
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Cross section uncertainty (for signal MC only)
The theoretical uncertainty on the cross section for signal MC is considered. Similar
to the nominal cross section value, its uncertainty is also evaluated to NLO+NLL
accuracy using Resummino [130–135]. The relative uncertainty is less than 5% for
all mass points.

Strong coupling constant (↵S) (for background MC only)
↵S is determined experimentally and quoted at the Z mass scale (Q = mZ). ↵S

at di↵erent energy scales in the MC generators are predicted by renormalization
group equations (RGEs), although the calculations are truncated at a given order.
Therefore, experimental errors of ↵S and missing higher order calculations of RGEs
need to be accounted as uncertainties of ↵S. PDF sets with di↵erent ↵S values are
used to estimate the uncertainties.

8.3 Analysis specific uncertainties

Additional uncertainties considered for this analysis are described below.

Low-pT lepton track ID scale factor uncertainty
As described in Sections 5.1 and 5.2, low-pT lepton track ID scale factors are ap-
plied to MC samples to consider the behavior di↵erences between data and MC
measured by the calibration. Up/down variations are applied by accounting for
the uncertainties originating from the calibration, which primarily depends on the
statistical uncertainties of the calibration data and the parametrization by track
pT. Uncertainties depending on track ⌘ and other parameters have been omitted
for simplicity, because the impact of this scale factor uncertainty on the total back-
ground estimation is small, as this uncertainty is only applied to the subdominant
true lepton track background component.

Non-closure uncertainty for background estimation
The non-closure of the background estimation method is expected to originate
mainly from the uncertainties in the extrapolation of pNN scores using track pT
binned transfer factors, as the transfer factors could have dependecies on other vari-
ables. These uncertainties are evaluated by comparing the data and estimation in
VRs and are applied as flat systematic uncertainties to the fake lepton track com-
ponents in the SR. As a result of the evaluation, 15% and 40% flat systematics are
applied to electron and muon channels, respectively.

CR statistical uncertainty
The statistical uncertainties of data in the CRs used for estimating the fake lep-
ton background in the SR also have some impact. These have been considered
as normalization factor and transfer factor uncertainties in the statistical analysis
framework, later described in Section 9.

MC statistical uncertainty
The statistical uncertainties of the signal and background MC samples have been
considered in all regions. The impact of the statistical uncertainties of the back-
ground MC samples is minimal, since the CRs are dominated by fake lepton contri-
bution, and only a fraction of events are truly leptonic in the SR.
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8.4 Impact on background estimation

Tables 8.1 and 8.2 show the impact of the systematic uncertainties on the estimated back-
ground for the electron channel and muon channel, respectively. The numbers have been
obtained by performing statistical fits explained later in Section 9. Since the behavior is
similar for all pNN-✓ configurations, numbers for pNN-✓ = 2 GeV are shown as typical
examples. For both channels, the non-closure uncertainty on the fake lepton track back-
ground is the most dominant. Other uncertainties on the fake lepton background, such
as the transfer factor and normalization factor uncertainties, have non-negligible e↵ects.
On the other hand, as the contribution from true lepton track component is small, corre-
sponding uncertainties such as the 50% envelope experimental uncertainty, MC statistical
uncertainty, and the low-pT lepton track ID scale factor uncertainty, have relatively small
impact on the estimated background.
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Table 8.1: Breakdown of the dominant systematic uncertainties on estimated background in SR for the
electron channel for pNN-✓ = 2 GeV. The percentages show the size of the uncertainty relative to
the total expected background. Note that the individual uncertainties can be correlated, and do not
necessarily add up quadratically to the total background uncertainty.

Uncertainty of channel SR-1e1T

Total background expectation 4.41

Total statistical (
p
Nexp) ±2.10

Total background systematic ±0.92 [20.88%]

↵ FakeBG NonClosure flatSys15 ±0.55 [12.4%]
TF TrackPtBinE 1e1T ±0.47 [10.7%]
↵ TrueBG Experimental flatSys50 ±0.38 [8.6%]
mu CR C TrackPtBinE 1e1T ±0.32 [7.2%]
↵ diboson TheoryUnc ±0.22 [4.9%]
TF TrackPtBinD 1e1T ±0.21 [4.9%]
MC stat SR 1e1T ±0.18 [4.2%]
↵ Wjets TheoryUnc ±0.12 [2.7%]
TF TrackPtBinC 1e1T ±0.10 [2.2%]
mu CR C TrackPtBinD 1e1T ±0.08 [1.8%]
TF TrackPtBinB 1e1T ±0.04 [0.88%]
↵ LowPtLepTag ±0.04 [0.83%]
mu CR C TrackPtBinC 1e1T ±0.03 [0.61%]
mu CR C TrackPtBinB 1e1T ±0.01 [0.15%]
↵ Zjets TheoryUnc ±0.01 [0.13%]

Table 8.2: Breakdown of the dominant systematic uncertainties on estimated background in SR for the
muon channel for pNN-✓ = 2 GeV. The percentages show the size of the uncertainty relative to the total
expected background. Note that the individual uncertainties can be correlated, and do not necessarily
add up quadratically to the total background uncertainty.

Uncertainty of channel SR-1mu1T

Total background expectation 17.06

Total statistical (
p
Nexp) ±4.13

Total background systematic ±6.37 [37.37%]

↵ FakeBG NonClosure flatSys40 ±6.23 [36.6%]
↵ TrueBG Experimental flatSys50 ±0.73 [4.3%]
TF TrackPtBinC 1mu1T ±0.58 [3.4%]
TF TrackPtBinD 1mu1T ±0.53 [3.1%]
TF TrackPtBinE 1mu1T ±0.52 [3.0%]
↵ diboson TheoryUnc ±0.41 [2.4%]
mu CR C TrackPtBinC 1mu1T ±0.37 [2.2%]
mu CR C TrackPtBinD 1mu1T ±0.30 [1.8%]
MC stat SR 1mu1T ±0.27 [1.6%]
mu CR C TrackPtBinE 1mu1T ±0.23 [1.3%]
TF TrackPtBinB 1mu1T ±0.15 [0.87%]
↵ Zjets TheoryUnc ±0.09 [0.56%]
mu CR C TrackPtBinB 1mu1T ±0.05 [0.31%]
↵ LowPtLepTag ±0.03 [0.19%]
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9. Statistical Analysis

Statistical fits have been performed to estimate the number of events in the SRs and test
its compatibility under various hypotheses. This has been done with a profile likelihood
ratio approach using the HistFitter package [171]. This chapter describes the definition
of the likelihood function and the methodology of hypothesis testing.

9.1 Likelihood function

The likelihood L of the electron or muon channel analysis is defined as the product
of Poisson distributions of the number of events in the SR and CRs and the Gaussian
probability densities of the systematic uncertainties:

L(n |µsig, s , b,✓) = PSR ⇥ PCR-A ⇥ PCR-B ⇥ PCR-C ⇥ Csyst, (9.1)

where Pi is the Poisson measurement in region i, and Csyst is the product of Gaussian
probability distributions of all considered systematic uncertainties. Poisson measurement
Pi is represented by the observed number of events ni and the expected number of �i in
region i:

Pi = P (ni|�i) =
�ni
i

ni!
e��i , (9.2)

where the expected number of events �i is expressed as

�i(µsig, si, b,✓) = µsig · si(✓) +
X

↵2FakeLep

bi,↵(✓) +
X

�2TrueLep

bi,�(✓). (9.3)

Each of the parameters in Eq. (9.3) are defined as below:

• µsig is the normalization factor of the signal process and is referred to as the signal
strength.

• si is the expected number of signal events in region i, obtained from MC simulation.

• ↵ represents the type of fake lepton background. As the fake lepton background
is estimated with binning of track pT as mentioned in Section 7.2, the summation
runs over the track pT bins listed in Table 7.1.

• bi,↵ is the expected number of fake lepton background events, estimated by the data-
driven method explained in Section 7.2. The data-driven estimation is performed
by a simultaneous fit within the statistical fit framework.
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• � represents the physics process of true lepton background MC.

• bi,� is the expected number of true lepton background events in region i for physics
process �, obtained from MC simulation.

• ✓ represents the set of nuisance parameters, in particular, all of the considered
systematic uncertainties mentioned in Section 8.

The systematic uncertainty factor Csyst is written as

Csyst =
Y

j2S

G(✓j), (9.4)

where S is the set of all considered systematic uncertainties, and G(✓j) is the standard
Gaussian distribution of the systematic uncertainty ✓j. As the mean of the distribution
is fixed to 0, ✓ = ±1 corresponds to ±1� variations. Hereinafter, the likelihood will be
denoted as L(µsig,✓), as the number of signal and background events are functions of ✓.

9.2 Hypothesis testing

For testing a certain hypothesized value of µsig, the following profile likelihood ratio (PLR)
is considered [172]:

PLR(µsig) =
L(µsig,

ˆ̂✓)

L(µ̂sig, ✓̂)
, (9.5)

where µ̂sig and ✓̂ maximize the likelihood function, and ˆ̂✓ maximize the likelihood function
for a specific, fixed value of µsig.

Moreover, in the case where µsig � 0, the test statistic qµsig is defined as

qµsig = �2 ln
�
PLR(µsig)

�

=

8
<

:
�2 ln L(µsig,

ˆ̂✓)

L(µ̂sig,✓̂)
(µsig � µ̂sig)

0 (0  µsig < µ̂sig).
(9.6)

The p-value is then defined to quantify the level of agreement between the observed data
and hypothesized µsig:

pµsig =

Z 1

qµsig,obs

f(qµsig |µsig) dqµsig , (9.7)

where qµsig,obs is the observed value of qµsig . f(qµsig |µsig) is the probability density function
of qµsig assuming the signal strength of µsig, approximated as

f(qµsig |µsig) =
1

2
p

qµsig

1
p
2⇡

"
exp

⇢
�
1

2

⇣
p

qµsig +X
⌘�

+exp

⇢
�
1

2

⇣
p

qµsig �X
⌘�#

, (9.8)

where X is defined to be

X =
µsig � µ̂sig

�
, (9.9)
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using the standard deviation � of µ̂sig. In the case of signal-plus-background hypothesis
and background-only hypothesis, the probability density function of the test statistic is
given by f(qµsig |µsig = 1) and f(qµsig |µsig = 0), respectively.

For the analysis of this search, background-only hypothesis with µsig = 0 is first con-
sidered to predict the number of background events in the SR for both electron and muon
channels. If there is no significant excess of observed data compared to the prediction,
model-dependent and model-independent fits are performed.

The model-dependent fit aims to quantify the exclusion of a certain model. This is
done using the CLs method [173]. In particular, CLs+b, CLb, and CLs are defined as
below:

CLs+b =

Z 1

qµsig,obs

f(qµsig |µsig = 1) dqµsig ⌘ p1, (9.10)

CLb =

Z 1

qµsig,obs

f(qµsig |µsig = 0) dqµsig ⌘ p0, (9.11)

CLs ⌘
p0
p1

. (9.12)

In this method, the signal hypothesis is considered to be excluded at 95% confidence level
if CLs < 0.05. This is the standard criterion for setting exclusion limits in the ATLAS
experiment and is used in this analysis.

The model-independent fit aims to set upper limits on the number of events coming
from physics beyond the SM. This is performed by scanning over the signal strength and
calculating the p-value with Eq. (9.7) to find the number of expected and observed signal
events for p-value at 0.05, denoted by S95

exp
and S95

obs
, respectively. The observed upper

limit on the visible cross-section can also be calculated by

h✏�95

obs
i =

S95

obsR
L dt

, (9.13)

where the integrated luminosity
R

L dt for this search is 140 fb�1.

9.3 Fit configuration

All of the systematic uncertainties described in Section 8 are implemented in the statis-
tical fit framework as nuisance parameters. To speed up the fitting procedure, nuisance
parameters are pruned when their deviation from the nominal value is less than 1%.

Simultaneous fit for data-driven estimation of fake lepton tracks

The dominant fake lepton track background is estimated using a data-driven method by
measuring and applying transfer factors in dedicated CRs, as described in Section 7.2.
Separate CRs are prepared for each track pT bin shown in Table 7.1 to perform the
track pT binned transfer factor method. The SRs and VRs are prepared as track pT
inclusive regions; the track pT binned estimations are summed in these regions. All of the
procedures are implemented in the statistical fit framework, and the transfer factors and
the expected number of fake lepton background are obtained by the simultaneous fit.
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The transfer factor method is performed by first injecting dummy events into each CR
and normalizing its number to the number of events in data subtracted by the true lepton
contribution estimated by MC. Therefore, the normalization factor µCR is calculated by

µCR · ndummy = ndata � ntrueLep, (9.14)

where n represents the number of events. ndummy represents the initial value used for the
fit and does not have any meanings by itself; its value multiplied by µCR represents the fake
lepton track yield in the CR. The transfer factors are then calculated by taking the ratio
of normalization factors of CR-A and CR-B as illustrated in Fig. 7.3. When the number of
dummy events are set equally for CR-A and CR-B, the ratio of the normalization factors
equals to the actual ratio of the number of events, hence the transfer factor:

µCR-A

µCR-B

=
nCR-A

data
� nCR-A

trueLep

nCR-A

dummy

·
nCR-B

dummy

nCR-B

data
� nCR-B

trueLep

=
nCR-A

data
� nCR-A

trueLep

nCR-B

data
� nCR-B

trueLep

⌘ TF. (9.15)

The number of fake lepton component in SR, hereinafter denoted as nSR

fakeLep
, is then

obtained by multiplying the transfer factor to the fitted number of events in CR-C:

nSR

fakeLep
=
�
nCR-C

data
� nCR-C

trueLep

�
· TF = µCR-C · nCR-C

dummy
· TF. (9.16)

Finally, the total estimated background events in SR nSR

totalEst
is obtained by adding the fake

lepton component estimated by the data-driven method and the true lepton component
estimated by MC simulation:

nSR

totalEst
= nSR

fakeLep
+ nSR

trueLep
. (9.17)

In the fit, µCR-A, TF = µCR-A/µCR-B and µCR-C are the fit parameters and thus, the transfer
factors are obtained within the fit framework. The same procedures are performed for all
VRs, following the diagrams illustrated in Fig. 7.4–7.6.
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10. Results

This section shows and discusses the results of the statistical analysis, which has been
described in Section 9.

10.1 Background-only fit

Fits have been performed with the background-only hypothesis to obtain the expected
number of SM background events in the SRs. The method has been first validated with
dedicated VRs as described in Section 7.4. It must be noted that the fit has been per-
formed for each of the six pNN-✓ values for both electron and muon channels. Moreover,
the relative uncertainty on the expected total background is larger for the muon chan-
nel, as the dominant non-closure uncertainty assigned to the muon channel is larger as
mentioned in Section 8.3.

Fig. 10.1 and Fig. 10.2 show the agreement between observed data and estimated back-
ground yields in the VRs for each pNN-✓, for the electron channel and the muon channel,
respectively. The deviation between the observed data and the estimated background has
been quantified by the significance Z [174] defined as

Z =

8
>><

>>:

+

r
2
⇣
n ln

h
n(b+�2)

b2+n�2

i
�

b2

�2 ln
h
1 + �2(n�b)

b(b+�2)

i⌘
(n � b)

�

r
2
⇣
n ln

h
n(b+�2)

b2+n�2

i
�

b2

�2 ln
h
1 + �2(n�b)

b(b+�2)

i⌘
(n < b)

, (10.1)

where n is the observed number of events, and b ± � is the predicted number of events.
The significance is within ±2, and the numbers of observed data and estimated back-
ground agree within errors for all VRs for both channels, thus assuring the validity of the
background estimation method.
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(a) pNN-✓ = 1 GeV (b) pNN-✓ = 1.5 GeV

(c) pNN-✓ = 2 GeV (d) pNN-✓ = 3 GeV

(e) pNN-✓ = 4 GeV (f) pNN-✓ = 5 GeV

Figure 10.1: Agreement between observed data and estimated background yields in VRs for the electron
channel. From the left side, the bins represent the agreement in VR-highLarge, VR-DF, and VR-SS,
respectively. Data and estimation in all VRs agree within errors.
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(a) pNN-✓ = 1 GeV (b) pNN-✓ = 1.5 GeV

(c) pNN-✓ = 2 GeV (d) pNN-✓ = 3 GeV

(e) pNN-✓ = 4 GeV (f) pNN-✓ = 5 GeV

Figure 10.2: Agreement between observed data and estimated background yields in VRs for the muon
channel. From the left side, the bins represent the agreement in VR-highLarge, VR-DF, and VR-SS,
respectively. Data and estimation in all VRs agree within errors.

121



Since it has been verified that the background estimation method is valid, data yields
in the SRs for all pNN configurations have been unblinded. Tables 10.1–10.6 and 10.7–
10.12 show the observed and expected yields in SR and CRs for the electron channel and
the muon channel, respectively. In all SRs and CRs, the most dominant background is
the fake lepton track contribution, which has been estimated by the data-driven method
described in Section 7.2. Slight contributions from true lepton track background is also
observed in the SRs, originating from diboson and V +jets processses. Figs 10.3 and
10.4 show the agreement between the observed and expected yields in the SRs, with the
significance Z shown in the bottom panels. It can be seen that the data and prediction
agree well within Z < 2 in all SRs; no significant excess has been observed.

Table 10.1: Observed and expected event yields for SR and CRs for the electron channel, pNN-✓ = 1 GeV.

Yields SR CR-A CR-B CR-C

Observed 1 65 36716 341

Total fitted SM events 1.43 ± 0.37 65.00 ± 8.08 36715.99 ± 190.13 341.00 ± 18.35

Fake e track 1.10 ± 0.28 62.55 ± 8.18 36714.70 ± 190.13 340.73 ± 18.35
Diboson true e track 0.22 ± 0.18 1.48 ± 0.95 0.63 ± 0.34 0.20+0.22

�0.20

W+jets true e track 0.10+0.14
�0.10 0.31+0.31

�0.31 0.44+0.56
�0.44 0.07+0.10

�0.07

Z+jets true e track 0.00 ± 0.00 0.43 ± 0.26 0.22 ± 0.11 0.00 ± 0.00
Others 0.00 ± 0.00 0.21 ± 0.13 0.00 ± 0.00 0.00 ± 0.00

Table 10.2: Observed and expected event yields for SR and CRs for the electron channel, pNN-✓ =
1.5 GeV.

Yields SR CR-A CR-B CR-C

Observed 2 61 36028 401

Total fitted SM events 2.44 ± 0.56 60.84 ± 7.84 36027.73 ± 189.49 401.01 ± 20.03

Fake e track 1.93 ± 0.48 58.41 ± 7.95 36026.63 ± 189.49 400.72 ± 20.03
Diboson true e track 0.42 ± 0.28 1.48 ± 0.94 0.47 ± 0.25 0.20+0.21

�0.20

W+jets true e track 0.10+0.13
�0.10 0.24+0.29

�0.24 0.40+0.56
�0.40 0.07+0.10

�0.07

Z+jets true e track 0.00 ± 0.00 0.49 ± 0.27 0.22 ± 0.10 0.00 ± 0.00
Others 0.00 ± 0.00 0.21 ± 0.13 0.00 ± 0.00 0.00 ± 0.00

Table 10.3: Observed and expected event yields for SR and CRs for the electron channel, pNN-✓ = 2 GeV.

Yields SR CR-A CR-B CR-C

Observed 7 62 35207 504

Total fitted SM events 4.41 ± 0.92 62.00 ± 17.77 35207.00 ± 186.77 504.00 ± 22.35

Fake e track 3.65 ± 0.83 59.87 ± 6.80 35206.03 ± 186.78 503.70 ± 22.35
Diboson true e track 0.65 ± 0.42 1.39 ± 0.95 0.41 ± 0.24 0.22 ± 0.22
W+jets true e track 0.10+0.13

�0.10 0.00 ± 0.00 0.33+0.53
�0.33 0.07+0.10

�0.07

Z+jets true e track 0.00+0.01
�0.00 0.23 ± 0.19 0.20 ± 0.10 0.00 ± 0.00

Others 0.00 ± 0.00 0.21 ± 0.14 0.00 ± 0.00 0.00 ± 0.00
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Table 10.4: Observed and expected event yields for SR and CRs for the electron channel, pNN-✓ = 3 GeV.

Yields SR CR-A CR-B CR-C

Observed 7 58 33547 554

Total fitted SM events 8.44 ± 1.78 58.00 ± 7.67 33547.00 ± 183.17 554.00 ± 23.54

Fake e track 7.64 ± 1.76 56.46 ± 7.74 33546.11 ± 183.17 553.68 ± 23.54
Diboson true e track 0.67 ± 0.43 1.17 ± 0.88 0.41 ± 0.31 0.24 ± 0.21
W+jets true e track 0.10+0.13

�0.10 0.29+0.52
�0.29 0.33+0.52

�0.33 0.07+0.10
�0.07

Z+jets true e track 0.02 ± 0.02 0.14 ± 0.12 0.12 ± 0.07 0.00 ± 0.00
Others 0.00 ± 0.00 0.21 ± 0.15 0.00 ± 0.00 0.00 ± 0.00

Table 10.5: Observed and expected event yields for SR and CRs for the electron channel, pNN-✓ = 4 GeV.

Yields SR CR-A CR-B CR-C

Observed 6 50 33870 340

Total fitted SM events 9.88 ± 2.36 49.98 ± 7.05 33870.26 ± 182.80 339.94 ± 18.33

Fake e track 8.61 ± 2.24 49.12 ± 7.07 33869.34 ± 182.84 339.75 ± 18.33
Diboson true e track 0.78 ± 0.53 0.49 ± 0.34 0.52 ± 0.34 0.09 ± 0.09
W+jets true e track 0.41+0.43

�0.41 0.07 ± 0.07 0.33+0.53
�0.33 0.07+0.09

�0.07

Z+jets true e track 0.09 ± 0.07 0.05+0.08
�0.05 0.06 ± 0.04 0.02+0.03

�0.02

Others 0.00 ± 0.00 0.21 ± 0.15 0.00 ± 0.00 0.00 ± 0.00

Table 10.6: Observed and expected event yields for SR and CRs for the electron channel, pNN-✓ = 5 GeV.

Yields SR CR-A CR-B CR-C

Observed 7 47 34932 214

Total fitted SM events 5.76 ± 1.75 46.84 ± 6.89 34932.39 ± 187.54 214.08 ± 14.69

Fake e track 4.74 ± 1.66 46.39 ± 6.90 33931.54 ± 187.54 213.85 ± 14.69
Diboson true e track 0.65 ± 0.44 0.38 ± 0.30 0.66 ± 0.39 0.09 ± 0.09
W+jets true e track 0.12+0.14

�0.12 0.02+0.03
�0.02 0.12 ± 0.11 0.07+0.09

�0.07

Z+jets true e track 0.25 ± 0.20 0.03+0.05
�0.03 0.07 ± 0.04 0.06+0.18

�0.06

Others 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Table 10.7: Observed and expected event yields for SR and CRs for the muon channel, pNN-✓ = 1 GeV.

Yields SR CR-A CR-B CR-C

Observed 6 365 31872 473

Total fitted SM events 6.54 ± 2.39 365.15 ± 19.20 31872.13 ± 179.13 472.98 ± 21.82

Fake µ track 5.74 ± 2.34 358.48 ± 19.36 31867.79 ± 179.14 472.15 ± 21.83
Diboson true µ track 0.79 ± 0.53 3.79 ± 1.54 2.79 ± 1.19 0.82 ± 0.46
W+jets true µ track 0.00 ± 0.00 0.98 ± 0.88 0.10+0.13

�0.10 0.00 ± 0.00
Z+jets true µ track 0.01 ± 0.01 1.58 ± 0.65 0.71 ± 0.33 0.00 ± 0.00
Others 0.00 ± 0.00 0.32 ± 0.18 0.73 ± 0.33 0.00 ± 0.00
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Table 10.8: Observed and expected event yields for SR and CRs for the muon channel, pNN-✓ = 1.5 GeV.

Yields SR CR-A CR-B CR-C

Observed 11 341 30386 866

Total fitted SM events 12.06 ± 4.44 340.99 ± 18.48 30385.83 ± 174.31 865.96 ± 29.43

Fake µ track 10.80 ± 4.39 335.65 ± 18.60 30381.85 ± 174.32 864.85 ± 29.43
Diboson true µ track 1.25 ± 0.78 2.69 ± 1.09 2.44 ± 1.08 1.10 ± 0.55
W+jets true µ track 0.00 ± 0.00 1.00 ± 0.87 0.11+0.13

�0.11 0.00+0.01
�0.00

Z+jets true µ track 0.01 ± 0.01 1.45 ± 0.62 0.68 ± 0.31 0.00 ± 0.00
Others 0.00 ± 0.00 0.18 ± 0.10 0.73 ± 0.33 0.00 ± 0.00

Table 10.9: Observed and expected event yields for SR and CRs for the muon channel, pNN-✓ = 2 GeV.

Yields SR CR-A CR-B CR-C

Observed 17 319 29114 1097

Total fitted SM events 17.06 ± 6.37 318.78 ± 17.93 29114.02 ± 170.63 1097.05 ± 33.13

Fake µ track 15.59 ± 6.33 314.06 ± 18.07 29110.76 ± 170.63 1095.79 ± 33.13
Diboson true µ track 1.33 ± 0.82 2.27 ± 0.97 2.05 ± 0.94 1.25 ± 0.58
W+jets true µ track 0.00 ± 0.00 0.92+1.11

�0.92 0.10 ± 0.09 0.00+0.01
�0.00

Z+jets true µ track 0.14 ± 0.12 1.34 ± 0.59 0.61 ± 0.29 0.00+0.01
�0.00

Others 0.00 ± 0.00 0.18 ± 0.10 0.53 ± 0.23 0.00 ± 0.00

Table 10.10: Observed and expected event yields for SR and CRs for the muon channel, pNN-✓ = 3 GeV.

Yields SR CR-A CR-B CR-C

Observed 22 274 27337 1004

Total fitted SM events 19.46 ± 7.20 274.01 ± 16.56 27336.87 ± 165.34 1004.00 ± 31.69

Fake µ track 17.47 ± 7.14 270.01 ± 16.64 27333.68 ± 165.34 1003.45 ± 31.69
Diboson true µ track 1.73 ± 1.03 2.30 ± 1.04 2.05 ± 0.83 0.53 ± 0.29
W+jets true µ track 0.00+0.01

�0.00 0.42 ± 0.38 0.04+0.05
�0.04 0.00+0.01

�0.00

Z+jets true µ track 0.26 ± 0.19 1.09 ± 0.53 0.59 ± 0.26 0.02 ± 0.02
Others 0.00 ± 0.00 0.18 ± 0.11 0.53 ± 0.23 0.00 ± 0.00

Table 10.11: Observed and expected event yields for SR and CRs for the muon channel, pNN-✓ = 4 GeV.

Yields SR CR-A CR-B CR-C

Observed 18 248 26762 717

Total fitted SM events 12.68 ± 4.65 248.07 ± 15.79 26762.00 ± 163.59 717.01 ± 26.78

Fake µ track 10.91 ± 4.60 244.41 ± 15.86 26758.85 ± 163.60 716.65 ± 26.78
Diboson true µ track 1.37 ± 0.82 2.28 ± 1.04 2.06 ± 0.88 0.30 ± 0.20
W+jets true µ track 0.00+0.01

�0.00 0.26 ± 0.23 0.07 ± 0.06 0.05 ± 0.05
Z+jets true µ track 0.40 ± 0.26 0.77 ± 0.41 0.48 ± 0.24 0.00 ± 0.00
Others 0.00 ± 0.00 0.32 ± 0.20 0.53 ± 0.23 0.00 ± 0.00
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Table 10.12: Observed and expected event yields for SR and CRs for the muon channel, pNN-✓ = 5 GeV.

Yields SR CR-A CR-B CR-C

Observed 16 226 25873 488

Total fitted SM events 7.91 ± 3.25 226.00 ± 15.49 25873.00 ± 160.86 488.00 ± 22.10

Fake µ track 6.38 ± 3.14 223.96 ± 15.52 25869.82 ± 160.87 487.69 ± 22.10
Diboson true µ track 1.07 ± 0.65 1.10 ± 0.53 2.20 ± 1.12 0.22 ± 0.16
W+jets true µ track 0.00 ± 0.00 0.35+0.50

�0.35 0.04+0.05
�0.04 0.00+0.01

�0.00

Z+jets true µ track 0.46 ± 0.30 0.38 ± 0.32 0.38 ± 0.22 0.08 ± 0.07
Others 0.00 ± 0.00 0.18 ± 0.11 0.53 ± 0.23 0.00 ± 0.00

Figure 10.3: Agreement between observed data and estimated background yields in SRs for the electron
channel. From the left side, the bins represent the agreement in SRs for pNN-✓ = 1, 1.5, 2, 3, 4, and
5 GeV. The bottom panel shows the significance Z calculated by Eq. (10.1). The data and prediction
agree well within Z < 2 in all SRs.
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Figure 10.4: Agreement between observed data and estimated background yields in SRs for the muon
channel. From the left side, the bins represent the agreement in SRs for pNN-✓ = 1, 1.5, 2, 3, 4, and
5 GeV. The bottom panel shows the significance Z calculated by Eq. (10.1). The data and prediction
agree well within Z < 2 in all SRs.

Furthermore, the kinematic distributions in the SRs have been checked. As examples,
Fig. 10.5 and Fig. 10.6 show the kinematic distributions for some of the important vari-
ables for the electron channel and the muon channel, respectively for one pNN-✓. Good
overall agreement within errors has been observed for both channels, and no significant
discrepancies in the distributions have been seen.
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Figure 10.5: Kinematic distributions of data and estimated background in the SR for the electron channel,
pNN-✓ = 3 GeV. Good overall agreement within errors has been observed, with low statistics taken into
account. Signal distributions for m(�̃0

2, �̃
0
1) = (102, 100), (127, 125), and (128, 125) GeV are also shown.
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Figure 10.6: Kinematic distributions of data and estimated background in the SR for the muon channel,
pNN-✓ = 2 GeV. Good overall agreement within errors has been observed between data and prediction.
Signal distributions for m(�̃0

2, �̃
0
1) = (102, 100), (127, 125), and (128, 125) GeV are also shown.
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10.2 Model-dependent fit

Since no significant excess has been observed in all SRs, model-dependent fits have been
performed to set exclusion limits on the target signal models, described in Sections 1.3.1
and 3.3.1. The fits have been performed for both electron and muon channels with all
six pNN-✓s: 1, 1.5, 2, 3, 4, and 5 GeV. Fig. 10.7 and Fig. 10.8 show the observed and
expected exclusion limits for each pNN-✓ for electron and muon channels, respectively.
All of the exclusion limits are at 95% confidence level and are shown in the m(�̃±

1
) =

1

2

�
m(�̃0

2
) + m(�̃0

1
)
 

vs �m(�̃±
1
, �̃0

1
) plane for easy comparison with results from other

searches.
Moreover, the six pNN-✓s have been combined to draw a single exclusion contour for

each channel. As these SRs could have possible overlaps, the envelope of the six contours
has been taken by adopting the pNN-✓ with the smallest expected CLs value for each
of the signal mass points. Fig. 10.9 shows the observed and expected exclusion limits
obtained by combining the six pNN-✓s for each channel. For the electron channel, slight
excess in data for pNN-✓ = 2 GeV and slight deficit in data for pNN-✓ = 4 GeV have
resulted in a rather distorted observed limit with respect to the expected limit. For the
muon channel, slight excess in data for pNN-✓ = 4 GeV and pNN-✓ = 5 GeV have resulted
in a looser limit for higher mass splitting values.

Up to this point, the electron and muon channels have been analyzed and evaluated
separately, however, as these channels are orthogonal to each other, they can be statis-
tically combined by performing channel inclusive fits. Channel inclusive fits have been
performed for the six pNN-✓ configurations, and the configurations have been combined
by the above method. Fig. 10.10 shows the observed and expected exclusion limits for
each pNN-✓ for the channel inclusive fits, and Fig. 10.11 shows the pNN combined ob-
served and expected exclusion limits of the channel inclusive fits. The observed limit and
the exclusion limit is similar for the channel inclusive fit due to coincidental e↵ects; the
e↵ect of excess observed in the higher mass splitting values for the muon channel has
been complemented by the e↵ect of deficit observed in similar regions for the electron
channel. The final observed exclusion limit, obtained from the statistical combination of
both electron and muon channels and the combination of six pNN-✓s, extends beyond
m(�̃±

1
) = 130 GeV for compressed mass regions with �m(�̃±

1
, �̃0

1
) = 1–2 GeV, which have

never been explored by experiments at the LHC.
Fig. 10.12 shows the pNN combined observed and expected exclusion limits overlaid

on results observed by existing analyses. It can be seen that the search presented in this
dissertation plays a crucial role of searching the gap between the previous soft 2L search
and the displaced track search.
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(a) pNN-✓ = 1 GeV
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(b) pNN-✓ = 1.5 GeV

80 100 120 140 160 180 200 220 240
 [GeV])

1
±χ∼m(

1

10

 [G
eV

]
) 10

χ∼ , 1±
χ∼

m
(

∆

0.9

0.6

0.3

0.2

0.3

0.6

1

0.8

0.6

0.5

0.6

0.7

0.9

0.8

0.7

0.7

0.8

0.9

0.9

0.8

0.7

0.8

0.8

0.5

0.09

0.06

0.2

0.4

G
rey N

um
bers R

epresent O
bserved C

Ls Value

)expσ1 ±Expected Limit (

)SUSY
theoryσ1 ±Observed Limit (

))
1

0
χ∼, 

1
±

χ∼m(∆) + 2
1

0
χ∼) = m(

2

0
χ∼m( (Higgsino, 

1

0
χ∼

2

0
χ∼, 

1
±

χ∼
2

0
χ∼→pp

, All limits at 95% CL-1=13 TeV, 140 fbs

(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV
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(e) pNN-✓ = 4 GeV
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(f) pNN-✓ = 5 GeV

Figure 10.7: Observed and expected exclusion limits of the electron channel for each pNN-✓. The red
solid line and the dotted line show the observed exclusion limit and its one standard deviation from
theoretical uncertainties, respectively. The black dashed line and the yellow band represent the expected
exclusion limit and its one standard deviation, respectively. The grey numbers respresent the expected
CLs value for each signal mass grid point.
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(a) pNN-✓ = 1 GeV
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(b) pNN-✓ = 1.5 GeV
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(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV
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(e) pNN-✓ = 4 GeV
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(f) pNN-✓ = 5 GeV

Figure 10.8: Observed and expected exclusion limits of the muon channel for each pNN-✓. The red solid
line and the dotted line show the observed exclusion limit and its one standard deviation from theoretical
uncertainties, respectively. The black dashed line and the yellow band represent the expected exclusion
limit and its one standard deviation, respectively. The grey numbers respresent the expected CLs value
for each signal mass grid point.
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(a) Electron channel
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(b) Muon channel

Figure 10.9: pNN combined observed and expected exclusion limits for electron and muon channels. The
red solid line and the dotted line show the observed exclusion limit and its one standard deviation from
theoretical uncertainties, respectively. The black dashed line and the yellow band represent the expected
exclusion limit and its one standard deviation, respectively. The grey numbers respresent the expected
CLs value for each signal mass grid point.
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(a) pNN-✓ = 1 GeV
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(b) pNN-✓ = 1.5 GeV
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(c) pNN-✓ = 2 GeV

80 100 120 140 160 180 200 220 240
 [GeV])

1
±χ∼m(

1

10
 [G

eV
]

) 10
χ∼ , 1±

χ∼
m

(
∆

0.7

0.2

0.009

0.0007

0.004

0.05

0.9

0.5

0.2

0.02

0.05

0.2

0.7

0.5

0.2

0.2

0.4

0.9

0.7

0.4

0.4

0.6

0.4

0.01

0.0005

4e-05

0.0008

0.01

G
rey N

um
bers R

epresent O
bserved C

Ls Value

)expσ1 ±Expected Limit (

)SUSY
theoryσ1 ±Observed Limit (

))
1

0
χ∼, 

1
±

χ∼m(∆) + 2
1

0
χ∼) = m(

2

0
χ∼m( (Higgsino, 

1

0
χ∼

2

0
χ∼, 

1
±

χ∼
2

0
χ∼→pp

, All limits at 95% CL-1=13 TeV, 140 fbs

(d) pNN-✓ = 3 GeV
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(e) pNN-✓ = 4 GeV
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(f) pNN-✓ = 5 GeV

Figure 10.10: Channel inclusive observed and expected exclusion limits for each pNN-✓. The red solid
line and the dotted line show the observed exclusion limit and its one standard deviation from theoretical
uncertainties, respectively. The black dashed line and the yellow band represent the expected exclusion
limit and its one standard deviation, respectively. The grey numbers respresent the expected CLs value
for each signal mass grid point.
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Figure 10.11: Channel inclusive pNN combined observed and expected exclusion limits. The red solid
line and the dotted line show the observed exclusion limit and its one standard deviation from theoretical
uncertainties, respectively. The black dashed line and the yellow band represent the expected exclusion
limit and its one standard deviation, respectively. The grey numbers respresent the expected CLs value
for each signal mass grid point.

Figure 10.12: pNN combined observed and expected exclusion limits overlaid on observed results from
existing analyses targeting higgsinos with compressed mass spectra. The red, blue, and violet solid
(dashed) lines each represent pNN combined observed (expected) exclusion limit for the electron channel,
the muon channel, and the combination of the two channels.
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10.3 Model-independent fit

Model-independent fits have been performed to set upper limits on the number of BSM
events in the target search regions, having an event topology with a high-pT hadronic jet,
large missing transverse momentum, a low-pT lepton, and a very-low-pT lepton-like track.
For this purpose, as summarized in Table 10.13, three dedicated “discovery” SRs have
been defined by combining the electron and muon channel SRs for three pNN-✓ values:
pNN-✓ = 1, 3, and 5 GeV, corresponding to small-�m, mid-�m and large-�m. Each of
them has been named as SR-small-dM, SR-mid-dM, and SR-large-dM.

Table 10.13: Summary of the discovery SRs. Three regions are defined by combining the electron and
muon channel exclusion SRs for three pNN-✓ values.

SR-small-dM SR-mid-dM SR-large-dM

pNN-✓ [GeV] 1 3 5

Fig. 10.13 shows the p-values as a function of signal strength µsig for each of the
discovery SRs, obtained from the model-independent upper limit scans. Table 10.14
summarizes the model-independent upper limits obtained from these scans. For SR-
small-dM, SR-mid-dM, and SR-large-dM, the observed upper limits on the cross section
of BSM processes are 0.05 fb, 0.13 fb, and 0.14 fb, respectively.

Table 10.14: Model-independent upper limits for SR-small-dM, SR-mid-dM, and SR-large-dM.

Observed Expected h✏�i
95

obs
[fb] S95

obs
S95

exp
CLb p(s = 0) (Z)

SR-small-dM 7 7.97 ± 2.42 0.05 7.5 8.0+3.7

�2.2
0.41 0.50 (0.00)

SR-mid-dM 29 27.90 ± 7.42 0.13 18.6 18.1+6.5

�4.7
0.55 0.50 (0.01)

SR-large-dM 23 13.67 ± 3.69 0.14 20.3 12.7+5.3

�3.5
0.91 0.06 (1.52)

135



(a) SR-small-dM (b) SR-mid-dM

(c) SR-large-dM

Figure 10.13: Observed CLs, CLs+b, and CLb as a function of injected signal yield. Expected CLs

values with the ±1� and ±2� bands are also shown. The horizontal red line indicates the p-value at 0.05,
corresponding to 95% confidence level.
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11. Discussion

11.1 Slight excess observed for the muon channel

Although there was no significant excesses of observed data in any of the SRs, it can be
seen in Fig. 10.4 that a slight excess of 1.5� has been observed in the SRs of the muon
channel for pNN-✓ = 5 GeV. It is di�cult to determine the source of this excess without
additional statistics, however, some candidates of the source is discussed here.

Fig. 11.1 shows some of the important kinematic distributions of the observed data
and estimated background in the SR for the muon channel for pNN-✓ = 5 GeV. It can
be seen from these distributions that the excess comes from the high track pT region, in
particular, the region with pT = 3–5 GeV. Dependencies on other variables have not been
observed.

If the excess is from an actual BSM process, it is less-likely that it is from the targeted
higgsino pair production signal. This is because, the mass region which pNN-✓ = 5 GeV
targets has large overlaps with the region which has already been excluded by the soft
2L search. Moreover, the electron channel does not present a similar excess; this is also
incompatible with the higgsino signal hypothesis. Therefore, if one assumes that this
excess is from BSM, it would likely be from another process involving the high-pT jet
+ Emiss

T
topology, favoring the emission of low-pT muons over low-pT electrons. On the

other hand, if the excess is from SM background, it is likely that the excess is from
the dominant W (! µ⌫)+jets background, in which a hadronic track from an underlying
event is accidentally identified as a low-pT muon track. However, hadronic tracks from
underlying events tend to have lower pT, so it is not fully clear why the excess gathers in
the high track pT regions. As mentioned earlier, more data would be necessary to further
understand the source of this excess.

11.2 Comparison to previous approaches and other
experiments

Comparison to the ATLAS soft 2L search

As shown in Fig. 10.12, the search presented in this dissertation has successfully explored
the mass splitting region with �m(�̃±

1
, �̃0

1
) = 1–1.5 GeV (or �m(�̃±

1
, �̃0

1
) = 2–3 GeV) for

the first time since the LEP2 experiment. Compared to the soft 2L search, which targets
the same event topology with high-pT hadronic jet, missing transverse momentum, and
two low-pT leptons from �̃0

2
! �̃0

1
`+`� decay, this search has extended the search region
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Figure 11.1: Kinematic distributions of data and estimated background in the SR for the muon channel,
pNN-✓ = 5 GeV, which has the largest excess in this search. The excess comes from high track pT region,
namely from the 3–5 GeV bin.
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down to smaller mass splitting regions by the combination of the two following e↵orts:

• Significant suppression of low-pT fake lepton tracks by the development of low-pT
lepton track identification methods,

• More sophisticated signal and background separation by a pNN-based event selec-
tion method.

The soft 2L search required two standard leptons or one standard lepton plus an
unidentified isolated track. The lower pT bound for standard electrons and muons were
4.5 GeV and 3 GeV, respectively, which are the same as the standard lepton criteria
used in this search. The event selection was performed by imposing uniform cuts on all
considered mass points.

On the other hand, this search requires one standard lepton and one low-pT lepton
identified track, with lower pT bounds reaching 0.5 GeV and 1 GeV for the electron chan-
nel and muon channel, respectively. The introduction of these algorithms contributes
significantly to the suppression of low-pT fake lepton tracks, which was also the main
background of the one lepton plus one isolated track channel of the soft 2L search. Fur-
thermore, the event selection of this search is performed by a pNN, considering the event
topology dependencies on the mass splitting, as shown in Fig 6.4 and Fig. 6.5. Compared
to the dominant W+jets background, the event topology di↵er more for smaller mass
splitting values, which has also contributed to the increased sensitivity in the correspond-
ing regions.

Comparison to the CMS experiment

The CMS experiment has also performed a higgsino search similar to the ATLAS soft
2L search [175]. Fig. 11.2 shows the exclusion limits set on simplified higgsino models
set by the CMS experiment. Higgsino mass of up to 150 GeV has been excluded for
�m(�̃0

2
, �̃0

1
) = 3 GeV, however, regions having smaller mass splittings have not been

considered. Therefore, as of today, this search sets the most stringent limit on simplified
higgsino models in the targeted mass regions of �m(�̃0

2
, �̃0

1
) = 2–3 GeV.

11.3 Interpretation in �m(�̃0
2, �̃

0
1) vs m(�̃0

1)

Although the results presented in Section 10.2 have assumed a simplified model with
�m(�̃0

2
, �̃0

1
) = 2�m(�̃±

1
, �̃0

1
) for easier comparison with previous search results, this search

itself is indepedent of the mass of �̃±
1
. Hence, it is possible to apply the results to a wider

range of supersymmetric models which do not assume the �̃±
1
mass. In particular, in the

limit where the bino and wino masses M1 and M2 are much larger than the higgsino mass
parameter µ, higgsino mass splittings at tree-level can be approximated by the following
[176]:

�m(�̃0

2
, �̃0

1
) = m2

Z

✓
c2
W

M2

+
s2
W

M1

◆
+ . . . , (11.1)

�m(�̃±
1
, �̃0

1
) = m2

Z

⇢
(1 � � sin 2�)

c2
W

M2

+ (1 + � sin 2�)
s2
W

M1

�
+ . . . , (11.2)
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Figure 11.2: Exclusion limits set on simplified higgsino models by the CMS experiment [175]. Note that
the lower bound on �m(�̃0

2, �̃
0
1) of this plot is 3 GeV; the mass region targeted by this search is not

shown.

in which cW ⌘ cos ✓W , sW ⌘ sin ✓W , and � ⌘ sgn(µ). Only in the further limit of large
tan � or when M1/M2 = s2

W
/c2

W
, the simplified assumption of �m(�̃0

2
, �̃0

1
) = 2�m(�̃±

1
, �̃0

1
)

holds. Thus, removing the �̃±
1
mass assumption enables the search results to be interpreted

also for supersymmetric models with smaller tan �.
Fig. 11.3 shows the pNN combined exclusion limits in the �m(�̃0

2
, �̃0

1
) vs m(�̃0

1
) plane

for the electron channel, muon channel, and combined. Each of them corresponds to
Fig. 10.9a, Fig. 10.9b, and Fig. 10.11. For wider ranges of models without the assumption
of �̃±

1
mass, m(�̃0

1
) of up to 130 GeV has been excluded in the mass splitting region of

�m(�̃0

2
, �̃0

1
) = 2–4 GeV.
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Figure 11.3: pNN combined observed and expected exclusion limits in the �m(�̃0
2, �̃

0
1) vs m(�̃0

1) plane
for the electron channel, muon channel, and combined. The red solid line and the dotted line show
the observed exclusion limit and its one standard deviation from theoretical uncertainties, respectively.
The black dashed line and the yellow band represent the expected exclusion limit and its one standard
deviation, respectively. The grey numbers respresent the expected CLs value for each signal mass grid
point.
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11.4 Impact on SUSY mass parameters

As described in Section 1.2.3, the masses of the neutralinos are represented by the funda-
mental SUSY mass parameters µ, M1, and M2. Thus, the results shown in Section 11.3
can further be interpreted to examine the impact on these fundamental parameters.

In typical models such as NUHM models, the mass hierarchy relation are likely to
satisfy |µ| < M1 < M2. In such cases, the slight mixture of the bino component with the
dominant higgsino component could lead to a non-trivial mass splitting value between the
light mass eigenstates. Hence, in this interpretation, the impact of the wino component is
assumed to be negligible; the relation |µ| ⌧ M1 ⌧ M2 is assumed to examine the impact
of the results on only the higgsino and bino mass parameters, µ and M1. Under such
assumptions, the higgsino and bino mass parameters are given by

|µ| = m(�̃0

1
) +

1

2
(1 + � sin 2�)�m(�̃0

2
, �̃0

1
), (11.3)

M1 = m2

Z

s2
W

�m(�̃0

2
, �̃0

1
)
. (11.4)

Fig. 11.4 shows the interpretation of the results of this search in the fundamental
mass parameter plane of µ vs M1, under the above assumptions. Since �m(�̃0

2
, �̃0

1
) is

much smaller compared to m(�̃0

1
), |µ| depends only slightly on tan� and � according to

Eq. (11.3); they have been set to tan � = 10 and � = �1 as a benchmark scenario. It has
been observed that this search extends the limit on M1 by about 1 TeV for |µ| below 130
GeV, compared to the previous soft 2L search. As mentioned in Section 11.3, the limits
shown here do not depend on the mass of the charged higgsino �̃±

1
.

Figure 11.4: Interpretation of the search results in the µ vs M1 plane. |µ| ⌧ M1 ⌧ M2, tan� = 10, and
� ⌘ sgn(µ) = �1 have been assumed for simplicity. This search extends the limit on M1 by about 1 TeV.
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11.5 Prospects in future experiments

The results presented in this dissertation uses the full LHC Run 2 dataset collected by
the ATLAS experiment, corresponding to 140 fb�1 of proton-proton collision data at
p

s = 13 TeV. It is worthwhile to estimate the expected sensitivity of this search method
in future experiments, especially with the ongoing LHC Run 3 and HL-LHC starting in
2029, to devise future search strategies. In this study, the performances of the low-pT
electron and muon track IDs in future experiments are assumed to be the same as LHC
Run 2 for simplicity.

Expected sensitivities of this search in LHC Run 3 and HL-LHC have been evaluated
as expected exclusion contours and discovery reaches by scaling the number of signal
and background yields in the SRs. The scaling factors are comprised of two elements as
summarized in Table 11.1: the integrated luminosity ratio and the cross section ratio.
The signal cross sections have been estimated to rise by about 10(15)% by the transition
from

p
s = 13 TeV to

p
s = 13.6(14) TeV. The background cross sections have been

estimated using those of the dominant W+jets processes; they are expected to increase
by 5(8)% by the energy increase in Run 3 (HL-LHC). The final significance is calculated
by the scaled signal yields, background yields, and the background uncertainties using
Eq. (10.1). Z > 1.645, corresponding to 95% CL, is required for exclusion, and Z > 5 is
required for discovery.

Table 11.1: Summary of the scaling factors used for evaluating the expected sensitivities for future
experiments. The integrated luminosity factors are derived by simply taking the ratio over 140 fb�1.
The cross section ratios correspond to the expected increase by the increase of center-of-mass energy:
p
s = 13.6 TeV for LHC Run 3 and

p
s = 14 TeV for HL-LHC. Note that the 400 fb�1 of LHC Run

3 includes the Run 2 data of 140 fb�1, thus the cross section factors have been applied only to the
corresponding 260 fb�1.

LHC Run 3 (400 fb�1) HL-LHC (3000 fb�1) HL-LHC (4000 fb�1)

Integrated luminosity 2.86 21.4 28.6
Signal cross section 1.10 1.15 1.15
Background cross section 1.05 1.08 1.08

Fig. 11.5 shows the expected exclusion and discovery reach of this search in LHC Run
3 and HL-LHC, evaluated by the above method. In the case in which the higgsino does
not exist in the corresponding search region, the exclusion limit is expected to reach up
to higgsino mass of 160 GeV and 170 GeV for LHC Run 3 and HL-LHC, respectively.
The expected discovery reaches for LHC Run 3 and HL-LHC both lie within the observed
exclusion of the search presented in this dissertation; even if higgsinos exist in this target
mass splitting region, they cannot be discovered by the ATLAS experiment with the same
strategy. This gives out a significant message that further improvements in the analysis
method are necessary to discover higgsinos in future LHC experiments.

Possible future improvements

Some improvements are proposed below for possible amelioration of the sensitivity to
higgsinos in future experiments, using the low-momentum lepton signatures targeted in
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Figure 11.5: Expected exclusion and discovery reach of this search in LHC Run 3 and HL-LHC. The
expected discovery reaches lie within the observed exclusion limit presented in this dissertation.

this search. The sensitivity of this search largely depends on the identification of the low-
momentum leptons emitted from the neutral higgsino decay, �̃0

2
! �̃0

1
`+`�. Therefore,

the first-order improvements are expected to be of those related to the performance of
low-pT lepton identification:

• Improvement of the low-pT lepton track identification,

• Improvement of the standard lepton identification, with possible extension to lower
pT regime,

• Addition of the 0`2T channel.

The first item, the improvement of the low-pT lepton track identification, is the most
straightforward way of ameliorating the sensitivity of this search. This could be realized by
adding further information as inputs to the low-pT lepton track identification algorithms.
For example, the shape information of the topo-clusters could be added for both electron
and muon track identification, to further discriminate lepton-like tracks and hadron-like
tracks.

The second item, the improvement of the standard lepton identification is also expected
to have significant impact on the search. The current pT threshold of 4.5 (3) GeV of the
standard electron (muon) identification sets a stringent limit on this search, as signal
leptons tend to have lower pT for the target �m(�̃0

2
, �̃0

1
) = 2–3 GeV region. However, as

the standard electron and muon identification criteria have tighter requirements on the
calorimeter energy thresholds and muon spectrometer hits, respectively, this item may
be more di�cult to achieve, at least in the ongoing LHC Run 3 due to similar detector
performances.

The third item, the addition of the 0`2T channel, could follow after the success of the
first item. The requirement of the one standard ID lepton of this search is imposed to
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achieve su�cient background reduction. If this could be achieved with the low-pT lepton
track identification algorithms, addition of a channel requiring no standardly identified
lepton and two low-pT lepton-like tracks, could result in further sensitivity.

In addition to the aforementioned items, improvement of the event selection method
and statistical combinations with the 2L search and the displaced track search could
also be considered. However, these improvements are expected to have only second-order
impacts on the sensitivity to higgsinos.
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12. Conclusion

The dissertation presents the search for higgsinos using 140 fb�1 of proton-proton collisions
at center-of-mass energy of

p
s = 13 TeV at the LHC, collected by the ATLAS detector

in 2015–2018. The search targets final states with a high-pT hadronic jet, large Emiss

T
,

and two low-pT leptons, which is the expected event topology of higgsino pair production
events with the neutral higgsino decay �̃0

2
! �̃0

1
`+`�. The sensitivity to higgsinos has

been drastically improved by the development and application of new low-pT electron
and muon track identification algorithms and the introduction of neural-network-based
event selection techniques which consider the kinematic dependencies on �m(�̃0

2
, �̃0

1
). The

dominant 1L + fake lepton track background has been estimated by a data-driven method
to reduce MC modeling uncertainties on the fake lepton track. In all Signal Regions, no
significant excess of data has been observed.

Exclusion limits on the target higgsino models have been set at 95% confidence level.
In the context of the simplified higgsino model with �m(�̃0

2
, �̃0

1
) = 2�m(�̃±

1
, �̃0

1
), higgsino

mass of up to 130 GeV has been excluded for target regions of �m(�̃±
1
, �̃0

1
) = 1–2 GeV.

The limits in terms of higgsino mass have been extended by 40 GeV, compared to the
results from the LEP2 experiment. This is the first search at the LHC to probe such mass
splitting regions; this search has successfully contributed to covering the “higgsino gap”
with the LHC.
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13. Contributions to the Level-1 Muon
Trigger System in Run 3

The muon trigger system is crucial for probing new physics in the ATLAS experiment;
although the search presented in this dissertation does not directly use the muon trigger, it
is exploited in many of the e�ciency measurements of the objects used in this search, such
as the muon and the low-pT muon track in the muon channel. In addition to the search for
higgsinos, significant e↵orts have been put into leading the development, commissioning,
and the operation of the TGC detector and Level-1 muon trigger systems for LHC Run
3. This section briefly summarizes the contributions, primarily made during my Master’s
program in 2019–2021.

13.1 Run 3 upgrade of the Level-1 muon trigger

As described earlier in Section 2.2.7, the ATLAS Level-1 muon trigger is a hardware-
based system, which triggers physics events of interest by identifying muon candidates in
the RPC and TGC detectors for barrel and endcap regions, respectively. For LHC Run
3, the Level-1 endcap muon trigger has been significantly upgraded from Run 2; New
Small Wheel (NSW) [177] detector and other inner muon detectors have been introduced
to reduce fake muon trigger signals originating from protons emerging from the beam
pipe and toroid magnets, as illustrated in Fig. 13.1. By taking the coincidence between
the TGC and the inner muon detectors, reduction of fake muon trigger signals has been
achieved as shown in Fig. 13.2 [178].

Since the inputs to the trigger logic have largely increased due to the introduction
of new detectors, the backend trigger logic boards had to be newly designed. Therefore,
New Sector Logic (New SL) boards [179], capable of processing the endcap muon trigger
using the inputs from TGC and NSW detectors, have been developed. The surrounding
systems, which for example handle clock signal distribution, trigger readout, and trigger
output processing, have also been developed accordingly.

13.2 Realization of integrated control

In the summer of 2019, the development of the Run 3 Level-1 muon trigger was still at its
preparatory stage, where tests of the new electronics, including the New SL boards, were
still carried out at single board level. The implementation of the new electronics and their
corresponding software applications to the ATLAS control system was of utmost priority
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Figure 13.1: A schematic illustration of detectors involved in the Run 3 Level-1 endcap muon trigger and
the fake muon trigger signals.
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Figure 13.2: The performance of the Level-1 muon trigger in 2023 [178], before and after the enablement of
the coincidence between TGC and inner detectors: Tile and NSW. Enabling the coincidence has reduced
the trigger rate by 8 kHz, while the drop of plateau e�ciency has been kept to approximately 4%.
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to proceed with further commissioning of the system.
This has been achieved by redesigning and developing the TDAQ software and database

necessary to systematically control the whole system. The Run 3 Level-1 muon trigger
system has been successfully synchronized to the legacy Run 2 TGC frontend system by
scrutinization of the initialization procedures of each electronic device and the communica-
tion procedures of each optical link between the electronics. Furthermore, the robustness
of the system has been enhanced by the implementation of monitoring functionalities of
the new electronics, which are capable of detecting possible erros and hardware failures.
The softwares and functions described here are currently in use in the ongoing Run 3
data-taking.

13.3 Development of a new software-based readout
system

For o✏ine validation and performance evaluation of the Run 3 Level-1 endcap muon
trigger algorithm, the trigger logic input and output data must be read out. This was
originally done by a hardware-based system in Run 2, however, a new software-based
readout system called Software-based Readout Driver (SROD) [180], has been developed
for Run 3 to improve flexibility and to cope with large increase in trigger input data.
Stable trigger readout has been achieved at 100 kHz by scrutinization and modification
of the event-building software and evaluating its performance.

Fig. 13.3 shows an overview of the SROD and its software structure. The SROD is
designed to run on a commercially available high-performance servers. A single SROD
receives trigger inputs and outputs from 12 New SL boards via TCP/IP protocol. It
adopts a multi-process architecture to collect data and build the event data in parallel.
The “EventBuilder” application is responsible for formatting the final event data, which is
sent out the ATLAS Readout System (ROS). Therefore, the EventBuilder application has
the heaviest load, and its performance determines the performance of the SROD system.
For stable operation at the nominal Level-1 trigger rate of 100 kHz, the event-building
must be processed within 10 µs on average.

The processing speed of the EventBuilder application has been improved by countless
code optimizations including the reduction of certain variable types and the use of array
of function pointers. As a result, the performance of the SROD reached well beyond that
was expected to be required for Run 3 as shown in Fig. 13.4. The performances shown
in these figures have been evaluated in 2021, however, further modifications have been
carried out before the start of Run 3 in 2022.

13.4 Commissioning and stable operation

Significant contributions have been made not only by the developments of the softwares
and systems, but also by means of commissioning and stable operation. Contributions
to the commissioning include the one with ATLAS central trigger system immediately
before Run 3; the timing of the endcap muon trigger signals, crucial for data-taking,
has been successfully adjusted by analyzing signals from cosmic muon runs and initial
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Figure 13.3: Overview of the SROD system used in the ATLAS Level-1 endcap muon trigger in Run 3
[180]. The software structure of the SROD is shown in detail.

(a) EventBuilder processing speed as a function of data
size

(b) EventBuilder processing speed as a function of trig-
ger rate

Figure 13.4: The performance of EventBuilder application in the SROD, as a function of data size and
trigger rate [180]. At the nominal trigger rate of 100 kHz, the SROD system can handle up to 4800 bits
per event, which is more than 2.5 times larger than the expected size of 1750 bits in Run 3. For a fixed
data size of 1760 bits per event, the SROD system can run stably up to the speed of 170 kHz, which is
well beyond the nominal trigger rate.
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proton-proton collision runs. Contributions to the stable operation of the system include,

• Handling unexpected errors and promptly recovering the system during physics
data-taking,

• Supporting team members to deal with such problems on-site at CERN and remotely
from Tokyo,

which have been done countless times in 2022–2023.

13.5 Summary

Through the developments and implementations of the new Level-1 muon trigger system,
its tests with surrounding systems and adjustment of signals have been realized in an op-
portune manner. Consequently, the Level-1 muon trigger system has successfully started
its operation at the start of LHC Run 3, realizing stable data-taking necessary for further
physics analysis.
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A. Signal MC Samples

Table A.1 shows the leptonic branching ratios of the �̃0

2
for each �m(�̃0

2
, �̃0

1
) (excluding

the decays to taus), which is used to calculate the production cross sections of the signal
samples. The values have been taken from Ref. [92].

Table A.1: Leptonic branching ratios of the �̃0
2 for each �m(�̃0

2, �̃
0
1).

�m(�̃0
2, �̃

0
1) [GeV] BR(�̃0

2 ! �̃
0
1e

+
e
�) BR(�̃0

2 ! �̃
0
1µ

+
µ
�) Total leptonic BR

1 0.05292 0.04979 0.10271
1.5 0.05112 0.04981 0.10093
2 0.05087 0.04881 0.09968
3 0.05016 0.04924 0.09940
4 0.04730 0.04713 0.09443
5 0.04714 0.04681 0.09395

The full list of MC samples for the signal mass grid are shown in Tables A.2, A.3 and
A.4 for �̃�

1
�̃0

2
, �̃+

1
�̃0

2
, and �̃0

2
�̃0

1
processes respectively.
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Table A.2: List of MC samples for the �̃�
1 �̃

0
2 process. The table lists the process, the masses of the

higgsinos, the inclusive cross section (including the leptonic BR and the correction with the �(�1 jet)
�(�0 jet)

factor, as addressed in Section 3.3.1) and its relative uncertainty, the 1J/0J factor, the generator filter
e�ciency, and the number of generated events.

Process m(�̃0
2) [GeV] m(�̃±

1 ) [GeV] m(�̃0
1) [GeV] �inc [10�2 pb] Rel. unc. [%]

�(�1 jet)
�(�0 jet)

Filter e�ciency nEvents

�̃�
1 �̃0

2 86 85.5 85 7.9704 4.3398 0.2002 0.1108 130k

�̃�
1 �̃0

2 86.5 85.75 85 7.6983 4.3434 0.2001 0.2034 170k

�̃�
1 �̃0

2 87 86 85 7.4350 4.3472 0.1991 0.3094 130k

�̃�
1 �̃0

2 88 86.5 85 7.3373 4.3556 0.2037 0.4921 130k

�̃�
1 �̃0

2 89 87 85 6.6986 4.3649 0.2024 0.5995 130k

�̃�
1 �̃0

2 90 87.5 85 6.5511 4.3714 0.2056 0.6211 130k

�̃�
1 �̃0

2 101 100.5 100 4.7461 4.5057 0.2210 0.1085 130k

�̃�
1 �̃0

2 101.5 100.75 100 4.5618 4.5059 0.2192 0.2017 175k

�̃�
1 �̃0

2 102 101 100 4.4561 4.5107 0.2199 0.3140 130k

�̃�
1 �̃0

2 103 101.5 100 4.3400 4.5226 0.2208 0.5001 130k

�̃�
1 �̃0

2 104 102 100 4.0660 4.5314 0.2239 0.6149 130k

�̃�
1 �̃0

2 105 102.5 100 3.9086 4.5406 0.2223 0.6365 130k

�̃�
1 �̃0

2 126 125.5 125 2.3264 4.7880 0.2487 0.1013 130k

�̃�
1 �̃0

2 126.5 125.75 125 2.2432 4.7916 0.2468 0.1936 130k

�̃�
1 �̃0

2 127 126 125 2.2110 4.7961 0.2491 0.2999 130k

�̃�
1 �̃0

2 128 126.5 125 2.1680 4.8055 0.2504 0.5031 130k

�̃�
1 �̃0

2 129 127 125 2.0262 4.8126 0.2518 0.6261 130k

�̃�
1 �̃0

2 130 127.5 125 1.9575 4.8215 0.2499 0.6497 130k

�̃�
1 �̃0

2 151.5 150.75 150 1.2540 5.0670 0.2715 0.1782 210k

�̃�
1 �̃0

2 152 151 150 1.2235 5.0711 0.2707 0.2966 130k

�̃�
1 �̃0

2 153 151.5 150 1.1978 5.0797 0.2708 0.4952 130k

�̃�
1 �̃0

2 154 152 150 1.1436 5.0847 0.2772 0.6259 130k

�̃�
1 �̃0

2 155 152.5 150 1.0891 5.0957 0.2703 0.6713 130k

�̃�
1 �̃0

2 176.5 175.75 175 0.7494 5.3323 0.2894 0.1753 150k

�̃�
1 �̃0

2 177 176 175 0.7287 5.3359 0.2872 0.2841 130k

�̃�
1 �̃0

2 178 176.5 175 0.7239 5.3486 0.2908 0.4862 130k

�̃�
1 �̃0

2 179 177 175 0.6802 5.3567 0.2923 0.6343 130k

�̃�
1 �̃0

2 180 177.5 175 0.6566 5.3595 0.2882 0.6689 130k
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Table A.3: List of MC samples for the �̃+
1 �̃

0
2 process. The table lists the process, the masses of the

higgsinos, the inclusive cross section (including the leptonic BR and the correction with the 1J/0J factor,
as addressed in Section 3.3.1) and its relative uncertainty, the 1J/0J factor, the generator filter e�ciency,
and the number of generated events.

Process m(�̃0
2) [GeV] m(�̃±

1 ) [GeV] m(�̃0
1) [GeV] �inc [10�2 pb] Rel. unc. [%]

�(�1 jet)
�(�0 jet)

Filter e�ciency nEvents

�̃+
1 �̃0

2 86 85.5 85 12.5852 2.1831 0.2034 0.1133 130k

�̃+
1 �̃0

2 86.5 85.75 85 12.2372 2.1853 0.2045 0.2067 130k

�̃+
1 �̃0

2 87 86 85 11.7919 2.1874 0.2028 0.3196 130k

�̃+
1 �̃0

2 88 86.5 85 11.5266 2.1952 0.2053 0.4952 130k

�̃+
1 �̃0

2 89 87 85 10.5631 2.2007 0.2044 0.5916 130k

�̃+
1 �̃0

2 90 87.5 85 10.2422 2.2057 0.2056 0.6137 130k

�̃+
1 �̃0

2 101 100.5 100 7.6677 2.3126 0.2234 0.1074 165k

�̃+
1 �̃0

2 101.5 100.75 100 7.3719 2.3131 0.2215 0.2064 130k

�̃+
1 �̃0

2 102 101 100 7.3678 2.3168 0.2272 0.3178 130k

�̃+
1 �̃0

2 103 101.5 100 6.9744 2.3274 0.2215 0.5087 130k

�̃+
1 �̃0

2 104 102 100 6.4977 2.3353 0.2230 0.6080 130k

�̃+
1 �̃0

2 105 102.5 100 6.3369 2.3442 0.2243 0.6341 130k

�̃+
1 �̃0

2 126 125.5 125 3.9184 2.5854 0.2515 0.1050 130k

�̃+
1 �̃0

2 126.5 125.75 125 3.8004 2.5900 0.2508 0.1936 130k

�̃+
1 �̃0

2 127 126 125 3.7371 2.5925 0.2524 0.3032 130k

�̃+
1 �̃0

2 128 126.5 125 3.6799 2.6022 0.2545 0.4941 130k

�̃+
1 �̃0

2 129 127 125 3.4351 2.6082 0.2553 0.6247 130k

�̃+
1 �̃0

2 130 127.5 125 3.3492 2.6131 0.2555 0.6472 130k

�̃+
1 �̃0

2 151.5 150.75 150 2.2092 2.8630 0.2764 0.1895 130k

�̃+
1 �̃0

2 152 151 150 2.1823 2.8683 0.2789 0.3017 130k

�̃+
1 �̃0

2 153 151.5 150 2.0642 2.8770 0.2692 0.5030 130k

�̃+
1 �̃0

2 154 152 150 1.9731 2.8925 0.2756 0.6302 130k

�̃+
1 �̃0

2 155 152.5 150 1.9612 2.8960 0.2802 0.6636 130k

�̃+
1 �̃0

2 176.5 175.75 175 1.3552 3.1642 0.2920 0.1784 130k

�̃+
1 �̃0

2 177 176 175 1.3388 3.1684 0.2943 0.2997 130k

�̃+
1 �̃0

2 178 176.5 175 1.2989 3.1766 0.2908 0.5004 130k

�̃+
1 �̃0

2 179 177 175 1.2454 3.1859 0.2979 0.6320 130k

�̃+
1 �̃0

2 180 177.5 175 1.2185 3.1955 0.2974 0.6666 130k
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Table A.4: List of MC samples for the �̃0
2�̃

0
1 process. The table lists the process, the masses of the

higgsinos, the inclusive cross section (including the leptonic BR and the correction with the 1J/0J factor,
as addressed in Section 3.3.1) and its relative uncertainty, the 1J/0J factor, the generator filter e�ciency,
and the number of generated events.

Process m(�̃0
2) [GeV] m(�̃±

1 ) [GeV] m(�̃0
1) [GeV] �inc [10�2 pb] Rel. unc. [%]

�(�1 jet)
�(�0 jet)

Filter e�ciency nEvents

�̃0
2�̃

0
1 86 85.5 85 12.1973 2.6949 0.1957 0.1048 130k

�̃0
2�̃

0
1 86.5 85.75 85 11.9826 2.6969 0.1979 0.1969 130k

�̃0
2�̃

0
1 87 86 85 11.6443 2.6986 0.1971 0.3095 130k

�̃0
2�̃

0
1 88 86.5 85 11.3284 2.7016 0.1968 0.4935 130k

�̃0
2�̃

0
1 89 87 85 10.5080 2.7075 0.1967 0.5835 130k

�̃0
2�̃

0
1 90 87.5 85 10.2560 2.7128 0.1975 0.6060 130k

�̃0
2�̃

0
1 101 100.5 100 7.2123 2.8329 0.2184 0.1010 130k

�̃0
2�̃

0
1 101.5 100.75 100 6.9762 2.8356 0.2170 0.1893 130k

�̃0
2�̃

0
1 102 101 100 6.9046 2.8352 0.2196 0.3032 130k

�̃0
2�̃

0
1 103 101.5 100 6.7946 2.8399 0.2208 0.4852 130k

�̃0
2�̃

0
1 104 102 100 6.3230 2.8487 0.2205 0.6051 130k

�̃0
2�̃

0
1 105 102.5 100 6.1614 2.8552 0.2200 0.6176 130k

�̃0
2�̃

0
1 126 125.5 125 3.5227 3.1148 0.2464 0.0973 130k

�̃0
2�̃

0
1 126.5 125.75 125 3.4413 3.1179 0.2468 0.1860 130k

�̃0
2�̃

0
1 127 126 125 3.3865 3.1202 0.2478 0.2909 130k

�̃0
2�̃

0
1 128 126.5 125 3.2989 3.1253 0.2456 0.4893 130k

�̃0
2�̃

0
1 129 127 125 3.0649 3.1310 0.2438 0.6174 130k

�̃0
2�̃

0
1 130 127.5 125 3.0376 3.1366 0.2465 0.6387 130k

�̃0
2�̃

0
1 151.5 150.75 150 1.9076 3.3957 0.2681 0.1847 130k

�̃0
2�̃

0
1 152 151 150 1.8895 3.3986 0.2705 0.2831 130k

�̃0
2�̃

0
1 153 151.5 150 1.8715 3.4042 0.2720 0.4973 130k

�̃0
2�̃

0
1 154 152 150 1.7539 3.4100 0.2717 0.6210 130k

�̃0
2�̃

0
1 155 152.5 150 1.7464 3.4171 0.2753 0.6448 130k

�̃0
2�̃

0
1 176.5 175.75 175 1.1653 3.6821 0.2897 0.1744 175k

�̃0
2�̃

0
1 177 176 175 1.1368 3.6849 0.2876 0.2835 130k

�̃0
2�̃

0
1 178 176.5 175 1.1323 3.6905 0.2904 0.4971 130k

�̃0
2�̃

0
1 179 177 175 1.0484 3.6962 0.2860 0.6328 130k

�̃0
2�̃

0
1 180 177.5 175 1.0531 3.7020 0.2918 0.6618 130k
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B. Details of Low-pT Lepton Track Iden-
tification

B.1 Input variables of LPET ID DNN

This section summarizes the data/MC distributions of the inputs used for the LPET ID
DNN. Since it is di�cult to extract only real electron tracks in data, the distributions
for all tracks are presented for reference. In particular, for events passing the event
preselection criteria in Table 6.1, distributions for all tracks passing the selection criteria in
Table 6.2 with flipped charge requirement (same-sign, SS) and higher track pT requirement
of pT > 1 GeV are shown. The higher track pT requirement is imposed to briefly reduce
background tracks. For MC, all background samples listed in Table 3.3 have been used.

Figures B.1–B.4, Figure B.5 and Figure B.6 show the distributions of track, TRT,
and calo inputs used for the LPET ID DNN, respectively. There are some variables with
poor data/MC modelling (e.g. eProbabilityComb and TRTHighThresholdHits), which
are thought to be the main cause of the small scale factors of LPET ID WP, shown
in Figure 5.19. However, these variables have high importance in the identification of
electron tracks, hence have been kept as LPET ID inputs.
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Figure B.1: SS track data/MC of track inputs used for LPET ID DNN (part 1).
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Figure B.2: SS track data/MC of track inputs used for LPET ID DNN (part 2).
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Figure B.3: SS track data/MC of track inputs used for LPET ID DNN (part 3).
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Figure B.4: SS track data/MC of track inputs used for LPET ID DNN (part 4).
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Figure B.5: SS track data/MC of TRT inputs used for LPET ID DNN.
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Figure B.6: SS track data/MC of calo inputs used for LPET ID DNN. For each calorimeter layer, the
original raw energy distribution is shown, instead of the energy ratio and validity variables used as inputs.
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B.2 Performance measurement and calibration

This section describes the samples and event selection criteria used for the performance
measurement and calibration of LPET ID. Target events are Z ! ee� processes as de-
scribed in Section 5.1.3.

B.2.1 MC samples

Table B.1 summarizes the MC samples used for the performance measurement. All sam-
ples have been simulated with GEANT4 [141], and simulation of the e↵ects of pileup is
performed as described in Section 3.3.3.

Table B.1: List of background MC samples used for the performance measurement of LPET ID.

Physics process Generator Parton shower Tune

Z ! ee� Sherpa 2.2.11 Sherpa Sherpa
Z ! ee Sherpa 2.2.11 Sherpa Sherpa
Drell-Yan ee Powheg-box v1 Pythia v8.186 AZNLO CTEQ6L1

B.2.2 Event and track selection criteria

The performance measurement of LPET ID targets Z ! ee� processes as described in
Section 5.1.3. Table B.2 shows the event selection criteria. Selections have been optimized
to suppress Z ! ee background events as much as possible, without discarding too much
signal Z ! ee� events.

Each of the selected events by the above criteria usually have multiple track candi-
dates surrounding the photon, most of them being background hadronic or fake tracks.
These background tracks must be reduced as much as possible to estimate the number
of signal electron tracks coming from Z ! ee� processes. Table B.3 summarizes the
track preselection criteria for reducing the background tracks. The selection criteria have
been optimized to select signal electron tracks and suppress other background tracks. All
tracks passing these criteria are used in the performance measurement of LPET ID.

B.2.3 dR(trk, �) distributions for each track pT bin

Figures in this section show the dR(trk, �) distributions used in the LPET ID performance
measurement for each track pT bin. Figure B.7 shows the MC shape distributions used
for the fits. Figure B.8 shows the post-fit distributions for WP pass tracks. Figure B.9
shows the post-fit distributions for WP fail tracks.

B.2.4 E�ciency and scale factors for fake electron tracks

Although the e�ciency and scale factors for fake electron tracks are not used in the
analysis, it is worthwhile to mention them here. E�ciency for fake electron tracks could
also be obtained as done for true electron tracks, by simply counting the number of
fake electron tracks passing and failing the LPET ID WP from the post-fit dR(trk, �)
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Table B.2: Event selection applied to events used for LPET ID performance measurement.

Variable Requirement

Trigger Single electron trigger

Number of b-jets = 0

Emiss

T
[GeV] < 50

Leading jet cleaning WP Tight

Number of signal electron = 1

Electron pT [GeV] [30,60]

Electron |z0| [mm] < 0.1

Electron |d0| [mm] < 0.1

Electron |d0/�(d0)| < 3

Electron isolation WP IsoLoose VarRad

Electron AmbiguityType = 0

Electron AddAmbiguity  0

Number of baseline photon = 1

Photon pT [GeV] [30,55]

Photon isolation WP IsoFixedCutLoose

Photon conversion veto Enabled

dR(e, �) < 3.5

d⌘(e, �) < 1.7

��(e, �) > 2.5

m(e, �) [GeV] [76,94]
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(a) Track pT = 0.5-1 GeV (b) Track pT = 1-1.5 GeV

(c) Track pT = 1.5-2 GeV (d) Track pT = 2-3 GeV

(e) Track pT = 3-5 GeV

Figure B.7: Normalized distributions of dR(trk, �) for true and fake electron tracks for each track pT bin.
These MC shapes are used as templates for fitting the data for both WP pass and fail tracks.
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(a) Track pT = 0.5-1 GeV (b) Track pT = 1-1.5 GeV

(c) Track pT = 1.5-2 GeV (d) Track pT = 2-3 GeV

(e) Track pT = 3-5 GeV

Figure B.8: Post-fit distributions of dR(trk, �) for WP pass tracks for each track pT bin. The blue and
red histograms represent the fitted distributions of true and fake electron tracks, respectively.
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(a) Track pT = 0.5-1 GeV (b) Track pT = 1-1.5 GeV

(c) Track pT = 1.5-2 GeV (d) Track pT = 2-3 GeV

(e) Track pT = 3-5 GeV

Figure B.9: Post-fit distributions of dR(trk, �) for WP fail tracks for each track pT bin. The blue and
red histograms represent the fitted distributions of true and fake electron tracks, respectively.
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Table B.3: Track preselection applied to low-pT electron candidate tracks used for LPET ID performance
measurement.

Variable Requirements

Quality WP Tight Primary

Charge Opposite of electron charge

pT [GeV] [0.5, 5]

|⌘| < 2.5

|z0| [mm] < 0.25

|d0| [mm] < 0.2

Isolation WP pTVarcone30/pT = 0

dR(trk, e) [1.6, 3.5]

d⌘(trk, e) < 2.0

��(trk, e) > 1.6

dR(trk, �) [0.2, 1.8]

d⌘(trk, �) < 1.5

��(trk, �) < 1.6

m(trk, �) [GeV] [1,25]

distribution. Figure B.10 shows the LPET ID e�ciency for true and fake electron tracks
for both Z ! ee� data and MC. The e�ciency for fake electron tracks have a relation
between data and MC similar to the true electron tracks; the e�ciency for data is lower
compared to MC. Figure B.11 shows the scale factors for true and electron tracks, obtained
by taking the ratios of Figure B.10a and Figure B.10b. The scale factors for fake electron
tracks are comparable to those of true electron tracks for pT < 2 GeV, whereas they are
relatively smaller for pT > 2 GeV. This indicates that the signal to background ratio of
LPET ID is rather higher for data compared to what has been evaluated using MC.

(a) LPET ID WP e�ciency for Z ! ee� data (b) LPET ID WP scale factors for Z ! ee� MC

Figure B.10: LPET ID WP e�ciency for true and fake electron tracks for Z ! ee� data and MC.
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Figure B.11: LPET ID scale factors for true and fake electron tracks.
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C. Signal yields

Figure C.1 and Figure C.2 show the expected signal yields in SR for each mass point for
the electron and muon channels, respectively.
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(b) pNN-✓ = 1.5 GeV
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(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV

80 100 120 140 160 180 200 220 240

) [GeV]±

1
χ∼(m

1

10

) [
G

eV
]

0 1
χ∼ ,± 1

χ∼
m

(
∆

0

2

4

6

8

10

12

14

0.79

3.74
8.02

14.23
13.1110.29

0.38

1.84
4.89

9.42
10.797.25

0.13

0.73
1.95

5.23
5.99
4.60

0.36
1.10

2.71
2.98
2.78

0.19
0.51

1.45
2.28
1.80

G
rey N

um
bers R

epresent Signal Yield

Signal yield in region : SR_1e1T

 -1=13 TeV, 140 fbs

(e) pNN-✓ = 4 GeV
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(f) pNN-✓ = 5 GeV

Figure C.1: Expected signal yield in SR for each mass point for the electron channel.
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(b) pNN-✓ = 1.5 GeV
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(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV

80 100 120 140 160 180 200 220 240

) [GeV]±

1
χ∼(m

1

10

) [
G

eV
]

0 1
χ∼ ,± 1

χ∼
m

(
∆

0

5

10

15

20

25

30

35

5.96

18.36
27.46

37.97
29.4217.75

3.06

10.23
18.08

26.17
20.9913.28

1.25

4.70
9.12

15.26
12.978.22

2.43
5.03

8.98
9.03
6.07

1.32
2.79

5.81
5.68
4.05

G
rey N

um
bers R

epresent Signal Yield

Signal yield in region : SR_1mu1T

 -1=13 TeV, 140 fbs

(e) pNN-✓ = 4 GeV
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(f) pNN-✓ = 5 GeV

Figure C.2: Expected signal yield in SR for each mass point for the muon channel.
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D. Signal contamination

The signal contamination for each region used in the analysis has been checked to verify
the validity of the background estimation method.

D.1 Control Regions

Figures D.1-D.3 and D.4-D.6 show the signal contamination in CR-A, CR-B, and CR-C
used for estimating the background in the SRs for the electron channel and the muon chan-
nel, respectively. For both channels, contamination in CR-A is the most significant, espe-
cially for mass points with large �m(�̃0

2
, �̃0

1
) for small pNN-✓ values. The contaminations

are around 15% and 10% at maximum for the electron and muon channel, respectively
and are su�ciently small. Moreover, the corresponding mass points with relatively large
mass splittings have already been excluded by previous analyses, therefore, the e↵ects of
signal contamination for these mass points have minimal impact on the analysis.

D.2 Validation Regions

Figures D.7–D.9 and D.10–D.12 show the signal contamination in VRs for the electron
channel and muon channel, respectively. Out of the three VRs, VR-highLarge has the
most signal contamination for both channels, however, the values remain su�ciently small,
typically below 10%.
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(a) pNN-✓ = 1 GeV
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(b) pNN-✓ = 1.5 GeV
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(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV
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(e) pNN-✓ = 4 GeV

80 100 120 140 160 180 200 220 240

) [GeV]±

1
χ∼(m

1

10

) [
G

eV
]

0 1
χ∼ ,± 1

χ∼
m

(
∆

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.01

0.07
0.23

0.65
0.70
0.80

0.00

0.04
0.11

0.48
0.49
0.77

0.02

0.04
0.07

0.23
0.33
0.43

0.04
0.05

0.11
0.23
0.32

0.02
0.02

0.09
0.10
0.28

G
rey N

um
bers R

epresent Signal C
ontam

ination [%
]

Contamination in region : CR_A_1e1T

 -1=13 TeV, 140 fbs

(f) pNN-✓ = 5 GeV

Figure D.1: Signal contamination in CR-A for each mass point for the electron channel.
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(a) pNN-✓ = 1 GeV
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(b) pNN-✓ = 1.5 GeV
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(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV

80 100 120 140 160 180 200 220 240

) [GeV]±

1
χ∼(m

1

10

) [
G

eV
]

0 1
χ∼ ,± 1

χ∼
m

(
∆

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.00

0.00
0.00

0.01
0.02
0.02

0.00

0.00
0.00

0.01
0.01
0.01

0.00

0.00
0.00

0.00
0.01
0.01

0.00
0.00

0.00
0.00
0.01

0.00
0.00

0.00
0.00
0.00

G
rey N

um
bers R

epresent Signal C
ontam

ination [%
]

Contamination in region : CR_B_1e1T

 -1=13 TeV, 140 fbs

(e) pNN-✓ = 4 GeV
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Figure D.2: Signal contamination in CR-B for each mass point for the electron channel.
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Figure D.3: Signal contamination in CR-C for each mass point for the electron channel.
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Figure D.4: Signal contamination in CR-A for each mass point for the muon channel.
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(f) pNN-✓ = 5 GeV

Figure D.5: Signal contamination in CR-B for each mass point for the muon channel.
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(f) pNN-✓ = 5 GeV

Figure D.6: Signal contamination in CR-C for each mass point for the muon channel.
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(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV
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Figure D.7: Signal contamination in VR-highLarge for each mass point for the electron channel.
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(b) pNN-✓ = 1.5 GeV
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80 100 120 140 160 180 200 220 240

) [GeV]±

1
χ∼(m

1

10

) [
G

eV
]

0 1
χ∼ ,± 1

χ∼
m

(
∆

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

0.12

0.45
0.62

1.19
2.59
2.09

0.05

0.07
0.54

0.69
1.60
1.20

0.01

0.01
0.11

0.21
0.73
1.74

0.03
0.09

0.15
0.33
0.67

0.01
0.04

0.08
0.27
0.38

G
rey N

um
bers R

epresent Signal C
ontam

ination [%
]

Contamination in region : VR_SS_1e1T

 -1=13 TeV, 140 fbs

(e) pNN-✓ = 4 GeV
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(f) pNN-✓ = 5 GeV

Figure D.8: Signal contamination in VR-SS for each mass point for the electron channel.
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(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV
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(e) pNN-✓ = 4 GeV

80 100 120 140 160 180 200 220 240

) [GeV]±

1
χ∼(m

1

10

) [
G

eV
]

0 1
χ∼ ,± 1

χ∼
m

(
∆

0

0.5

1

1.5

2

2.5

3

3.5

0.25

0.73
1.64

2.63
3.93
4.05

0.13

0.41
0.66

1.47
1.70
2.31

0.04

0.21
0.40

0.89
0.90
1.08

0.07
0.26

0.43
0.81
0.88

0.05
0.17

0.36
0.38
0.45

G
rey N

um
bers R

epresent Signal C
ontam

ination [%
]

Contamination in region : VR_DF_1e1T

 -1=13 TeV, 140 fbs

(f) pNN-✓ = 5 GeV

Figure D.9: Signal contamination in VR-DF for each mass point for the electron channel.
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(e) pNN-✓ = 4 GeV
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(f) pNN-✓ = 5 GeV

Figure D.10: Signal contamination in VR-highLarge for each mass point for the muon channel.
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(c) pNN-✓ = 2 GeV
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(d) pNN-✓ = 3 GeV
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(e) pNN-✓ = 4 GeV
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(f) pNN-✓ = 5 GeV

Figure D.11: Signal contamination in VR-SS for each mass point for the muon channel.
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Figure D.12: Signal contamination in VR-DF for each mass point for the muon channel.
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