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Abstract

This thesis presents two complementary searches for supersymmetric particles with
compressed mass spectra using proton-proton collision data collected by the ATLAS
detector during the LHC Run 2 and Run 3. The analyses target the production of
charginos and neutralinos near the electroweak scale and with mass splittings in
the range 0.3 − 1.5 GeV. Owing to the small mass differences, the heavier neutralino
and chargino are relatively long-lived and decay into low-momentum charged pions,
which are reconstructed as soft tracks displaced by a few millimeters from the proton-
proton interaction point and characterised by unusually large impact parameters. The
resulting final-state signature is defined by the presence of an energetic jet, missing
transverse momentum, and one or more than one soft, mildly displaced tracks. The first
search uses data collected at a center-of-mass energy of

√
s = 13 TeV, corresponding to a

total integrated luminosity of 140 fb−1. Dedicated event-level and track-level selections
are applied to define two Signal Regions maximising the overall signal-to-background
ratio. No significant data excess above the Standard Model expectations is observed,
and 95% confidence level exclusion limits are set on the chargino and neutralino
masses as a function of their mass splitting. In the mass splitting range 0.35 − 1 GeV,
chargino masses are excluded up to about 170 GeV, significantly extending the reach
beyond the legacy LEP results for the first time. The second search uses data collected
at center-of-mass energies of

√
s = 13 and

√
s = 13.6 TeV, corresponding to a total

integrated luminosity of 299 fb−1. In this second analysis, an event-level binary neural
network and a track-level parameterised multi-class neural network are developed and
employed in place of the cut-based approach used in the first analysis. The enhanced
discriminating power provided by the machine learning techniques, combined with
the increased statistics of the Run 3 data set, is expected to further extend the LHC
sensitivity into regions of parameter space that are anticipated to remain inaccessible
to future direct detection Dark Matter experiments.
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Introduction

The discovery of the Higgs boson, announced by the ATLAS [1] and CMS [2] collabora-
tions in July 2012, marked a major milestone in particle physics: the final missing piece of
the Standard Model (SM) [3–11] had been observed at last. The SM provides a compre-
hensive and self-consistent framework for describing both the electroweak and strong
interactions. Its predictions have been rigorously tested across a wide range of energies
and have consistently demonstrated remarkable agreement with experimental results.
Despite its success, the Standard Model has several well-known limitations. Notably,
it does not address the hierarchy problem [12–15], nor does it offer a viable candidate
for Dark Matter (DM) [16–21]. Numerous extensions of the SM have been proposed to
address these shortcomings, among which Supersymmetry (SUSY) [22–26] remains one
of the most compelling. SUSY not only has the potential to address multiple deficiencies
of the Standard Model simultaneously, but also introduces new particles as viable DM
candidates and provides a framework for the unification of fundamental interactions at
high energy scales.

Supersymmetry is based on a simple yet powerful principle: for every Standard Model
fermion (boson), there exists a corresponding superpartner with bosonic (fermionic) prop-
erties, and the superpartners are related to their SM counterparts through a fundamental
symmetry of nature. This principle introduces a new spectrum of particles that differ from
their SM counterparts by half a unit of spin and offer potential solutions to several of the
Standard Model’s unresolved issues. For instance, due to the opposite sign of their loop
contributions, supersymmetric particles cancel the quadratic divergences in the radiative
corrections to the Higgs boson mass, thereby resolving the hierarchy problem without a
too unnatural fine-tuning. A consistent supersymmetric extension of the Standard Model
requires the inclusion of two Higgs doublets. After the electroweak symmetry breaking,
the fermionic superpartners of these Higgs fields, the higgsinos, mix with the gauginos, the
superpartners of the SM gauge bosons. The mixing gives rise to four electrically neutral
mass eigenstates called neutralinos, and four charged ones called charginos. If R-parity
[27] is conserved, the lightest neutralino is stable. Being massive, electrically neutral, and
weakly interacting, the lightest neutralino naturally emerges as a compelling candidate
for the DM. Thus, in addition to solving the hierarchy problem, SUSY also offers a viable
framework for explaining the nature of Dark Matter.

The masses of the higgsinos and the electroweak gauginos prior to mixing determine
the mass spectrum of the resulting charginos and neutralinos [28]. In the regime where the
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INTRODUCTION

higgsinos are significantly lighter than the gauginos, the spectrum becomes compressed
and features a nearly degenerate triplet of states, composed of the lightest chargino and
the two lightest neutralinos. Since this triplet is predominantly higgsino-like, while the
heavier chargino and neutralinos are mainly bino- and wino-like, throughout this docu-
ment the term “higgsinos” is used generically to also denote the mass eigenstates forming
the triplet. If the gaugino masses are heavy — on the order of O(10) TeV — the mass split-
ting between the two lightest neutralinos, ∆m

(
χ̃0

2, χ̃0
1
)
, becomes negligible. However, the

mass difference between the lightest chargino and the lightest neutralino, ∆m
(
χ̃±

1 , χ̃0
1
)
,

remains finite, typically in the range of 250 − 400 MeV due to electroweak radiative
corrections. In contrast, when the gaugino masses are lighter — around O(1) TeV — the
mass difference ∆m

(
χ̃0

2, χ̃0
1
)

can increase up to O(1) GeV. The higgsino phenomenology
at colliders like the LHC is highly sensitive to the mass splittings between the individual
states. When ∆m

(
χ̃±

1 , χ̃0
1
)
≈ 250 − 400 MeV, the chargino becomes long-lived due to the

compressed phase space. As a result, it can traverse part of the tracking systems before
decaying into soft pions that evade reconstruction, producing a distinctive “disappearing
track” signature [29]. Both ATLAS [30] and CMS [31] have utilised this signature to search
for higgsinos with lifetimes on the order of O(0.1 − 10) ns. When the mass splitting is
larger, ∆m

(
χ̃±

1 , χ̃0
1
)
⪆ 2 GeV, higgsinos searches rely on identifying pairs of prompt soft

leptons produced in the decay of the second-lightest neutralino via an off-shell Z boson
[32–34]. A challenging intermediate regions where ∆m

(
χ̃±

1 , χ̃0
1
)
≈ 0.3 − 1 GeV remained

unexplored before the results presented in this thesis. In this regime, a chargino decays too
promptly to leave a disappearing track, while the decay products of the second-lightest
neutralino are too soft to be reliably reconstructed. Consequently, the most stringent
limits still originate from legacy LEP searches [35], as even direct detection experiments
face difficulties probing such a compressed mass spectrum.

The primary objective of this thesis is to investigate the sensitivity gap in the higgsino
phase space between the existing “disappearing track” and “soft leptons” searches, by
developing and applying a novel analysis approach first proposed in Ref. [36]. The SUSY
models of interest feature mass splittings in the range ∆m

(
χ̃±

1 , χ̃0
1
)
∈ [0.3, 1.5] GeV, which

result in the lightest chargino and the second-lightest neutralino acquiring relatively long
lifetimes on the order of O(1 − 10) ps and decaying predominantly into low-momentum
pions at distances of approximately O(0.1 − 10) mm from the proton-proton interaction
point. Such decays give rise to pion tracks with measurable displacements from the
primary vertex. The ATLAS detector is capable of precisely reconstructing these displace-
ments using the transverse impact parameter of tracks, with a typical resolution ranging
from 10 to 100 µm. While SM processes produce numerous low-momentum prompt
tracks in pp collisions, pion tracks originating from higgsino decays can be discriminated
by requiring significant impact parameters. At the same time, nonetheless, developing
robust strategies to suppress and estimate the background contributions is essential for
extending the experimental sensitivity in this challenging region of parameter space.
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Summary of the thesis and personal contributions

This manuscript is organised in seven chapters as follows. Chapter 1 provides a brief
introduction to the Standard Model and its limitations. Supersymmetry is introduced as
a theoretical extension that addresses several of these shortcomings. The phenomenology
of the Minimal Supersymmetric Standard Model is discussed, with a particular focus on
compressed mass spectra, the search area that constitutes the main subject of this thesis. In
addition, existing experimental constraints from collider experiments are briefly reviewed,
motivating the use of the “mildly-displaced track” signature as a promising strategy to the
search for SUSY higgsinos. Chapter 2 and Chapter 3 describe the LHC accelerator complex
and the ATLAS detector, respectively. Chapter 4 details the reconstruction, identification,
and calibration of physics objects used in the analyses presented in this work. Special
emphasis is placed on the smearing of the track impact parameter, a method used to
incorporate resolution effects as a source of systematic uncertainty in the analyses. During
Run 3, I was the primary person responsible for producing the recommendations adopted
by the ATLAS Collaboration to smear the track impact parameter. This work also involved
updating and maintaining the associated software framework. As documented in Section
4.2 of Chapter 4, I identified a shift in the impact parameter bias during the Run 3 data
taking. This observation initiated an internal discussion within the Collaboration on how
to treat this effect as an additional source of systematic uncertainty to be consistently
included across all affected analyses. A dedicated software solution is currently being
deployed by ATLAS to address this issue. Chapter 5 presents a first attempt to explore
the sensitivity gap in the compressed higgsino parameter space using a “cut-based”
approach with the full LHC Run 2 dataset. With this method, a set of carefully chosen
kinematic selections is applied to discriminate the SUSY signal from Standard Model
backgrounds. The chapter also discusses the primary background components and the
strategies employed to reduce and estimate them. Different estimation methods are used
for different backgrounds, and all are validated to ensure accurate modeling of the SM
predictions in the relevant kinematic regions. The analysis results are presented along
with a statistical interpretation in terms of exclusion limits on simplified SUSY models
and upper limits on the production cross section of generic signals beyond the SM. In
the context of this first analysis, my contributions included the optimisation of the event
and track selection, the modelling of signal and background processes, the design and
validation of the background estimation strategy, the evaluation of both experimental
and theoretical systematic uncertainties, and the statistical interpretation of the final
results. Chapter 6 introduces a new approach to the same search, employing machine
learning techniques and leveraging the additional statistics provided by the (partial)
Run 3 dataset. In particular, improved versions of an event-level neural network and a
track-level neural network [37] are used as discriminants in place of traditional cut-based
selections. This results in improved expected sensitivity to the considered simplified
SUSY models. Within this second analysis, I was responsible for the development and
training of both the event-level and track-level neural networks, the definition of the
signal regions, the design of the backlground estimation and validation strategies, and
the evaluation of the impact of experimental and theoretical systematic uncertainties. In
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INTRODUCTION

addition, I served as the main developer of the analysis software and as editor of the
internal supporting documentation, providing a comprehensive and coherent description
of the analysis. Finally, Chapter 7 summarises the results obtained from both analysis
strategies and provides concluding remarks.
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Beyond the Standard Model:
Supersymmetry 1

How come you only want tomorrow / With its promise
of something hard to do / A real life adventure worth
more than pieces of gold / Blue skies above and sun on
your arms strength in your stride / And hope in those
squeaky clean eyes. . .

— DAVID BOWIE, Teenage Wildlife

The Standard Model (SM) [3–11] of particle physics is a gauge quantum field theory that
provides a unified framework to describe the fundamental particles of nature and their
interactions via the strong and electroweak forces. Developed between the 1950s and
1970s, the theory is based on the Lie symmetry group

SU(3)C ⊗ SU(2)L ⊗ U(1)Y , (1.1)

where SU(3)C describes quantum chromodynamics, and SU(2)L ⊗ U(1)Y governs the
electroweak interaction. The SM incorporates twelve spin-1/2 fermionic fields represent-
ing the fundamental constituents of matter: quarks and leptons. Quarks participate in
both strong and electroweak interactions, whereas leptons are charged only under the
electroweak sector. These fermions are arranged into three generations, which posses
identical quantum numbers but differ in mass, with each successive generation being
heavier than the previous one. For every fermionic field, the theory predictis a correspond-
ing anti-particle with identical mass and opposite quantum numbers. In a gauge theory,
invariance under local symmetry transformations requires the introduction of spin-1
gauge fields, whose excitation modes are identified with gauge bosons, the mediators of
the fundamental interactions. The SU(3)C gauge symmetry gives rise to eight gauge
bosons corresponding to the gluons responsible for mediating the strong interaction. The
electroweak sector introduces four gauge fields: a neutral field Bµ associated with U(1)Y,
and three fields corresponding to the SU(2)L internal symmetries and denoted as W1

µ, W2
µ,

and W3
µ. The charged weak bosons mediating charged-current weak interactions emerge

5



1. BEYOND THE STANDARD MODEL: SUPERSYMMETRY

as linear combinations of W1
µ and W2

µ:

W±
µ =

1√
2

(
W1

µ ∓ W2
µ

)
. (1.2)

The remaining neutral gauge fields, W3
µ and Bµ, mix through the Weinberg angle θW

according to (
W3

µ

Bµ

)
=

(
cos θW sin θW
− sin θW cos θW

)(
Zµ

Aµ

)
. (1.3)

This rotation yields two physical neutral bosons: the photon, identified with the gauge
field Aµ and responsible for mediating the electromagnetic interaction, and the Z boson,
which mediates weak neutral-current interactions between quarks and leptons of the
same flavor. Local gauge invariance prohibits explicit mass terms for gauge bosons in
the SM Lagrangian, in contrast with the experimental observations which show that, of
the four electroweak bosons, only the photon is massless, whereas the W± and Z bosons
are massive [38]. This apparent contradiction is resolved through the Higgs mechanism
[9–11]. In close analogy with the Meißner-Ochsenfeld [39] effect in superconductivity
— where the presence of a scalar field causes the photon to appear massive — the SM
introduces an additional scalar field that combined with the spontaneous electroweak
symmetry breaking, a condition in which the ground state of a system does not share
the symmetry of the underlying Lagrangian, generates masses for the gauge bosons
while preserving local gauge invariance. The Higgs mechanism is incorporated in the
electroweak sector of the SM by introducing a weak-isospin doublet of complex scalar
fields,

Φ =

(
ϕ+

ϕ0

)
, (1.4)

whose self-interaction is described by the scalar potential

V(Φ) = µ2Φ†Φ + λ(Φ†Φ)2 . (1.5)

The scalar field Φ enters the SM Lagrangian through the term

LΦ = (DµΦ)†(DµΦ)− V(Φ) , (1.6)

which is manifestly gauge-invariant under SU(2)L ⊗ U(1)Y due to the presence of the
covariant derivative Dµ. The shape of the scalar potential V(Φ) is central to the Higgs
mechanism. The condition λ > 0 ensures the existence of global minima, while the sign
of µ2 discriminates between a unique minimum at Φ = 0 (µ2 > 0) and a continuous
set of degenerate minima (µ2 < 0). In the latter case, there are infinite configurations
of Φ that minimise the potential, and the scalar field acquires one such configuration as
its vacuum expectation value while the Lagrangian of Eq. 1.6 remains invariant under
U(1)Y transformations. The original electroweak symmetry is therefore said to be hidden
or spontaneously broken. After electroweak symmetry breaking, mass terms for the weak
gauge bosons emerge as

mW =
gv
2

and mZ =
gv

2 cos θW
=

mW
cos θW

, (1.7)

6



where g denotes the weak coupling constant and v =
√

−µ2

λ is the vacuum expectation
value of the real scalar field commonly referred to as the Higgs field. The excitation mode
of the Higgs field corresponds to the massive physical Higgs boson.

The Standard Model has demonstrated extraordinary predictive power and consis-
tency with experimental results across a vast range of energy scales. The discovery of the
Higgs boson by the ATLAS and CMS collaborations in 2012 [1, 2] marked a milestone in
particle physics, confirming the Higgs mechanism by which electroweak gauge invariance
SU(2)L ⊗ U(1)Y is spontaneously broken [10, 11] to U(1)EM of the electromagnetic inter-
action, and particles that couple to the Higgs field acquire mass. Although the SM does
not include a quantum description of gravity, this omission is not critical at the energy
scales probed by current collider experiments and can be safely neglected, being many
orders of magnitude weaker than the other fundamental forces at subatomic distances. A
schematic representation of the Standard Model and its constituent particles is visible in
Figure 1.1.

Figure 1.1 – Elementary particles described by the Standard Model.
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1. BEYOND THE STANDARD MODEL: SUPERSYMMETRY

1.1 Shortcomings of the Standard Model

Despite its remarkable empirical success, the Standard Model is widely regarded as a
mere low-energy approximation of a more fundamental theory. In other words, the
SM cannot be the ultimate theory of everything, as it faces significant experimental and
theoretical challenges. This section briefly highlights some of these key issues.

1.1.1 Hierarchy problem

One of the most profound theoretical shortcomings of the SM is its inability to explain the
vast disparity between the electroweak scale and the Planck scale, where quantum gravita-
tional effects become relevant and the SM must be inevitably modified. This discrepancy
is known as the hierarchy problem [12–15], and one of its prominent manifestations is
the extreme fine-tuning required to stabilise the Higgs boson mass. After the electroweak
symmetry breaking, the Higgs field couples to the SM fermions (excluding neutrinos)
and vector bosons, allowing them to acquire finite masses. The Higgs boson itself obtains
a mass equal to

m2
H = −2λν2 , (1.8)

where λ is the Higgs self-coupling constant and ν is the vacuum expectation value of the
Higgs potential. However, at higher orders in perturbation theory, loop corrections to the
Higgs mass arise from every particle the Higgs field couples to — directly or indirectly —
with fermions providing the dominant contributions [28]. These corrections take the form

∆m2
H = −

∣∣∣λ2
f

∣∣∣
8π2 Λ2

UV + . . . , (1.9)

where λ f is the coupling constant between the Higgs and a generic fermion f , while
ΛUV is an ultraviolet momentum cutoff used to regulate the loop corrections and should
be interpreted as the energy scale at which new physics enters to alter the high-energy
behavior of the SM. If ΛUV is assumed to be of the order of the Planck scale, then ∆m2

H
becomes approximately 34 orders of magnitude larger than the experimentally observed
Higgs boson mass [40]. To reconcile this discrepancy, correction terms must cancel
almost exactly, something that can happen only if the SM parameters are unnaturally
“fine-tuned”. The situation becomes even more problematic with the introduction of
hypothetical heavy particles beyond the SM that couple to the Higgs field and provide
additional corrections terms [28]. For example, a heavy complex scalar S with mass mS
would give rise to corrections of the form

∆m2
H = − λS

16π2

[
Λ2

UV − 2m2
S ln (ΛUV/mS) + . . .

]
, (1.10)

where both the cutoff and the mass of the new scalar contribute significantly. Again,
avoiding such large corrections would require an unnatural fine-tuning of the SM param-
eters. A plausible resolution that systematic cancels out these dangerous contributions
to ∆m2

H is the introduction of a new symmetry, as it will be made clear in the following
sections.
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1.1. SHORTCOMINGS OF THE STANDARD MODEL

1.1.2 Dark Matter

Figure 1.2 – Rotation curve observed in galaxy NGC
6503 [41]. The data points represent measured
rotation velocities at various distances from the
galactic center. The solid line shows the best-fit
including a DM component. Dotted, dashed, and
dash-dot lines represent the contributions from gas,
stellar disk, and DM halo, respectively.

A wide range of precise cosmological and
astrophysical observations has demon-
strated that ordinary baryonic matter ac-
counts for only a small fraction of the
total mass in the Universe. Current ev-
idence suggests that there is approxi-
mately 5-6 times more mass in a form
of non-relativistic “invisible” matter that
does not interact electromagnetically, the
Dark Matter (DM). One of the earliest
indications of DM comes from the obser-
vations of galactic rotation curves [16, 17].
An illustrative example is shown in Fig-
ure 1.2, which displays the rotation curve
of the galaxy NGC 6503. The velocity
profile in the galaxy’s outer arms remains
flat rather than declining, as would be
expected based on visible matter alone.
This discrepancy implies the presence of
an extended halo of unseen non-luminous, gravitationally interacting matter. Additional,
independent evidence supporting the existence of DM comes from gravitational lens-
ing [18, 42, 43] and the anisotropies of the Cosmic Microwave Background (CMB) [19,
20], both of which imply a substantial non-baryonic mass component in the Universe.
Moreover, numerical simulations of large-scale structure formation not only reinforce the
existence of DM in the present-day Universe but also indicate its non-relativistic nature
[44–46], essential to allow the formation of cosmic structure from smaller to larger scales,
effectively ruling out the possibility that DM consists solely of neutrinos or any other
light non-baryonic relativistic particles with masses below approximately 100 eV [47].

Several candidates for the DM have been proposed. These range from elementary
particles beyond the SM — such as Weakly Interacting Massive Particles (WIMPs) and
axions [48–51] — to macroscopic objects like primordial black holes [52–54]. WIMPs are
particularly compelling because they can arise naturally as thermal relics from the early
Universe. As the Universe cooled below the WIMP mass scale, their number density
would have decreased exponentially, eventually “freezing-out” once their interactions
with SM particles became negligible. This process, known as thermal freeze-out [55, 56],
predicts a relic abundance of WIMPs in the present-day Universe equal to

ΩWIMPh2 ≃ 0.1
( ⟨σv⟩

3 · 10−26 cm3 s−1

)
, (1.11)

with ⟨σv⟩ being the thermally averaged self-annihilation cross section multiplied by the
relative velocity v of the WIMP [57]. If a new particle with mass near the electroweak scale
(O(100 − 1000) GeV) and weak-scale interactions exists, its annihilation cross section

9



1. BEYOND THE STANDARD MODEL: SUPERSYMMETRY

can be estimated to be ⟨σv⟩ ∼ 1 pb ∼ 10−25cm3 s−1 [21, 28]. Since current observations
indicate a DM density of approximately ΩWIMPh2 ≃ 0.12 [20], such a WIMP could account
for nearly the entire DM content of the Universe. This striking coincidence, often referred
to as the “WIMP miracle”, suggests that if a stable particle associated with new physics at
the electroweak scale exists, it is by matter of facts the Dark Matter. Consequently, this
idea has driven an enormous experimental effort to detect WIMPs, especially at high-
energy colliders such as the LHC where the electroweak-scale phenomena are readily
accessible.

1.1.3 Unification of forces

As previously discussed, the SM is a gauge theory based on the SU(3)C ⊗ SU(2)L ⊗U(1)Y
symmetry group. Within this framework, the Gell-Mann–Nishijima relation

Q = T3 +
Y
2

(1.12)

connects the electric charge Q to the third component of the weak isospin T3 and the
weak hypercharge Y. The electric charges of charged leptons Qℓ and down-type quarks
Qd are related by |Qℓ| = 3|Qd|. However, because weak hypercharges are not constrained
to take fixed values a priori, there is no intrinsic reason within the SM for this quantised
relationship to hold. Moreover, internal consistency of the theory requires the cancellation
of U(1)Y gauge anomalies. This cancellation is ensured in the SM only if the sum of the
weak hypercharges across all fermions vanishes — a condition that is indeed satisfied
in the SM. The quantised nature of charges and the anomaly cancellation conditions
were among the earliest hints pointing toward the existence of a Grand Unified Theory
(GUT), where the SM gauge group is embedded in a larger one unifying the strong and
electroweak interactions as manifestations of a single fundamental force. In such GUT
framework, the SM would then emerge as a low-energy effective field theory, valid only
below a certain unification scale. If such unification exists, the three gauge couplings
of the SM should converge to a common value at some high energy scale. This can be
explored by extrapolating the experimentally measured values of the gauge couplings
at the electroweak scale to higher energies using renormalization group equations. The
result of this extrapolation within the SM is illustrated in Figure 1.3. Notably, the running
couplings fail to unify. This deviation strongly motivates the search for a GUT framework
in which the couplings do indeed converge, possibly requiring the inclusion of new
physics that is able to alter the running behavior and achieve true unification.

1.2 Supersymmetry

Supersymmetry (SUSY) [22–26, 28] is one of the most compelling theoretical frameworks
proposed to extend the Standard Model. At its core, SUSY is built on a simple yet powerful
assumption: the existence of a fundamental symmetry that relates every SM fermion
(boson) to a new bosonic (fermionic) partner. This symmetry is encoded in the action of a

10



1.2. SUPERSYMMETRY
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Figure 1.3 – Two-loop renormalization group evolution of the inverse gauge couplings α−1 in
the SM. The red, blue, and green lines correspond to the electromagnetic, weak, and strong
couplings, respectively. The vertical dashed black line marks the highest energy currently
accessible at the LHC. Adapted from Ref. [28].

fermionic operator Q, which transform fermionic states | f ⟩ into bosonic states |b⟩ and
vice versa:

Q| f ⟩ = |b⟩, Q|b⟩ = | f ⟩ . (1.13)

The operator Q, along its hermitian conjugate Q†, forms the basis of the supersymmetric
algebra when combined with the four-momentum generator Pµ of spacetime translations:

{Qα, Q†
β̇
} = 2σ

µ

αβ̇
Pµ ,

{Qα, Qβ̇} = {Q†
α̇, Q†

β̇
} = 0 ,

[Pµ, Qα] = [Pµ, Q†
α̇] = 0 .

(1.14)

Here, α and β, and their dotted counterparts are the spinor indices of Q and Q†, re-
spectively, while σµ = (1, σi) denotes the set of Pauli matrices extended to four-vector
notation. The irreducible representations of this algebra are called supermultiplets, single-
particle states made of both fermions and bosons related to each other by Eq. 1.13. Since
supersymmetric generators commute with the generators of gauge transformations, all
members of a given supermultiplet share identical quantum numbers, including color,
weak isospin, and electric charge. It can be further proved that a key property of su-
permultiplets is the equality between the number of fermionic and bosonic degrees of
freedom [28]. Accordingly, two main types of supermultiplets partake in supersymmetric
extensions of the SM:

• Chiral supermultiplets, consisting of a two-component Weyl fermion (i.e., a Weyl
spinor with two helicity states) and a complex scalar field, and
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1. BEYOND THE STANDARD MODEL: SUPERSYMMETRY

• Gauge or vector supermultiplets, consisting of a vector boson and a two-component
Weyl fermion.

Considering renormalizability and gauge invariance, SUSY assigns SM fermions to Weyl
fermions in chiral supermultiplets, and SM vector bosons to vector bosons in gauge
supermultiplets. This leads to the prediction that each SM fermion has a scalar super-
partner (called a “sfermion”), and each SM gauge boson has a fermionic superpartner
(a “gaugino”). The SM Higgs boson, being a scalar, must belong to a chiral supermul-
tiplet and thus requires a fermionic superpartner (a “higgsino”). Moreover, since the
squared-mass operator −PµPµ commutes with both Q and Q†, all particles belonging to
the same supermultiplet are expected to have the same mass. Therefore, if SUSY was an
exact symmetry, SUSY particles would be produced at the same rate and with the same
mass as their SM counterparts in high-energy colliders such as the LHC. However, no
SUSY particles have been observed to date. This lack of experimental evidence suggests
that supersymmetry must be a broken symmetry, much like electroweak symmetry in
the SM, such that superpartners acquire masses significantly larger than those of the SM,
placing them potentially beyond the current reach of collider experiments.

1.2.1 SUSY as a solution to the problems of the Standard Model

Historically, SUSY was introduced in the context of quantum field theory for its elegant
mathematical properties. With the experimental establishment of the SM between the
1950s and 1970s, SUSY gained renewed interest for its ability to address several of the
SM’s outstanding issues.

Hierarchy problem

It has already been noted that any new heavy complex scalar S with mass mS introduces
radiative corrections to the Higgs boson mass, as described by Eq. 1.10 and illustrated
in Figure 1.4. If, for simplicity, one assumes a relation between the scalar and fermion
Yukawa couplings of the form λS = |λ f |2, then the one-loop quadratic divergences to
the Higgs mass cancel exactly within SUSY. The cancellation occurs because each SM
fermion is associated with two complex scalar superpartners, ensuring that bosonic and
fermionic loop contributions offset each other. As a result, the fine-tuning required in
the Standard Model to stabilise the Higgs mass becomes unnecessary, and the hierarchy
problem appears to be resolved. However, a more careful examination reveals that this
cancellation does not persist at higher orders. Specifically, second-order correction terms
take the form

∆m2
H =

λ

16π2

[
m2

f ln

(
ΛUV

m f

)
− m2

S ln
(

ΛUV

mS

)]
, (1.15)

where λ stands for a generic Yukawa coupling. Since SUSY must be spontaneously broken
and the masses of fermions and scalar superpartners are no longer equal (m f ̸= mS),
an incomplete cancellation of the higher order terms occur, reintroducing a degree of
fine-tuning. Nonetheless, the re-emergence of the hierarchy problem is significantly
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1.2. SUPERSYMMETRY

mitigated provided that SUSY breaking occurs near the TeV scale. If SUSY particles have
masses on the order of at most O(1) TeV, the remaining radiative corrections to the Higgs
mass remain under control. Conversely, if superpartner masses lie significantly above the
TeV scale, the corrections grow large, and the fine-tuning problem surfaces once again.
Therefore, the hierarchy problem not only motivates SUSY but also naturally sets the
energy scale at which new physics — specifically in the form of SUSY particles — is
expected to appear. This scale lies within the reach of current experiments, such as those
conducted at the LHC.

H

f
S

H

Figure 1.4 – One-loop radiative corrections contributing to the Higgs boson mass calculation
from SM fermions (left) and SUSY scalars (right).

Dark Matter

SUSY predicts the existence of an entirely new spectrum of particles. As it will be
discussed in the Section 1.3, the lightest supersymmetric particle (LSP) is stable under
the assumption of R-parity conservation. If the LSP is also electrically neutral, it interacts
with ordinary matter only via the weak force, making it a compelling candidate for DM.
Among the possible LSPs, two are often considered as viable DM candidates: the lightest
neutralino and the gravitino. After SUSY-breaking, the electrically neutral components of
bino, wino, and higgsino — the supersymmetric partner of the Standard Model B, W0,
and Higgs bosons, respectively — mix to form four mass eigenstates known as neutralinos.
The lightest neutralino is widely regarded as the leading candidate of WIMP Dark Matter.
The composition of the lightest neutralino — the mixing ratio between bino, wino, and
higgsino states — largely depends on the choice of parameters in the framework of the
Minimal Supersymmetric Standard Model. For a detailed discussion, see Sectipon 1.3.3.
Here, it suffices to note that bino-like neutralinos tend to have very small annihilation
cross sections, resulting in early thermal freeze-out and an overabundance of relics in the
present-day Universe. Most bino-like DM models are thereby excluded by relic density
constraints. However, viable cases still exist, such as the bino-stau coannihilation scenario,
where the bino LSP and a slightly heavier stau (the SUSY partner of the tau lepton)
coannihilate, enhancing the overall annihilation rate and reducing the relic abundance
to acceptable levels [58, 59]. Wino-like and pure higgsino-like neutralinos are allowed
by relic density constraints to have masses up to 3 TeV and 1.1 TeV, respectively. At
lower masses, the neutralino LSP contributes only partially to the total DM abundance,
requiring either additional DM components or non-thermal production mechanisms to
account for the full observed relic density [60–62]. Alternatively, if the gravitino, the
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1. BEYOND THE STANDARD MODEL: SUPERSYMMETRY

supersymmetric partner of the hypothetical graviton, is the LSP, as is often the case
in gauge-mediated SUSY breaking scenarios, its viability as a DM candidate is highly
constrained by cosmological considerations. In particular, to avoid the so-called “gravitino
problem”, the gravitino mass must typically be less than ≲ O(10) eV [63–65].

Unification of forces

As previously discussed, the gauge coupling constants in the SM do not unify when
extrapolated to high energies using the renormalisation group equations. SUSY introduces
additional contributions to the two-loop renormalisation group equations, particularly
when its spontaneous breaking occurs near the TeV scale. These corrections significantly
alter the running of the couplings, as can be see in Figure 1.5: in contrast to the SM case,
the three gauge couplings in the Minimal Supersymmetric Standard Model evolve to
meet at a common scale around ΛGUT ∼ 1016 GeV, suggesting the possible existence of a
supersymmetric GUT. It is important to note nevertheless that, while the convergence
is significantly improved compared to the SM, the unification is still not exact. This
slight mismatch could potentially be resolved by postulating the existence of additional
particles beyond the Minimal Supersymmetric Standard Model, which may appear near
the GUT scale and affect the running of the couplings in the final stages of unification.
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Figure 1.5 – Two-loop renormalization group evolution of the inverse gauge couplings α−1 in
the Standard Model (dotted lines) and the Minimal Supersymmetric Standard Model (solid
lines). The red, blue, and green lines correspond the electromagnetic, weak, and strong
couplings, respectively. The vertical dashed black line marks the highest energy currently
accessible at the LHC. Adapted from Ref. [28].
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1.3. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

1.3 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) [27, 66, 67] is the simplest
supersymmetric extension of the SM and has been the primary focus of numerous studies
searching for evidence of SUSY. The MSSM introduces only the minimal set of new
particles required to build a consistent supersymmetric theory: one superpartner for each
SM particle and two Higgs doublets.

In the MSSM, Standard Model fermions are incorporated into chiral supermultiplets.
Since both the left- and right-handed quarks and leptons are distinct two-component Weyl
fermions with different gauge transformation properties, each of them requires its own
complex scalar partner. For instance, the SM left-handed doublet (uL, dL) corresponds to
a supermultiplet containing both the fermions (uL, dL) and their scalar partners

(
ũL, d̃L

)
.

Similarly, the right-handed singlet uR is accompanied by its superpartner ũR. The tilde
(∼) notation is conventionally added to the SM particles to denote the corresponding
SUSY partners. The scalar superpartners of SM fermions are collectively referred to as
sfermions, and their names are derived by prepending an s (for scalar) to the name of the
SM counterparts. Sfermions include squarks and sleptons, the superpartners of quarks and
leptons, respectively.

Names Spin-0 Spin-1/2

Squarks, quarks
(×3 generations)

Q
(
ũL, d̃L

)
(uL, dL)

ū ũ∗
R u†

R

d̄ d̃∗R d†
R

Sleptons, leptons
(×3 generations)

L (ν̃, ẽL) (ν, eL)

ē ẽ∗R e†
R

Higgs, higgsinos Hu
(

H+
u , H0

u
) (

H̃+
u , H̃0

u
)

Hd
(

H0
d , H−

d
) (

H̃0
d , H̃−

d
)

Table 1.1 – Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The
spin-0 fields are complex scalars, while the spin-1/2 fields are left-handed two-component
Weyl fermions.

In the Higgs sector, the SM Higgs boson is already a spin-0 particle, which suggests it
must belong to a chiral supermultiplet as a spin-1/2 Weyl fermion. However, a single
chiral supermultiplet is not enough, for two main reasons. First, a consistent quantum
field theory requires gauge anomalies to cancel. Part of this translates to demanding the
sum of hypercharges for all fermions to be exactly zero. The fermionic partners of the
Higgs bosons contribute to gauge anomalies, necessitating a second Higgs supermultiplet
to ensure the cancellation. Secondly, two Higgs doublets are needed to generate appropri-
ate Yukawa couplings for both up-type and down-type fermions, without introducing
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1. BEYOND THE STANDARD MODEL: SUPERSYMMETRY

large flavor-changing neutral currents. As a result, the MSSM introduces two Higgs
supermultiplets: Hu and Hd, with hypercharges Y = 1/2 and Y = −1/2, respectively.
The Hu multiplet gives mass to up-type quarks, whereas Hd is responsible for giving
mass to down-type quarks and charged leptons. The isospin components of Hu have
electric charges +1 and 0 and are denoted as

(
H+

u , H0
u
)
, while those of Hd have charges

0 and −1 and are labelled as
(

H0
d , H−

d
)
. Their fermionic superpartners, the higgsinos,

are indicated as
(

H̃+
u , H̃0

u
)

and
(

H̃0
d , H̃−

d
)
, respectively. A summary of the MSSM chiral

supermultiplets is presented in Table 1.1.
The vector bosons of the SM belong to gauge supermultiplets in the MSSM. Their

fermionic superpartners are known as gauginos, named by appending the suffix “-ino”
to the name of their SM counterparts. The SU(3)C color gauge interactions of QCD are
mediated by the gluon g, whose spin-1/2 color-octet supersymmetric partner is the gluino
g̃. The electroweak symmetry SU(2)L ⊗ U(1)Y is associated with the spin-1 gauge bosons
W±, W0 and B0, with spin-1/2 superpartners W̃±, W̃0 and B̃0 called winos and bino. After
the electroweak symmetry breaking, W0 and B0 mix to form the physical mass eigenstates
Z0 and γ, with their corresponding gaugino mixtures called zino (Z̃0) and photino (γ̃).
Table 1.2 summarizes the gauge supermultiplets of a minimal supersymmetric extension
of the Standard Model.

Names Spin-1/2 Spin-1

Gluino, gluon g̃ g

Wino, W bosons W̃±, W̃0 W±, W0

Bino, B boson B̃0 B0

Table 1.2 – Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

1.3.1 The MSSM Lagrangian and soft-supersymmetry breaking

SUSY must be broken at least at the electroweak scale. Otherwise, SM particles and their
SUSY partners would have identical masses, which is experimentally excluded. For this
to occur, the MSSM must posses a Lagrangian that is invariant under supersymmetric
transformations, but with a vacuum state that is not. In other words, supersymmetry
must be a hidden symmetry at low energies, much like the electroweak symmetry in
the Standard Model. To naturally preserve the hierarchy between the electroweak scale
and any much larger mass scale, SUSY-breaking must occur through soft terms in the
Lagrangian. These soft terms are designed to break supersymmetry without reintroducing
the hierarchy problem, and they consist solely of mass terms and couplings with positive
mass dimensions, excluding any dimensionless couplings. Accordingly, the effective
MSSM Lagrangian can be written as

LMSSM = LMSSM
SUSY + LMSSM

soft , (1.16)
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1.3. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

where LMSSM
SUSY includes all supersymmetry-preserving gauge and Yukawa interactions,

while LMSSM
soft introduces SUSY-breaking terms through soft parameters. The soft-breaking

Lagrangian is given by:

LMSSM
soft =− 1

2

(
M3 g̃g̃ + M2W̃W̃ + M1B̃B̃ + c.c.

)

−
(

˜̄uAuQ̃Hu − ˜̄dAdQ̃Hd − ˜̄eAe L̃Hd + c.c.
)

− Q̃†m2
QQ̃ − L̃†m2

L L̃ − ˜̄um2
ū ˜̄u† − ˜̄dm2

d̄
˜̄d† − ˜̄em2

ē ˜̄e†

− m2
Hu

H∗
u Hu − m2

Hd
H∗

d Hd −
(

bHu Hd + c.c.
)

.

(1.17)

The first line contains mass terms for the gluino, wino, and bino, with M3, M2, and M1
denoting their respective masses. The second line contains the trilinear scalar interactions
for squarks and sleptons, with the coupling matrices Au, Ad, and Ae. The third line
contains mass terms for the SUSY scalar fields with m2

Q, m2
L, m2

ū, m2
d̄, and m2

ē being 3 × 3
complex hermitian mass matrices in the generation space. The final line of Eq. 1.17 gives
the soft supersymmetry-breaking terms of the Higgs potential, with m2

Hu
, m2

Hd
, and b

denoting mass-squared parameters. To solve the hierarchy problem naturally, all soft
SUSY-breaking parameters are expected to lie near a common mass scale msoft, typically
not far above the TeV scale:

M1, M2, M3, Au, Ad, Ae ∼ msoft ,

m2
Q, m2

L, m2
ū, m2

d̄, m2
ē ∼ m2

soft .
(1.18)

One of the main challenges of SUSY-breaking in the MSSM is that it introduces a large
number of new parameters — 105 in total [68] — including masses, phases, and mixing
angles that have no counterparts in the Standard Model. This apparent tremendous
arbitrariness is a drawback of the theory. However, by imposing a set of well-motivated
phenomenological constraints, the number of independent parameters can be reduced
to just 19. This simplification is not merely artificial. It can be justified by postulating
that SUSY is spontaneously broken in a “hidden sector” of particles that couple only
weakly to the “visible sector” of the MSSM. The effects of SUSY-breaking are then me-
diated from the hidden sector to the MSSM through a specific mechanism, giving rise
to the soft terms described above. Crucially, SUSY breaking must occur outside the
MSSM itself; otherwise, it would imply the existence of a SUSY scalar lighter than its
SM fermion counterpart, which is excluded by experiments. Several viable mediation
mechanisms for SUSY-breaking exist. One widely studied scenario is gravity-mediated
supersymmetry-breaking, which involves the effects of supergravity (SUGRA) [69–76]. In
this framework, supersymmetry is promoted from a global to a local symmetry, incorpo-
rating gravity via the spin-2 graviton and its fermionic superpartner, the spin-3/2 gravitino.
Alternative mechanisms include gauge-mediated [77–80] and anomaly-mediated [81, 82]
supersymmetry-breaking.
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1.3.2 R-parity

The most general form of a gauge-invariant SUSY Lagrangian can include terms that vio-
late both baryon number (B) and lepton number (L) conservation. The potential presence
of such terms is concerning, as no B- and L-violating processes have never been observed
experimentally to date. Figure 1.6 illustrates a Feynman diagram for such a processes: the

Figure 1.6 – Feynman diagram of a proton decay
mediated by a strange squark [28].

decay of a proton into a positron and
a neutral pion, mediated by a strange
squark. If the squark mediator had a
mass of the order of O(TeV), the pre-
dicted proton mean lifetime would be
extremely short - on the order of a frac-
tion of a second. This sharply contrasts
with the experimental lower bound on

the proton lifetime, which exceeds 2.4 · 1034 years [38]. The natural way the MSSM
addresses this problem is by introducing a new symmetry, the R-parity [27], a multiplica-
tively conserved quantum number defined as

R = (−1)3(B−L)+2s , (1.19)

where s is the particle’s spin. As a result, all SM particles have R = +1, while all SUSY
partners have R = −1. Conservation of R-parity has three crucial phenomenological
implications.

• SUSY particles must be produced in pairs in collider experiments involving only
SM particles, such as those conducted at the LHC.

• The lightest supersymmetric particle (LSP) must be absolutely stable, since any
decay into SM particles would violate the R-parity conservation. If the LSP is
electrically neutral and interacts only via the weak force with ordinary matter, it
becomes a natural candidate for non-baryonic DM.

• All other sparticles beside the LSP must eventually decay into a state containing an
odd number of LSPs, ensuring that R-parity is preserved throughout their decay
chains.

One might question whether it is reasonable to assume that R-parity is exactly conserved
in the MSSM, especially since all known discrete symmetries in the SM are violated to
some extent. Fortunately, several theoretical extensions of the MSSM — particularly
supersymmetric GUTs — naturally incorporate R-parity conservation. In these mod-
els, R-parity emerges as a consequence of deeper symmetries and remains conserved
even down to the electroweak scale, making its conservation in the MSSM appear well-
motivated rather than arbitrary. If, however, R-parity conservation is still considered
theoretically unconvincing, R-parity violating models [83–86] offer viable alternatives. To
prevent rapid proton decay, these models typically assume that either B or L is conserved.
Consequently, sparticles can decay entirely into non-supersymmetric particles, leading to
novel experimental signatures and unusual decay processes. It should be noted, however,
that R-parity violation comes at the cost of losing stable Dark Matter candidates.
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1.3.3 Mass spectra in the MSSM

Following the electroweak supersymmetry-breaking, the interaction eigenstates of sparti-
cles in the MSSM do not necessarily coincide with their mass eigenstates, due to possible
mixing between fields with identical quantum numbers. This section provides a concise
overview of the MSSM mass spectrum, essential for understanding its phenomenological
implications and the constraints imposed by experimental data.

Electroweak symmetry breaking and the Higgs sector

The MSSM Higgs sector consists of two Higgs doublets: Hu =
(

H+
u , H0

u
)

and Hd =(
H0

d , H−
d
)
. Extracting the terms in the Lagrangian relevant for the electroweak symmetry

breaking, the scalar Higgs potential takes the form [28]

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

.

(1.20)

Here, g2 and gY are the SU(2)L and the U(1)Y gauge coupling constants, respectively,
while µ is the supersymmetric version of the Higgs boson mass in the SM. For the
electroweak symmetry breaking to occur, both neutral Higgs components H0

u and H0
d

must acquire non-zero vacuum expectation values (VEVs), i.e.

v2
SM = v2

u + v2
d = ⟨H0

u⟩2 + ⟨H0
d⟩2 =

2m2
Z

g2
2 + g2

Y
, (1.21)

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

tan β =
vu

vd
(1.22)

and requiring that the Higgs potential is minimized with respect to the neutral compo-
nents (H+

u = H−
d = 0 and ∂V/∂H0

u = ∂V/∂H0
d = 0), the following relationships are

obtained:
sin 2β =

2b

m2
Hu

+ m2
Hd

+ 2 |µ|2
,

m2
Z =

∣∣∣m2
Hu

− m2
Hd

∣∣∣
√

1 − sin2 2β
− m2

Hu
− m2

Hd
− 2 |µ|2 .

(1.23)

As a result, after the electroweak symmetry breaking, three of the eight real scalar degrees
of freedom in the two Higgs doublets become the longitudinal modes of the SU(2)L
massive W± and Z bosons. The remaining five degrees of freedom, on the other hand,
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manifest as five physical Higgs bosons: two CP-even neutral scalars h0 and H0, one CP-
odd neutral scalar A0, and two charged scalars H±. Assuming that vu and vd minimize
the tree-level potential in Eq. 1.20, the tree-level Higgs boson masses are given by

m2
A0 =

2b
sin(2β)

= 2|µ|2 + m2
Hu

+ m2
Hd

,

m2
h0,H0 =

1
2

(
m2

A0 + m2
Z ∓

√
(m2

A0 − m2
Z)

2 + 4m2
Zm2

A0 sin2 2β

)
,

m2
H± = m2

A0 + m2
W ,

(1.24)

where mW is the mass of the SM W± bosons. Well before the discovery of the Higgs boson
by the ATLAS and CMS collaborations [1, 2], it had been shown that the CP-even neutral
scalar h0 exhibits properties closely resembling those of the Standard Model Higgs [87].
Furthermore, it was found that in the MSSM

mh0 ≲ 135 GeV , (1.25)

provided that all the sparticles coupling to h0 contributing to loop corrections have masses
below approximately 1 TeV. Consequently, h0 is typically identified with the Higgs boson
observed at the LHC, with its mass generated through the electroweak symmetry breaking
in the MSSM.

Neutralinos and charginos

The electroweak symmetry breaking induces mixing among the neutral and charged
gauginos and higgsinos. Specifically, the two neutral higgsinos, H̃0

u and H̃0
d , and the two

neutral gauginos, B̃0 and W̃0, combine to form four neutral mass eigenstates known as
neutralinos and denoted by χ̃0

i (i = 1, 2, 3, 4). Similarly, the charged higgsinos H̃+
u , H̃−

d ,
and the charged winos W̃± mix to form two charged mass eigenstates called charginos,
denoted by χ̃±

i (i = 1, 2). By convention, the eigenstates are ordered by increasing mass:

mχ̃0
1
< mχ̃0

2
< mχ̃0

3
< mχ̃0

4
, mχ̃±

1
< mχ̃±

2
. (1.26)

Neutralinos and charginos are collectively referred to as electroweakinos. The lightest
neutralino, χ̃0

1, is usually assumed to be the LSP and, if R-parity is conserved, a compelling
candidate for non-baryonic DM.

The neutralino mass terms in the MSSM Lagrangian can be expressed as

Lχ̃0 = −1
2
(ψ0)TMχ̃0 ψ0 + c.c. (1.27)

using the gauge-eigenstate basis ψ0 = (B̃0, W̃0, H̃0
d , H̃0

u). The corresponding symmetric
mass matrix is then:

Mχ̃0 =




M1 0 −cβsWmZ sβsWmZ
0 M2 cβcWmZ −sβcWmZ

−cβsWmZ cβcWmZ 0 −µ

sβsWmZ −sβcWmZ −µ 0


 . (1.28)
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Here, sβ = sin β, cβ = cos β, sW = sin θW , and cW = cos θW , with θW being the Wein-
berg mixing angle defined via tan θW = gY/g2. Diagonalising Mχ̃0 yields the physical
masses of the four neutralinos. With a similar approach, the chargino mass terms in the
Lagrangian can be written as

Lχ̃± = −1
2
(ψ±)TMMMχ̃±ψ± + c.c. (1.29)

using the gauge-eigenstate basis ψ± = (W̃+, H̃+
u , W̃−, H̃−

d ). The resulting mass matrix
is:

Mχ̃± =




0 0 M2
√

2cβmW
0 0

√
2sβmW µ

M2
√

2sβmW 0 0√
2cβmW µ 0 0


 . (1.30)

Even at tree level, the physical chargino and neutralino masses result from non-trivial
mixing between gaugino and higgsino states, and the resulting eigenvalues are generally
cumbersome to write explicitly. However, it is important to note that these mass terms
depend on four key parameters which must be determined experimentally: µ, M2, M1,
and tan β. These parameters play a central role in shaping the phenomenology of the
MSSM at colliders and in cosmological observations.

Electroweakinos in compressed mass scenarios

One of the key motivations for SUSY, as previously discussed, is its ability to address the
hierarchy problem. This motivation is reflected in the context of Section 1.2, where the
second relation in Eq. 1.23 can be rewritten as [88]

−m2
Z

2
= |µ|2 −

m2
Hd

− m2
Hu

tan2 β

tan2 β − 1
. (1.31)

This new expression highlights the requirement that the higgsino mass parameter µ must

Figure 1.7 – Electroweakinos mass spectrum in the higgsino
LSP limit, assuming decoupled gauginos masses. The light-
est chargino and the two lightest neutralinos form a nearly
degenerate mass triplet. ∆m0 is the mass difference between
χ̃0

2 and χ̃0
1, while ∆m± is the mass splitting between χ̃±

1 and
χ̃0

1. The remaining electroweakinos are bino- and wino-like
states with masses around M1 and M2. From Ref. [89].

not be too large compared
to the electroweak scale, i.e.
|µ|2 ∼ −m2

Hu
∼ m2

Z. Other-
wise, an excessive fine-tuning
of the SM parameters would
be needed to recover the ex-
perimentally measured Z bo-
son mass. This condition is
known as “electroweak natural-
ness” [88, 90–92]. Electroweak
naturalness sets a preferred en-
ergy scale where higgsinos are
expected to be produced, imply-
ing at the same time a hierarchy
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where higgsinos are significantly lighter than the gauginos:

|µ| ≪ M1, M2 . (1.32)

In this limit, after the electroweak symmetry breaking, the higgsino sector forms a nearly
degenerate higgsino-like triplet consisting of the lightest chargino and the two lightest
neutralinos,

(
χ̃±

1 , χ̃0
1, χ̃0

2
)
, with the two remaining wino-like neutralinos and the second-

lightest bino-like chargino at mass scales close to M2 and M1, respectively. This mass
hierarchy is illustrated in Figure 1.7. The mass splitting between the two light neutralinos,
∆m0 = m

(
χ̃0

2
)
− m

(
χ̃0

1
)
, is induced via mixing with bino and wino states [36, 93, 94], and

can be approximated by

∆m0 ≃ m2
Z

∣∣∣∣∣
c2

W
M2

+
s2

W
M1

∣∣∣∣∣ . (1.33)

The mass difference between the lightest chargino and neutralino, ∆m± = m
(
χ̃±

1
)
−

m
(
χ̃0

1
)

receives contributions at both tree-level and through radiative corrections. These
contributions are expressed as [36, 93, 94]

∆mtree
± ≃ ∆m0

2
− 1

2
m2

Z sin 2β

(
c2

W
M2

− s2
W

M1

)
,

∆mrad
± ≃ α2s2

Wµ

2π

∫ 1

0
(1 + t) ln

[
1 +

m2
Z(1 − t)
µ2t2

]
dt ,

(1.34)

where α2 is the fine-structure constant for the SU(2)L gauge group. In the limit where
µ ≫ mZ, the radiative correction term simplifies to [36]:

∆mrad
± ≃ α2mZ

2
sin2 θW ≃ 354 MeV . (1.35)

Within the MSSM, mass splittings increase with stronger higgsino-gaugino mixing, and
∆m± typically remains larger than O(200 − 300) MeV due to radiative corrections [95].
The mixing also enhances the DM-nucleon scattering cross section, creating a strong
correlation between the mass splittings and observables directly accessible by DM direct
detection experiments [29]. Current limits from DM direct detection experiments [96]
require ∆mtree

± ≳ O(1) GeV. In other words, the limits indicate that direct detection exper-
iments are capable of finding higgsinos provided that the mass difference exceeds a few
GeV, approximately [97]. Consequently, phase space regions where ∆mtree

± ≲ O(1) GeV
remain largely unexplored, being primarily within reach of collider experiments only.
The higgsino phenomenology at colliders is highly sensitive to the mass splittings. In the
regime mπ± < ∆m± ⪅ 1 GeV, with mπ± denoting the charged pion mass, the dominant
decay mode of the lightest chargino becomes χ̃±

1 → χ̃0
1π± [98]. The decay length of this

process is given by

Γ−1
χ̃±

1 →χ̃0
1π± ≃ 14 mm

ℏc
·
[(

∆m±
340 MeV

)3
√

1 − m2
π±

∆m2
±

]−1

. (1.36)
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From this expression, it is possible to extract the chargino mean lifetime as a function of
the mass splitting, as shown in Figure 1.8. In the relevant parameter space, the chargino
lifetime is typically cτ ≈ O(0.1 − 10) mm, which is sufficiently long for the resulting
pion to be spatially separated from other particles produced promptly in the interaction
point. Similar considerations apply to the second-lightest neutralino. Motivated by the
electroweak naturalness and DM considerations, this thesis focuses precisely on the
scenario described above: a higgino-like nearly degenerate mass triplet

(
χ̃±

1 , χ̃0
1, χ̃0

2
)
,

with masses near the electroweak scale, and a measurable higgsino lifetime resulting in
displaced decay signatures.

Figure 1.8 – Chargino lifetime cτ as a function of the mass difference between the lightest
chargino and the lightest neutralino ∆m

(
χ̃±

1 , χ̃0
1
)
. The gray band shows the spatial coverage

of the various ATLAS detector subsystems. The blue region corresponds to the range of mass
splittings where the gaugino mass is sufficiently decoupled from the higgsino mass parameter.
The red band represents the impact parameter resolution of tracks reconstructed by ATLAS.
Charginos with lifetimes exceeding this resolution may produce detectable displaced pion
tracks. From Ref. [89].

Gluino

Unlike neutralinos and charginos, the gluino is a colored octet fermion and does not
mix with any other particles in the MSSM, even in the presence of R-parity violation.
Assuming gauge coupling unification at a sufficiently high-energy scale, the gluino mass
parameter M3 is related to the bino and wino masses M1 and M2, as introduced in Eq.
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1.17. Up to second-order corrections, M3 is given by

M3 =
αs

α
sin2 θW M2 =

3
5

αs

α
cos2 θW M1 , (1.37)

where αs and α are the strong coupling and the electromagnetic fine-structure constants,
respectively. This relation leads to the following approximate mass hierarchy near the
TeV scale

M3 : M2 : M1 ≈ 6 : 2 : 1 , (1.38)

implying that the gluino is naturally expected to be significantly heavier than the lighter
neutralinos and charginos, and potentially beyond the reach of current collider experi-
ments. Nonetheless, it should be noted that gluino searches at the LHC are still conducted,
typically treating the gluino mass as a free parameter within simplified SUSY models
rather strictly adhering to the above relation.

Squarks and sleptons

Although scalars with identical quantum numbers can, in general, mix to form mass
eigenstates, squarks and sleptons in the MSSM are expected to exhibit less intricate
mixing patterns compared to the Higgs-sector particles. This is primarily due to stringent
experimental constraints on flavor-changing and CP-violating processes. To calculate
squark and slepton mass terms, it is common to adopt an idealised scenario where the
sfermion mass matrices in Eq. 1.17 are assumed to be proportional to the 3 × 3 identity
matrix:

m2
Q = m2

Q × 1 , m2
L = m2

L × 1 , m2
ū = m2

ū × 1 , m2
d̄ = md̄ × 1 , m2

ē = m2
ē × 1 . (1.39)

Suppression of flavor-changing neutral current processes can be achieved by assuming
that the trilinear coupling matrices Au,d,e in Eq. 1.17 are proportional to the corresponding
Yukawa coupling matrices yu,d,e, which in turn can be approximated to receive contribu-
tions only from third-generation components. Under these assumptions, all matrices of
Eq. 1.39 can be treated as diagonal, between the first- and second-generation sfermions.
For example, the mass matrix of left-handed squarks takes the approximate form

m2
Q ≈




m2
Q1,2

0 0
0 m2

Q1,2
0

0 0 m2
Q1,2


 , (1.40)

with analogous expressions holding for m2
L, m2

ū, m2
d̄, and m2

ē. Due to large third-
generation Yukawa couplings and trilinear couplings, the third generation sfermions
generally have different masses from their first- and second-generation counterparts.
Significant left-right mixing may occur for the third-generation sfermions, resulting in the
following multiplets: (t̃L, t̃R),

(
b̃L, b̃R

)
, and

(
τ̃L, τ̃R

)
. Considering top squarks (stops),

the Lagrangian mass term in the gauge-eigenstate basis (t̃L, t̃R) is given by

Lstop = − (t̃∗L t̃∗R) m2
t̃

(
t̃L
t̃R

)
, (1.41)
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where the mass matrix is

m2
t̃ =

(
m2

Q3
+ m2

t + ∆ũL v (A∗
t sin β − µyt cos β)

v (At sin β − µ∗yt cos β) m2
ū3
+ m2

t + ∆ũR

)
. (1.42)

This mass matrix is diagonalised to obtain the mass eigenstates t̃1 and t̃2:
(

t̃1
t̃2

)
=

(
cos θt̃ − sin θt̃
sin θt̃ cos∗ θt̃

)(
t̃L
t̃R

)
. (1.43)

Here, θt̃ denotes the stop mixing angle. Due to the sizable off-diagonal elements in the
mass matrix, strong mixing is induced, and the values of m2

Q3
and m2

u3
are significantly

smaller than their corresponding parameters of first- and second-generation squarks.
Overall, this causes a reduction in the lighter stop mass eigenvalue, making t̃1 — predom-
inantly composed of t̃R — the lightest squark in the MSSM. Similar considerations apply
to bottom squarks and tau sleptons, with mass matrices given by:

m2
b̃ =

(
m2

Q3
+ ∆d̃L

v
(

A∗
b cos β − µyb sin β

)

v (Ab cos β − µ∗yb sin β) m2
d̄3
+ ∆d̃R

)
,

m2
τ̃ =

(
m2

L3
+ ∆ẽL v (A∗

τ cos β − µyτ sin β)

v (Aτ cos β − µ∗yτ sin β) m2
ē3
+ ∆ẽR

)
.

(1.44)

The extent of left-right mixing for sbottoms and staus is highly sensitive to the value
of tan β. For moderate values (tan β ⪅ 10), the mixing effect remains small due to the
relatively weak bottom and tau Yukawa couplings, leading to near mass degeneracy
between b̃R, τ̃L, τ̃R, ν̃τ , and their first- and second- generation counterparts. In contrast,
for large tan β, the enhanced mixing causes the third-generation mass eigenstates b̃1 and
τ̃1 to become significantly lighter than their first- and second-generation counterparts,
while ν̃τ remains nearly mass degenerate with ν̃e and ν̃µ.

On the other hand, the first- and second-generation sfermions have negligible Yukawa
couplings and therefore exhibit minimal mixing. Their mass eigenstates are essentially de-
generate doublets:

(
ũL, c̃L

)
,
(
d̃L, s̃L

)
,
(
ũR, c̃R

)
,
(
d̃R, s̃R

)
, (ẽL, µ̃L), (ẽR, µ̃R), and

(
ν̃e, ν̃µ

)
.

Assuming universal sfermion masses at the GUT scale with a common mass parameter
m0, the first- and second-generation sfermion masses at low energies can be written as

m2
Q1

= m2
Q2

= m2
0 + K3 + K2 +

1
36

K1 + ∆Q ,

m2
ū1

= m2
ū2

= m2
0 + K3 +

4
9

K1 + ∆u ,

m2
d̄1

= m2
d̄2

= m2
0 + K3 +

1
9

K1 + ∆d̄ ,

m2
L1

= m2
L2

= m2
0 + K2 +

1
4

K1 + ∆L ,

m2
ē1
= m2

ē2
= m2

0 + K1 + ∆ē ,

(1.45)

where the Ki (i = 1, 2, 3) terms represent the effects of renormalization group running
proportional to the gaugino masses. The Ki parameters can be numerically determined
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once the energy scale is specified. The ∆ϕ terms denote electroweak symmetry breaking
corrections, responsible for hyperfine splittings that differentiate the components of the
slepton and squark SU(2)L doublets.

From theory to simplified models

As discussed in Section 1.3, SUSY-breaking within the MSSM introduces a large number
of free parameters, which is one of its main drawbacks. In particular, the masses of all
MSSM particles are free parameters, significantly affecting the predicted signatures in
particle detectors and the corresponding cross sections. To manage this complexity, many
searches for SUSY particles at the LHC employ simplified models [99]. These models are
often constructed by applying reasonable approximations, such as assumptions about
the structure of trilinear coupling matrices and sfermion mass matrices. One commonly
used reduction is the phenomenological MSSM (pMSSM), which captures the essential
features of the MSSM while limiting the number of free parameters as summarised
in Table 1.3. A further simplification involves assuming 100% branching ratios in the
decay chains of SUSY particles , and all particles not involved in the process under
consideration as effectively decoupled. This reduces the parameter space to quantities
directly accessible at collider experiments, such as particle masses and production cross
sections. Simplified models serve several important purposes: they help define the
sensitivity limits of searches, guide the study of new physics signatures, and provide a
framework to interpret results within broader theoretical contexts. When interpreting
search results, understanding the boundaries of detector sensitivity, such as reconstruction
efficiencies, allows experimentalists and theorists to identify blind spots and unexplored
signatures. This also provides a reference point for models with similar decay topologies.
In the event of a potential signal of new physics, simplified models are valuable for
characterizing properties such as particle masses of such new signal, which can help
the development of more complete theories. Moreover, results from simplified model
searches can be reinterpreted in the context of more general models by comparing upper
limits on observable signal events with theoretical predictions. The ATLAS Collaboration
has a comprehensive program of SUSY searches based on simplified models, as will be
discussed in Section 1.4.
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Parameter Description

µ Higgs/higgsino mass
tan β Ratio of the Higgs vacuum expectation values
mA0 Mass of the CP-odd neutral Higgs boson
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 quark trilinear coupling
Ab Bottom quark trilinear coupling
Aτ τ lepton trilinear coupling

Table 1.3 – Phenomenological Minimal Supersymmetric Standard Model free parameters.
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1.4 Constraints on Supersymmetry from LHC experiments

Supersymmetry has been the focus of extensive search efforts by the ATLAS experiment
at the Large Hadron Collider, across a wide range of scenarios [100]. These include the
strong production of squark and gluinos - with a particular emphasis on third generation
squarks - as well as electroweak production of higgsinos and sleptons, searches involving
R-parity violating models, and long-lived particles (LLPs). All these searches interpret
their results using simplified models, as described in Section 1.3. A summary of ATLAS’s
combined sensitivity across various supersymmetric scenarios is shown in Figure 1.9
[101]. The CMS Collaboration has also conducted similar analyses, obtaining comparable
results [102].
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q̃q̃, q̃→qχ̃0
1 0 e, µ 2-6 jets Emiss

T 140 m(χ̃0
1)<400 GeV 2010.142931.85q̃ [1×, 8× Degen.] 1.0q̃ [1×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 140 m(q̃)-m(χ̃0

1)=5 GeV 2102.108740.9q̃ [8× Degen.]

g̃g̃, g̃→qq̄χ̃0
1 0 e, µ 2-6 jets Emiss

T 140 m(χ̃0
1)=0 GeV 2010.142932.3g̃

m(χ̃0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃0
1 1 e, µ 2-6 jets 140 m(χ̃0

1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃0
1

ee, µµ 2 jets Emiss
T 140 m(χ̃0

1)<700 GeV 2204.130722.2g̃

g̃g̃, g̃→qqWZχ̃0
1 0 e, µ 7-11 jets Emiss

T 140 m(χ̃0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 140 m(g̃)-m(χ̃0
1)=200 GeV 2307.010941.15g̃

g̃g̃, g̃→tt̄χ̃0
1 0-1 e, µ 3 b Emiss

T 140 m(χ̃0
1)<500 GeV 2211.080282.45g̃

SS e, µ 6 jets 140 m(g̃)-m(χ̃0
1)=300 GeV 1909.084571.25g̃

b̃1b̃1 0 e, µ 2 b Emiss
T 140 m(χ̃0

1)<400 GeV 2101.125271.255b̃1
10 GeV<∆m(b̃1,χ̃0

1)<20 GeV 2101.125270.68b̃1

b̃1b̃1, b̃1→bχ̃0
2 → bhχ̃0

1 0 e, µ 6 b Emiss
T 140 ∆m(χ̃0

2 , χ̃
0
1)=130 GeV, m(χ̃0

1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden
2 τ 2 b Emiss

T 140 ∆m(χ̃0
2 , χ̃

0
1)=130 GeV, m(χ̃0

1)=0 GeV 2103.081890.13-0.85b̃1b̃1

t̃1 t̃1, t̃1→tχ̃0
1 0-1 e, µ ≥ 1 jet Emiss

T 140 m(χ̃0
1)=1 GeV 2004.14060, 2012.037991.25t̃1

t̃1 t̃1, t̃1→Wbχ̃0
1 1 e, µ 3 jets/1 b Emiss

T 140 m(χ̃0
1)=500 GeV 2012.03799, 2401.134301.05t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1-2 τ 2 jets/1 b Emiss
T 140 m(τ̃1)=800 GeV 2108.076651.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→cχ̃0
1 / c̃c̃, c̃→cχ̃0

1 0 e, µ 2 c Emiss
T 36.1 m(χ̃0

1)=0 GeV 1805.016490.85c̃
0 e, µ mono-jet Emiss

T 140 m(t̃1,c̃)-m(χ̃0
1)=5 GeV 2102.108740.55t̃1

t̃1 t̃1, t̃1→tχ̃0
2, χ̃0

2→Z/hχ̃0
1 1-2 e, µ 1-4 b Emiss

T 140 m(χ̃0
2)=500 GeV 2006.058800.067-1.18t̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 140 m(χ̃0

1)=360 GeV, m(t̃1)-m(χ̃0
1)= 40 GeV 2006.058800.86t̃2t̃2 Forbidden

χ̃±1 χ̃
0
2 via WZ Multiple ℓ/jets Emiss

T 140 m(χ̃0
1)=0, wino-bino 2106.01676, 2108.075860.96χ̃±

1 /χ̃
0
2ee, µµ ≥ 1 jet Emiss

T 140 m(χ̃±1 )-m(χ̃0
1 )=5 GeV, wino-bino 1911.126060.205χ̃±

1 /χ̃
0
2

χ̃±1 χ̃
∓
1 via WW 2 e, µ Emiss

T 140 m(χ̃0
1)=0, wino-bino 1908.082150.42χ̃±

1
χ̃±1 χ̃

0
2 via Wh Multiple ℓ/jets Emiss

T 140 m(χ̃0
1)=70 GeV, wino-bino 2004.10894, 2108.075861.06χ̃±

1 /χ̃
0
2

χ̃±
1 /χ̃

0
2 Forbidden

χ̃±1 χ̃
∓
1 via ℓ̃L/ν̃ 2 e, µ Emiss

T 140 m(ℓ̃,ν̃)=0.5(m(χ̃±1 )+m(χ̃0
1)) 1908.082151.0χ̃±

1

τ̃τ̃, τ̃→τχ̃0
1 2 τ Emiss

T 140 m(χ̃0
1)=0 2402.006030.5τ̃ [τ̃Rτ̃R] 0.35τ̃ [τ̃Rτ̃R]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃0
1 2 e, µ 0 jets Emiss

T 140 m(χ̃0
1)=0 1908.082150.7ℓ̃

ee, µµ ≥ 1 jet Emiss
T 140 m(ℓ̃)-m(χ̃0

1)=10 GeV 1911.126060.26ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 140 BR(χ̃0

1 → hG̃)=1 2401.149220.94H̃
4 e, µ 0 jets Emiss

T 140 BR(χ̃0
1 → ZG̃)=1 2103.116840.55H̃

0 e, µ ≥ 2 large jets Emiss
T 140 BR(χ̃0

1 → ZG̃)=1 2108.075860.45-0.93H̃
2 e, µ ≥ 2 jets Emiss

T 140 BR(χ̃0
1 → ZG̃)=BR(χ̃0

1 → hG̃)=0.5 2204.130720.77H̃

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Emiss

T 140 Pure Wino 2201.024720.66χ̃±
1

Pure higgsino 2201.024720.21χ̃±
1

Stable g̃ R-hadron pixel dE/dx Emiss
T 140 2205.060132.05g̃

Metastable g̃ R-hadron, g̃→qqχ̃0
1 pixel dE/dx Emiss

T 140 m(χ̃0
1)=100 GeV 2205.060132.2g̃ [τ( g̃) =10 ns]

ℓ̃ℓ̃, ℓ̃→ℓG̃ Displ. lep Emiss
T 140 τ(ℓ̃) = 0.1 ns ATLAS-CONF-2024-0110.74ẽ, µ̃

τ(ℓ̃) = 0.1 ns ATLAS-CONF-2024-0110.36τ̃
pixel dE/dx Emiss

T 140 τ(ℓ̃) = 10 ns 2205.060130.36τ̃

χ̃±1 χ̃
∓
1 /χ̃

0
1 , χ̃±1→Zℓ→ℓℓℓ 3 e, µ 140 Pure Wino 2011.105431.05χ̃∓

1 /χ̃
0
1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓

1 /χ̃
0
1 [BR(Zτ)=1, BR(Ze)=1]

χ̃±1 χ̃
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1 /χ̃

0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss
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1 /χ̃
0
2 [λi33 , 0, λ12k , 0] 0.95χ̃±
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0
2 [λi33 , 0, λ12k , 0]

g̃g̃, g̃→qqχ̃0
1, χ̃0

1 → qqq ≥8 jets 140 Large λ′′112 2401.163332.34g̃ [m(χ̃0
1)=50 GeV, 1250 GeV] 1.6g̃ [m(χ̃0
1)=50 GeV, 1250 GeV]

t̃t̃, t̃→tχ̃0
1, χ̃0

1 → tbs Multiple 36.1 m(χ̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′
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=2e-4, 1e-2] 0.55t̃ [λ′′
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t̃t̃, t̃→bχ̃±1 , χ̃±1 → bbs ≥ 4b 140 m(χ̃±1 )=500 GeV 2010.010150.95t̃̃t Forbidden
t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 140 BR(t̃1→be/bµ)>20% 2406.183670.4-1.85t̃1
1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
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Figure 1.9 – Mass reach of the ATLAS searches for SUSY, with a representative selection of the
available search results. From Ref. [101].

1.4.1 Constraints on higgsinos in compressed mass spectra

Focusing on higgsinos in compressed mass spectra, the subject of this thesis, the search
faces unique challenges. Due to the soft visible decay products of the SUSY states,
the primary signature suitable for triggering is the missing transverse energy (Emiss

T )
originating from the undetected neutralinos. To achieve sufficiently large Emiss

T above
the trigger threshold, searches exploit an initial-state radiation (ISR) topology, where the
SUSY system recoils against hadronic or leptonic activity. This results in a distinctive
“Emiss

T + objects” signature, which provides sensitivity to higgsino production regardless
of the decay mode. This strategy was first implemented by the four experiments operating
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at the Large Electron-Positron Collider (LEP): ALEPH, DELPHI, L3, and OPAL [35]. In
regions with sufficiently large mass splittings (∆m

(
χ̃±

1 , χ̃0
1
)
> 3 GeV), the resulting Emiss

T
combined with jet or lepton topologies enabled the four experiments to set exlusion
limits on the higgsino mass up to about 100 GeV . In the small mass difference region
(∆m

(
χ̃±

1 , χ̃0
1
)
< 3 GeV), ISR photons were used to boost the SUSY system and suppress

the SM backgrounds, extending the exclusion reach to approximately 90 GeV in the
higgsino mass. More recently, both ATLAS and CMS have adopted the “Emiss

T + jet”
(monojet) topology in their searches [103, 104]. However, such searches suffer from
relatively low signal-to-background ratios due to the small SUSY production cross sections
and significant irreducible backgrounds. As a result, the sensitivity to direct higgsino
production remains limited. To overcome this challenge, additional search strategies have
been developed. These include requiring specific decay signatures in addition to the
monojet topology — most notably, soft leptons and disappearing tracks — which provide
enhanced discrimination power and improve sensitivity in the compressed higgsino mass
spectrum. A summary of the results from these analyses is presented in Figure 1.10.
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Figure 1.10 – Experimental constraints compressed higgsino states, set by the ATLAS experi-
ment (as of June 2021). The dashed grey line represents the evolution of the mass splitting as a
function of the chargino mass due to radiative corrections in the case of a pure higgsino. The
soft lepton analysis (blue) excludes mass differences larger than 1.5 GeV, while the disappear-
ing track analysis (orange) probes the region with mass splittings below 400 MeV. A sensitivity
gap remains between these two analyses, which has only been explored up to about 90 GeV in
the chargino mass by the LEP experiments. From Ref. [105].

Limits from the soft leptons searches

For higgsino mas differences ∆m
(
χ̃±

1 , χ̃0
1
)
≳ 1.5 GeV, the final-state leptons produced in

higgsino decays acquire sufficiently large transverse momentum (pT) to be reconstructed
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with reasonable efficiency in the ATLAS detector. In the ATLAS soft 2-leptons search [32],
a pair of soft leptons — originating from the decay of the second-lightest neutralino via an
off-shell Z boson — is required, in addition to the monojet signature. The selection accepts
leptons with pT as low as 3 GeV for muons and 4.5 GeV for electrons, and requires a small
dilepton invariant mass. The ATLAS soft 3-leptons search [33] further targets scenarios
where the lightest chargino decays leptonically via an off-shell W boson, resulting in
a final state with three soft leptons. The statistical combination of these two analyses,
shown in Figure 1.10, extends the sensitivity to higgsino masses up to 180 GeV and probes
mass differences between the lightest chargino and the lightest neutralino down to 1.5
GeV. The CMS Collaboration has performed a similar analysis, achieving comparable
results [34].

Limits from the disappearing track search

When the mass splitting between higgsino states is of only a few hundred MeV, the lightest
chargino becomes long-lived enough to traverse the innermost layers of the tracking
detector before decaying into a charged pion with very low transverse momentum,
typically pT ∼ O(100) MeV. Due to the intrinsic pT threshold of the track reconstruction
algorithms, such low-pT pions are not reconstructed. As a result, this decay leads to a
characteristic signature known as a “disappearing track”: the chargino leaves a visible
track in the tracking system, which suddenly vanishes when the chargino decays, leaving
no corresponding hits in the outer layers. This disappearing track provides an additional
handle on top of the traditional “Emiss

T + jet” signature. The latest results from this analysis,
reported in Ref. [30], are illustrated in Figure 1.10. The analysis is sensitive to higgsino
mass splittings up to approximately 400 MeV and can probe pure higgsino states with
masses around 200 GeV. Again, the CMS Collaboration has performed a similar study,
reaching comparable conclusions [31].

The “higgsino gap”

It is worth noting that both the soft leptons and disappearing track searches exhibit
a sharp drop in sensitivity within the 0.3 ≲ ∆m

(
χ̃±

1 , χ̃0
1
)
≲ 1.25 GeV region, the so-

called “higgsino gap”, where the most stringent constraints still stem from legacy LEP
experiments. The primary goal of this thesis is to probe this previously unexplored phase
space at the LHC by introducing a novel analysis strategy that targets mildly-displaced
pion tracks arising from the higgsino decays.
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The Large Hadron Collider (LHC) [106] is the world’s largest and highest-energy circular
collider. Located approximately 100 meters underground at CERN near Geneva, it
consists of a 27 kilometer ring designed to accelerate and collide protons or heavy ions.
The LHC was designed to reach a center-of-mass energy

√
s = 14 TeV for pp collisions,

with a peak instantaneous luminosity of L = 1034 cm−2 s−1. This thesis is based on
data collected from pp collisions delivered by the LHC during the second and (part of
the) third operational periods, Run 2 and Run 3, when the collider operated at center-
of-mass energies between

√
s = 13 TeV and

√
s = 13.6 TeV. Over a span of seven years

(2015-2018 and 2022-2024), these runs delivered a cumulative integrated luminosity of
Lint = 349 fb−1, of which 328 fb−1 were recorded by ATLAS.

2.1 Proton-proton interactions at hadron colliders

The LHC was conceived as a hadron accelerator and collider to overcome a fundamental
limitation associated with circular electron-positron collider accelerators: significant
energy loss due to the emission of synchrotron radiation. The radiative energy loss for a
charged particles following a curved trajectory is given by [107]

dE
dt

∝
E4

m4R2 , (2.1)

where E, m, and R denote the particle’s energy, mass, and the radius of the circular
trajectory, respectively. Owing to the m−4 dependence, energy losses for electrons are
significantly higher than for protons (m4

p/m4
e ∼ 1012). This makes it extremely challeng-

ing to achieve high center-of-mass energies in circular electron-positron colliders, thus
motivating the choice of protons and heavy ions for the LHC.

It is necessary to note that hadron colliders like the LHC face a set of challenges too.
Since protons are composite particles — bound states of quarks and gluons (collectively
know as partons) — two distinct types of interactions can occur during collisions.
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• Soft collisions are low momentum-transfer, long-distance interactions between two
protons within the colliding beams. These produce final-state particles with low
transverse momentum, typically scattering at small angles.

• Hard collisions represent, instead, high momentum-transfer interactions between
individual partons within protons. Though rarer, these events can yield particles in
the final state with large transverse momentum and/or mass.

From a physics standpoint, hard collisions are the most valuable as they probe high-
energy parton-level interactions. However, the composite structure of protons introduce
additional complexities. First, it is necessary to take into account the inability to directly
measure the cross section of the underlying partonic interaction, happening at an un-
known center-of-mass energy, with the hadronic cross section only being experimentally
accessible. While it is true partonic cross sections can be calculated using perturbative
QCD, ideally to arbitrary precision, computing the hadronic cross section requires in-
corporating parton distribution functions (PDFs) in the calculations, and in turn this
introduces additional uncertainties into the theoretical predictions. Moreover, partons not
involved in the primary hard-scattering interaction undergo hadronisation or secondary
interactions, generating a dense environment populated by a substantial irreducible QCD
background, the underlying event, which adds another layer of complexity to the event
reconstruction and analysis. Lastly, hard and soft collisions occur simultaneously within
the same bunch crossing, resulting in additional background noise: the pileup.

2.2 The accelerator complex

The entire CERN accelerator complex is illustrated in Figure 2.1. Proton-proton or heavy-
ion collisions occur at four interaction points along the LHC ring, where the four main
experiments are located: ATLAS, CMS, LHCb, and ALICE. ATLAS (A Toroidal LHC
Apparatus) [108] and CMS (Compact Muon Solenoid) [109] are general-purpose detectors
designed to observe a wide range of signals, whether they originate from Standard Model
processes or from potential new physics beyond it. In contrast, LHCb [110] and ALICE (A
Large Ion Collider Experiments) [111] are specialised experiments. LHCb is dedicated to
studying bottom quark physics and performing precision measurements of CP-violating
processes, while ALICE focuses on heavy-ion collisions and aims to characterise the
properties of quark-gluon plasma.

The two proton beams circulating in the LHC ring travel in opposite directions within
adjacent beam pipes. They are kept on a circular trajectory by 1,232 niobium-titanium
superconducting dipole magnets (Figure 2.2a), which generate magnetic fields of up to 8.4
T while operating at a temperature of 1.9 K. Because dipole magnets inherently disperse
beams travelling through them, focusing in the horizontal and vertical planes is achieved
using 392 superconducting quadrupole magnets, whose cross section is shown in Figure
2.2b. Additional higher-order magnets — sextupoles, octupoles, and decapoles — are
used to correct for non-uniformities in the magnetic field geometry and to maintain the
beam stability. As the proton beams approach the interaction points, they are squeezed
to increase the likelihood of collisions between particles in the two opposing bunches.
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Figure 2.1 – The CERN accelerator complex [112]. Protons are extracted from a hydrogen gas
bottle and accelerated through a series of smaller accelerators before being injected into the
LHC.

This beam squeezing is accomplished using eight sets of quadrupole magnet triplets, the
inner triplets, which are positioned in pairs around the ring near each of the four main
experiments. Each proton beam is accelerated by eight superconducting radio-frequency
cavities, which provide a combined maximum accelerating voltage of 16 MV for each
proton beam and oscillate at a frequency of 400 MHz. Depending on their exact energy,
protons receive slightly different accelerating kicks. A proton that reaches the nominal
energy of

√
s/2 will not be accelerated further when passing through the cavities. In

contrast, protons with lower or higher energy arriving later or earlier than the ideal time
are accelerated or decelerated, bringing their energy closer to the nominal value. This
mechanism helps to sort the proton beams into well separated bunches.

Protons injected into the LHC start with an energy of 450 GeV, having been pre-
accelerated by a series of smaller accelerators. The process begins with a hydrogen
gas bottle, from which protons are extracted using an electric field that strips away the
electrons from the hydrogen atoms. These protons are first accelerated to 50 MeV by the
linear accelerator LINAC 4. They are then passed through the Proton Synchrotron Booster
(PSB) and the Proton Synchrotron (PS), where their energy is increased to 1.4 GeV and
25 GeV, respectively. The final stage before injection into the LHC is the Super Proton
Synchrotron (SPS), which boosts the proton energy to 450 GeV. During the Run 2, protons
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2. THE LARGE HADRON COLLIDER

Figure 2.2 – Schematic diagram of an LHC dipole magnet [113] (left) and quadrupole magnet
[114] (right). Proton beams travel in the two adiacent beampipes visible at the center of the
magnet’s cross sections.

circulating in the LHC reached a maximum energy of 6.5 TeV, resulting in a center-of-mass
energy of

√
s = 13 TeV for pp collisions. In Run 3, this energy was increased to 6.8 TeV

per beam, corresponding to a center-of-mass energy of
√

s = 13.6 TeV.

2.3 Luminosity and pileup

In a particle collider, the rate at which a specific physics process occurs is related to its
cross section σ by

dN
dt

= L · σ , (2.2)

where L is the instantaneous luminosity, measured in cm−2 s−1. The instantaneous lumi-
nosity can be expressed in terms of beam parameters as

L =
nbN2

b νrevγ

4πϵnβ∗ F , (2.3)

where

• Nb is the number of particles per bunch,

• nb the number of bunches per beam,

• νrev is the revolution frequency,

• γ is the relativistic Lorentz factor,

• ϵn is the normalized transverse beam emittance, representing the spread of the par-
ticle’s positions and momenta in the two planes orthogonal to the beam trajectory,

• β∗ is the beta function at the collision point, relating beam emittance to the trans-
verse beam size,
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2.3. LUMINOSITY AND PILEUP

• F is the geometric luminosity reduction factor, which accounts for the reduction in
effective luminosity due to the crossing angle between the colliding bunches.

During 2017 and 2018, and again in Run 3, the LHC consistently operated at more than
twice its nominal instantaneous luminosity, reaching a peak of L = 2.4 · 1034 cm−2 s−1 in
2025, as visible in Figure 2.3.
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Figure 2.3 – Peak instantaneous luminosity delivered to ATLAS during stable beams for pp
collisions at 13.6 TeV center-of-mass energy for each LHC fill as a function of time in 2025
[115].

The integrated luminosity Lint is obtained by integrating the instantaneous luminosity of
Equation 2.3, over the accelerator’s operational time:

Lint =
∫

L(t) dt . (2.4)

It is usually expressed in inverse femtobarns (fb−1) and is used to relate the total number
of observed events of a given physics process to its cross section:

Nevt = Lint · σ . (2.5)

Figure 2.4 shows the integrated luminosity delivered by the LHC and recorded by ATLAS
over time during Run 2 and the first three data-taking years of Run 3. Because individual
detector components can occasionally experience issues, such as electronic noise spikes
or high-voltage trips, data quality must be closely monitored to ensure suitability for
physics analyses. Each detector subsystem is continuously monitored, and any data-
taking periods affected by such issues are flagged for exclusion from subsequent analyses.
As a result, the total integrated luminosity certified as good-quality data is slightly less
than the full amount recorded by ATLAS during the Run 2. The certified luminosity that
meets all data-quality requirements corresponds to 140.1 ± 1.2 fb−1 [116]. For the first
three years of the Run 3, the corresponding value is 160.9 ± 3.1 fb−1 [117].

The LHC delivers such high instantaneous luminosity that multiple pp interactions
typically occur simultaneously at each bunch crossing near the interaction points. This
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Figure 2.4 – Cumulative luminosity versus time delivered to (green), recorded by ATLAS
(yellow), and classified as good for physics (blue) during stable beams for pp collisions in Run
2 [118] (left) and the first three data-taking years of the Run 3 [115] (right).

condition is quantified by the average number of inelastic interactions per bunch crossing,
denoted by µ, and commonly referred to as pileup. Pileup events, which predominantly
arise from soft collisions, overlap with the hard interactions of interest and are generally
treated as background in physics analyses. Pileup adversely affects the reconstruction
of the event of interest by degrading the energy resolution of physics objects such as
jets, leptons, photons, and missing transverse momentum. It also complicates the recon-
struction of tracks and vertices by creating dense environments within the detector’s
tracking system. Pileup is directly proportional to the instantaneous luminosity and can
be expressed as

µ =
L

σpp
· 1

nbνrev
, (2.6)

where σpp is the inelastic pp cross section, while nb and νrev are the same terms described
above. As shown in Figure 2.5, the average number of interactions per bunch crossing
was approximately 33.7 during Run 2 and increased to about 54 during the first three
years of Run 3. This trend closely follows the rise in instantaneous luminosity delivered
by the LHC year over year. It is therefore crucial to strike a balance between achieving
higher luminosities, which increase data statistics, and managing pileup levels, which
can degrade the quality of the recorded data. Additionally, it is crucial to consider the
limitations of the current trigger and data acquisition systems, which were not designed
to operate under conditions more challenging than those presently experienced by the
LHC experiments. For this reason, the LHC is expected to continue operating with a
maximum µ ≈ 65 until all the major experiments complete their upgrades in preparation
for the High-Luminosity LHC (HL-LHC) era.
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Figure 2.5 – Luminosity-weighted distribution of the mean number of interactions per bunch
crossing (µ) in pp collisions recorded by ATLAS in the four data-taking years of Run 2 [118]
(left) and in the first three data-taking years of Run 3 [115] (right).
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The ATLAS detector 3
So you train by shadow boxing, search for the
truth / But it’s all but it’s all used up / You
break open your million dollar weapon / And
push your luck still you push still you push your
luck. . .

— DAVID BOWIE, Teenage Wildlife

ATLAS (A Toroidal LHC ApparatuS) [108, 119] is the largest particle detector ever built
for a collider and one of the two general-purpose experiments at the LHC. It is designed
to explore a wide range of physics phenomena arising from pp collisions, taking full
advantage of the unprecedented energy levels achieved at the LHC. The detector has
a cylindrical structure with a diameter of 25 meters, a length of 46 meters, and a total
weight of approximately 7,000 tonnes. It is located nearly 100 meters underground at
Interaction Point 1 of the LHC.

Figure 3.1 – A schematic view of the ATLAS detector configuration in Run 3 [119].
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As illustrated in Figure 3.1, the ATLAS detector is composed of three major subsys-
tems: the Inner Detector, the calorimeter system, and the Muon Spectrometer. These
sub-detectors are arranged concentrically around the interaction point, and they comple-
ment one another. The Inner Detector tracks charged particles with high precision, the
calorimeters measure the energy of photons, electrons, and charged and neutral hadrons,
and the Muon Spectrometer is responsible for tracking and momentum measurements
of highly penetrating muons. Each subsystem is optimised to detect specific types of
particles and to measure particular physical properties, while the full reconstruction
of collision events relies on the integration of the information provided by all of them.
To measure the momentum of charged particles, ATLAS employs two separate magnet
systems. A solenoid magnet sorrounds the Inner Detector, providing a 2 T magnetic field
necessary to bend the trajectories of charged particles. For the Muon Spectrometer, an
8-coil toroidal magnet system generates a strong magnetic field tailored to muon tracking
and momentum measurements.

ATLAS uses a right-handed Cartesian coordinate system with its origin at the center of
the detector, where the pp or heavy-ion collisions occur. In this system, the x-axis points
towards the center of the LHC ring, the y-axis points vertically upward, and the z-axis is
aligned with the beamline. Several key physical quantities are commonly defined on the
(x, y) plane — referred to as the transverse plane — using modified polar coordinates
rather than Cartesian ones. In particular, the azimuthal angle ϕ, measured around the
beam direction relative to the x-axis, and the pseudorapidity η are used. The latter is
defined as

η = − ln
(

tan
θ

2

)
, (3.1)

where θ is the polar angle measured from the z-axis. Positive and negative values
of η correspond to the positive and negative directions along the z-axis, with η = 0
representing the transverse plane at the interaction point, as shown in Figure 3.2. The use
of pseudorapidity offers a significant advantage over the polar angle: differences in η are
invariant under Lorentz boosts along the z-axis. This property is particularly beneficial in
the analysis of pp collision events, where parton-level interactions often produced final
states that are highly boosted along the beam direction due to the asymmetric momentum
distribution of the colliding partons.

As a natural consequence of the choice of such coordinate system, distances in the
(ϕ, η) plane are computed as

∆R =
√
(∆η)2 + (∆ϕ)2 , (3.2)

a quantity which is itself invariant under longitudinal boosts. ∆R also provides a useful
measure of angular separation between objects in the detector.

3.1 The Inner Detector

The ATLAS Inner Detector (ID) [120, 121] is the innermost subsytem of the ATLAS
detector. It consists of a central barrel section and two end-caps, providing tracking
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Figure 3.2 – Polar coordinates system used by the ATLAS detector (left), and relation between
the pseudorapidity η and the standard polar angle θ (right).

coverage up to |η| < 2.5. Its primary functions are to deliver high-precision tracking and
accurate momentum measurements for charged particles, as well as to reconstruct both
primary and secondary vertices with high spatial resolution. To meet these objectives,
the ID is designed with minimal material budget to reduce multiple scattering and
energy loss effects, while maintaining strong radiation resistance to withstand the high
radiation environment near the interaction point. The combined performance of the
high-granularity pixel and silicon strip detectors, located closer to the beamline where
track density is the highest, and the Transition Radiation Tracker at larger radii ensures
that these requirements are fulfilled. The complete layout of the ID, with its three main
components — the Pixel detector, the Semi-Conductor Tracker (SCT), and the Transition
Radiation Tracker (TRT) — is illustrated in Figure 3.3.

Figure 3.3 – Cut-away view of the ATLAS Inner Detector configuration in Run 3 [119]. The ID
is designed to provide a high-precision reconstruction of charged-particle trajectories in the
pseudorapidity range |η| < 2.5 and has full coverage in ϕ.
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3.1.1 Pixel Detector

The Pixel Detector [122, 123] is the first subsystem of the ID encountered by particles
produce in pp or heavy-ion collisions. In the barrel region, it comprises 1,744 silicon pixel
modules arranged in four concentric layers at radii of 3.3 cm, 5.1 cm, 8.9 cm, and 12.3 cm
from the beampipe. The first and innermost of these layers, the Insertable B-Layer (IBL)
[124, 125], was installed between Run 1 and the Run 2 of the LHC to enhance the tracking
performance by reducing the distance between the interaction point and the detector, and
to cope with the higher instantaneous luminosity delivered in Run 2. The addition of the
IBL significantly improved the resolution of both the longitudinal and transverse impact
parameters of tracks by up to a factor two from Run 1 to Run 2 [126]. In each of the two
end-cap regions, the Pixel Detector contains 288 modules arranged in three disks. Pixel
modules are segmented both in the R − ϕ plane and along the z-axis, with a minimum
pixel size of 50 × 250 µm2 in the IBL and 50 × 400 µm2 in the outer layers. Overall, the
detector achieves an intrinsic spatial resolution of 8 µm within the IBL in the R − ϕ plane,
slightly degrading to 10 µm in the outer barrel and end-cap regions. Typically, the Pixel
Detector provides between three and four precise measurement points (hits) used for
track reconstruction.

3.1.2 Semiconductor Tracker

Following the Pixel Detector, the Semiconductor Tracker (SCT) [127] provides four to
nine additional hit measurements per track at radii between 30 cm and 51 cm over the
fiducial coverage of the Inner Detector. The SCT tiles four coaxial cylindrical layers in the
barrel region and two end-caps each containing nine disk layers, covering a maximum
pseudorapidity range of |η| < 2.5. In total, the SCT contains 4,088 modules for a total
active surface of 63 m2. The barrel modules are rectangular with a strip pitch of 80 µm,
whereas the end-cap modules are trapezoidal with strip pitches ranging from 56.9 µm
to 94.2 µm. The silicon microstrips provide single-hit spatial resolutions of 17 µm in the
R − ϕ plane and 580 µm along the z-axis.

3.1.3 Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [128, 129] is the outermost component of the
Inner Detector and provides a large number of hits per track, albeit with a lower spatial
resolution of 130 µm in the R − ϕ plane. The TRT serves both as a drift chamber and
as a transition radiation detector, allowing it to contribute to tracking and particle iden-
tification. In the barrel region, it consists of 52,544 kapton and carbon-fiber drift tubes,
each 144 cm long and aligned parallel to the beampipe, while the end-cap regions contain
an additional 250,000 shorter straws, each 39 cm long, arranged radially. This configu-
ration covers a pseudorapidity range of |η| < 2. Originally, each TRT straw was filled
with a Xenon-based gas mixture, optimised for particle identification through transition
radiation detection. However, by the end of Run 1, several leaks had developed in the
exhaust pipes, often located in inaccessible areas where repairs were not possible. As the
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number of leaks was expected to increase with higher luminosity, it was decided to con-
tinue operating leaking modules with a less expensive Argon-based gas mixture, while
maintaining the original Xenon-based mixture in the rest. This hybrid approach allowed
the TRT to preserve its overall tracking performance [130]. Regardless of the exact gas
mixture used, each TRT straw is operated at a fixed high voltage. When a charged particle
passes through a straw and ionises the gas, the resulting ions and electrons drift toward
the outer wall and central anode wire, respectively, producing a detectable signal. The hit
position is then inferred by converting the electron drift time to the anode into a radial
distance from the wire. In addition to tracking, the TRT aids in particle identification
by detecting transition radiation, produced when a particle crosses boundaries between
materials with different dielectric constants — polymer fibers in the barrel and foils in the
end-caps. The emitted radiation is proportional to the particle’s relativistic Lorentz factor,
γ = E/m, allowing effective discrimination between particles of similar energies but
different masses, such as electrons and pions, over a momentum range of approximately
1 to 200 GeV. It should be noted however that the switch to an Argon-based mixture in
some modules at the end of Run 1 led to a reduction in transition radiation performance
[130].

3.2 The calorimeter system

The ATLAS calorimeters are designed to measure the energy of all charged and neu-
tral particles produced in pp or heavy-ion interactions, with the exception of highly
penetrating muons and weakly-interacting neutrinos. Surrounding the Inner Detector,
the ATLAS calorimeter system consists of three distinct sub-detectors, as illustrated in
Figure 3.4, each optimised for specific purposes and employing different technologies.
The Electromagnetic Calorimeter (EMCalo) is optimized for measuring the energy of
electrons and photons. The Hadronic Calorimeter (HCal) is dedicated to detecting and
measuring hadrons. Finally, the Forward Calorimeter (FCal) is designed to measure both
electromagnetic and hadronic showers in the forward regions of the detector.

Energy measurement in calorimeters is inherently destructive. When a particle inter-
acts with the detector material via electromagnetic or strong forces, it initiates a cascade
of secondary particles, known as shower, each carrying progressively lower energy. These
secondary particles are fully absorbed, and the energy they deposit is converted into
a measurable quantity, such as scintillation light, which is then used to determine the
energy of the particle that initiated the shower. Specifically, ATLAS calorimeters are
sampling calorimeters, constructed by alternating layers of absorber material, typically
high-densitiy materials such as lead or copper, and active layers that collect the deposited
energy and produce a measurable signal.

3.2.1 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (EMCalo) [131–133] is the first calorimeter traversed
by particles emerging from the ID. It is arranged in a cylindrical geometry, with an outer
radius of 2.25 m and an overall length of 6.8 m. The EMCalo is divided into a central
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Figure 3.4 – Schematic layout of the ATLAS calorimeter system configuration in Run 3 [119].
The calorimeters measure the energies and positions of charged and neutral particles out to
|η| < 4.9.

barrel section, covering the region with |η| < 1.475, and two end-cap sections, which
extend the coverage up to |η| < 3.2. The transition region between the barrel and the
end-caps, defined as 1.37 < |η| < 1.52, is commonly reffered to as the crack region. The
EMCalo is a sampling calorimeter that employs 4-mm thick layers of Liquid Argon (LAr)
as the active medium. Ionization charges, produced by the electromagnetic shower of
secondary particles initiated by the primary incident electrons or photons, are collected
by copper electrodes immersed in the LAr. Lead plates serve as absorber material, with
thicknesses varying from 1.1 mm to 1.5 mm in the barrel, and from 1.7 mm to 2.2 mm
in the end-caps. To ensure full azimuthal ϕ coverage and eliminate gaps caused by the
readout system, the copper electrodes and lead absorbers are arranged in an accordion
geometry, as illustrated in Figure 3.5. This design achieves an effective radiation length
X0

1 of approximately 22 X0 in the barrel and 24 X0 in the end-caps. Located in front of
the EMCalo is the presampler, an additional instrumented LAr layer. It covers the region
|η| < 1.52 in the barrel and 1.5 < |η| < 1.8 in the end-caps. The presampler corrects
for energy lost by particles before they enter the main calorimeter volume. The nominal
energy resolution of the EMCalo [131] is

σ(E)
E

≈ 10%√
E [GeV]

⊕ 0.7% , (3.3)

consistent with the typical performance of sampling electromagnetic calorimeters.

1 The radiation length is defined as the average distance x that an electron needs to travel in a material
to reduce its energy to 1/e of its original energy E0, and governs the rate at which electrons lose energy by
bremsstrahlung radiation [134]:

⟨E(x)⟩ = E0e−x/X0 .
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Figure 3.5 – Visualisation of an EMCalo barrel slice at η = 0 with its peculiar accordion-like
shape.

3.2.2 Hadronic Calorimeter

The Hadronic Calorimeter (HCal) is an 11.5 m-long cylinder with an outer radius of 4.25
m, covering a pseudorapidity range of |η| < 4.9. Positioned directly after the EMCalo,
the HCal is designed to fully contain and measure hadronic showers. In the central barrel
region, spanning |η| < 1.7, the Tile Calorimeter [135, 136] is employed. This is a sampling
calorimeter that uses scintillating tiles as the active medium and steel as the absorber,
playing a crucial role in measuring the energy of hadrons produced in the central region
For higher pseudorapidity regions, the Hadronic End-Cap Calorimeter (HEC) [137, 138]
extends the coverage up to 1.5 < |η| < 3.2. The HEC is also a sampling calorimeter,
but it uses copper or tungsten plates as absorbers, with LAr interleaves as the active
medium. The HEC consists of two separate disks, located behind the EMCalo end-caps
and enclosed in the same cryostat. The EMCalo and the HCal combined performance
results in a global energy resolution of

σ(E)
E

≈ 50%√
E [GeV]

⊕ 3% (3.4)

for jet energy measurements [131].

3.2.3 Forward Calorimeter

The Forward Calorimeter (FCal) [139] is designed to measure the energy of both electro-
magnetic and hadronic showers in the forward regions of the detector, extending the over-
all pseudorapidity coverage of the ATLAS calorimeter system to the range 3.1 < |η| < 4.9.
Radiation hardness is a critical design requirements for detectors operating in this region.
Therefore, the FCal uses LAr as active medium, combined with copper or tungsten rods
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as absorber materials. The FCal achieves energy resolutions for pions as high as

σ(E)
E

≈ (94.2 ± 1.6)%√
E [GeV]

⊕ (7.5 ± 0.4)% , (3.5)

while, for electrons, the resolution can be quantified as

σ(E)
E

≈ (28.5 ± 1.0)%√
E [GeV]

⊕ (3.5 ± 0.1)% . (3.6)

3.3 The Muon Spectrometer

Along with weakly-interacting neutrinos, muons are the only particles capable of travers-
ing the ATLAS calorimeter system without being fully thermalised. Due to their substan-
tially larger mass compared to electrons, muons undergo significantly reduced energy
loss through bremsstrahlung, making them unlikely to initiate electromagnetic showers in
the calorimeters. Moreover, muons do not interact via the strong force with the detector
material, further reducing the probability of being stopped by the detector material. As
a result, muons typically pass through the Inner Detector and the calorimeters with
minimal disturbance, losing at most a few GeV of energy. This characteristic allows muon
reconstruction down to transverse momenta as low as 3 GeV. To accurately track their
trajectories and measure their momenta, the Muon Spectrometer (MS) [140, 141], the
outermost component of the ATLAS detector, is employed.

Figure 3.6 – Cut-away view of the ATLAS muon system. It detects charged particles exiting
the barrel and end-cap calorimeters and measures their momentum in the pseudorapidity
range |η| < 2.7.

The design of the MS, illustrated in Figure 3.6, is largely determined by the geometry of
the toroidal magnet system, which divides the spectrometer into eight azimuthal sectors
(octants). Muon trajectories, projected onto the bending plane, are reconstructed primarily
using Monitored Drift Tubes (MDTs), which cover most of the pseudorapidity range up
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to |η| < 2.7. Each MDT consists of 3 to 8 layers of aluminum drift tubes, filled with a
high-pressure gas mixture of Ar/CO2, and containing a central 50 µm wire, achieving a
spatial resolution of 35 µm in the bending plane. During Run 1 and 2, the MDTs in the
forward region (2 < |η| < 2.7) were complemented by Cathode Strip Chambers (CSCs),
multiwire proportional chambers capable of providing three-dimensional measurements
of the muon positions with a resolution of 40 µm in the bending plane and 5 mm in the
azimuthal direction. To handle the harsher conditions of the Run 3 and the upcoming
HL-LHC era, the CSCs were replaced between Run 2 and Run 3 by the New Small Wheels
(NSWs) [141]. The NSWs incorporate two advanced detector technologies: small-strip
Thin Gap Chambers (sTGCs) [142] and Micromegas detectors [143]. Compared to the
CSCs, these systems offer improved tracking precision in the bending plane and enhanced
momentum resolution in the azimuthal direction, while maintaining the Level-1 trigger
rate at acceptable levels without requiring pre-scaling or increasing the pT threshold. For
trigger purposes and additional tracking capability within the range |η| < 2.4, the MS
includes Resistive Plate Chambers (RPCs) in the barrel region and Thin Gap Chambers
(TGCs) in the end-caps.

3.4 The magnet system

A charged particle moving through a magnetic field follows a curved trajectory, whose
curvature radius R depends on the particle’s momentum p and the strength of the mag-
netic field B. For a uniform magnetic field, the transverse component of the momentum
pT, is given by

pT [GeV] ≈ 0.3 · |q| · B [T] · R [m] , (3.7)

where q is the charge of the particle. ATLAS exploits this relationship to measure the
momenta of charged particles by reconstructing the curvature of their tracks. This
is made possible by immersing both the Inner Detector and the Muon Spectrometer
in strong magnetic fields generated by the magnet system. This system comprises a
superconducting solenoid magnet [144] and a toroidal one [145, 146]. The solenoid
magnet surrounds the Inner Detector and provides a magnetic field of 2 T aligned with
the beam axis. It operates with a current of 8 kA and is maintained at a cryogenic
temperature of 4.5 K, with its cooling being achieved by immersing the solenoid coil in
the same cryostat used for the ATLAS calorimeters. The solenoid is 5.8 m long, with an
inner radius of 1.23 m and an outer radius of 1.28 m, corresponding to only 0.66 radiation
lengths, minimising its impact on the energy resolution of the EMCalo. The toroid magnet
system, illustrated in Figure 3.6, lies outside the calorimeter volume and is composed of
three large superconducting magnets: one barrel toroid and two end-cap toroids. The
barrel toroid generates a magnetic field ranging from 0.2 to 2.5 T and consists of eight
superconducting coils symmetrically arranged around the beam axis. Each coil operates
with a 20.5 kA current and is housed in its standalone cryostat. The barrel toroid spans
25.3 m in length, with an inner diameter of 9.4 m and an outer diameter of 20.1 m. The
end-cap toroids extend the magnetic field coverage into the forward regions, ensuring
nearly complete tracking performance for muons up to |η| < 2.7. Each end-cap toroid
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consists of eight superconducting coils, 5 m in length, spanning a radial range from 1.65
m to 10.7 m. These toroids provide magnetic field strengths of up to 3.5 T.

3.5 Trigger and data acquisition

The LHC beams collide at the interaction point at the center of the ATLAS detector at a
frequency of 40 MHz, corresponding to one bunch crossing every 25 ns. A typical bunch
crossing produces, on average, between 30 to 65 simultaneous pp collisions, collectively
referred to as an event. The average size of each event is around 1.5 MB [147], which, at a
collision rate of 40 MHz, would result in a raw data rate of 60 TB/s. Such an immense
data volume far exceeds the storage and processing capabilities of any computing system.
Therefore, a rapid online selection process must determine whether each event is of
sufficient interest to be recorded for offline analysis. This task is handled by the ATLAS
Trigger and Data Acquisition (TDAQ) system, a critical component of the experiment
responsible for online event selection and data readout. The trigger system reduces the
incoming data rate from 40 MHz to 1 kHz, by exploiting two subsystems: the Level-1 (L1)
Trigger [148] and the High-Level Trigger (HLT) [147].

The L1 trigger uses low granularity information from the calorimeters and muon
subsystems to rapidly evaluate event-level quantities (e.g., total energy deposited in the
calorimeter, missing transverse momentum), or the number of physics objects passing a
predefined pT threshold, or, finally, selection on topological quantities including invariant
masses and angular distances. This evaluation is performed by custom hardware directly
integrated into the detector, enabling real-time processing. The L1 trigger reduces the
event rate from 40 MHz to 100 kHz, making its decision within a latency of 2.5 µs. When
an L1-accept signal is issued, full-granularity data from the various sub-detectors is sent
to ReadOut Drivers (RODs) for initial processing and formatting, and then to ReadOut
Systems (ROSes) for buffering. The L1 trigger also identifies Regions of Interest (RoIs) —
localised detector regions with potentially interesting activity — defined in terms of (η, ϕ)

coordinates. These RoIs guide the next stage of event processing by the HLT. The HLT
uses the full-granularity data associated with the L1-selected RoIs to perform partial event
reconstruction using more complex algorithms, also exploiting the information from the
ID, allowing for much finer object identification and kinematic reconstruction. Operating
in this way, the HLT reduces the event rate from 100 kHz to approximately 1 kHz, issuing
the final trigger decision on whether the event should be recorded for offline analysis.
Once an event is accepted by the HLT, the complete event data is transmitted from the
ROSes to CERN’s Tier-0 data processing center at a rate of 1.2 GB/s. There, events
undergo initial reconstruction before being distributed to computing centers worldwide
for offline processing and analysis.

Both the L1 and HLT systems operate based on trigger menus [149, 150], which
define the types of event that are considered valuable for physics analyses. These menus
include criteria for selecting specific event topologies (e.g., high-pT jets, leptons, missing
energy) and assign predefined output rates for each trigger path to ensure a balanced and
manageable data stream for downstream analysis.
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Objects Reconstruction 4
Each event recorded by the ATLAS detector, or generated through Monte Carlo (MC) sim-
ulations, undergoes offline reconstruction, a process in which detector-level information
is translated into physics-level “objects” using dedicated reconstruction and identification
algorithms. For example, hits recorded in the various layers of the Inner Detector or the
Muon Spectrometer — caused by charged particles traversing their active layers — are
combined to form tracks. Similarly, energy deposits in the calorimeters, resulting from
electromagnetic and hadronic showers, are grouped into calorimetric clusters. These
low-level objects serve as building blocks for reconstructing high-level physics objects that
reflect the activity observed across the ATLAS sub-detectors. A simplified illustration of
how data from different detector components are combined to identify particles emerging
from the pp collisions is shown in Figure 4.1. This Chapter describes the reconstruction
algorithms and identification techniques employed during the Run 2 and the Run 3,
focusing on the physics objects relevant to the search presented in this thesis.

Figure 4.1 – Cross-sectional view of the ATLAS detector, illustrating the various sub-detectors
and the corresponding physics objects reconstructed by each of them [151].
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4.1 Tracks and Vertices reconstruction

Charged particles traversing the ATLAS Inner Detector lose a small fraction of their energy
through ionisation and radiative processes. When the energy deposited in a measurement
layer exceeds a predefined threshold, the resulting electrical signal is recorded as a hit.
The hits serve as the foundation for reconstructing the trajectories of charged particles, the
tracks, which follow helical paths with radii inversely proportional to their momentum
(see Eq. 3.7), and any spatial point where two or more tracks intersect, the vertices, which
typically correspond to primary interaction points or secondary decay locations. This
Section outlines the methods used by the ATLAS detector to reconstruct track and vertices,
while Section 4.2 focuses specifically on the calibration of the impact parameter of tracks
in Monte Carlo simulation relative to the observed data.

4.1.1 Tracks

Tracks from charged particles with transverse momentum pT > 0.5 GeV, pseudorapidity
|η| < 2.5, and lifetimes sufficient to reach the SCT detector are reconstructed using the
primary “inside-out” tracking algorithm [152], designed for high-efficiency reconstruction
of primary charged particles with minimal rate of fakes.

Reconstruction

Track reconstruction begins by clustering raw data from the Pixel and SCT detectors:
neighboring pixels or strips with recorded hits are grouped together in clusters and
assigned spatial positions, called space-points. Track seeds are then formed by identifying
sets of three or four space-points across different layers that are likely to originate from the
same charged particle trajectory. Seeds meeting a set of quality criteria are extended by
adding compatible clusters from other ID layers using a Kalman filter [153], creating initial
track candidates. A dedicated ambiguity resolution procedure is applied to select the
most promising track candidates, resolve overlaps, and eliminate spurious combinations
of space-points not originating from a single particle (i.e. fake tracks). All candidates
are fit using a global χ2 minimisation algorithm that compares predicted trajectories to
measured positions to provide the best estimate of track parameters. The ambiguity
solver ranks track candidates by a quality score constructed from the number of unique
and shared clusters1, the number of holes (missing expected hits between two consecutive
measurements), and the track pT, and processes them in descending score order until all
candidates are either accepted or rejected. Surviving track candidates are then refit with
the same global χ2 minimisation algorithm to determine the final track parameters. Once
silicon-based track reconstruction is complete, an extension to the TRT is attempted to
improve the momentum resolution

1Clusters appearing on multiple tracks are often the result of incorrect assignment. However, in dense
environments [154], where particle separations approach sensor dimensions, multiple particles can contribute to
a single cluster, which may then be shared among different candidate tracks. Clusters are marked as shared in
such cases; otherwise, they are considered unique.
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Figure 4.2 – Illustration of the stages of “inside-out” track reconstruction in a simplified
representation of the Inner Detector. Space points are shown in yellow. Seeds reconstructed
from combinations of space points are indicated in blue. The dashed blue seed highlights a
case where two seeds correspond to the trajectory of the same charged particle. The green
seed is rejected for being inconsistent with a particle’s trajectory from the nominal interaction
point. Track candidates are shown with lines. The green dashed track candidate is rejected
because it is inconsistent with the nominal interaction point. Red track candidates are fully
reconstructed silicon tracks, potentially extendable into the TRT.
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of tracks. The extension is performed by associating at least nine TRT measurements
compatible with the extrapolated track trajectory, and tracks are refit and retained only
if the fit quality remains acceptable. Figure 4.2 schematically illustrates the different
stages of the inside-out tracking algorithm described above. Each resulting track object
is described by five parameters in the perigee representation: the transverse impact
parameter d0, the longitudinal impact parameter z0, the azimuthal and polar angles, ϕ

and θ, respectively, and charge-to-momentum ratio q/p determined from the curvature
of the track in the solenoidal magnetic field.

To further refine the selection of reconstructed tracks, specific track quality working
points (WPs) are defined [155], balancing reconstruction efficiency against the rate of
mis-reconstructed tracks. Two standard WPs are defined as follows.

• The Loose WP closely matches the quality requirements used in the primary re-
construction algorithm and prioritises high efficiency, tolerating a moderate level
of fake tracks. It was optimised based on studies of physics performance and
computational cost under Run 3 pileup conditions [156].

• The Tight Primary WP imposes stricter quality criteria, reducing the rate of fakes at
the cost of lower reconstruction efficiency for primary charged particles.

Selection criteria Loose Tight Primary

pT > 500 MeV > 500 MeV
|η| < 2.5 < 2.5
NSi ≥ 8 ≥ 9 if |η| ≤ 1.65, ≥ 11 elsewhere

Nshared
mod ≤ 1 ≤ 1

Nhole
Pix ≤ 1 = 0

Nhole
Si ≤ 2 ≤ 2

NL0 + NL1 - > 0 (if hits on both layers are expected)

Table 4.1 – Definition of the Loose and Tight Primary working points. NSi is the number of
silicon (Pixel + SCT) hits, Nshared

mod is the number of shared silicon modules, Nhole
Pix is the number

of pixel holes, Nhole
Si is the number of silicon (Pixel + SCT) holes, and NL0 and NL1 are the

number of innermost and next-to-innermost layer measurements, respectively.

The selection criteria used to define the two working points, based on the number of hits,
holes, and shared clusters, are summarised in Table 4.1.

It is worth noting that, in addition to the primary inside-out tracking, ATLAS employs
specialised tracking algorithms to target signatures that evade common assumptions. For
example, the “Large-Radius Tracking” algorithm [157] reconstructs tracks from decays of
long-lived particles that travel macroscopic distances in the detector before decaying.

Performance

The efficiency with which tracks are reconstructed for subsequent analysis is a key factor
in determining the overall performance of the ATLAS experiment. Maximising this
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efficiency must be balanced against maintaining an acceptable level of misreconstructed
tracks, depending on the intended use. The two track quality working points presented
above offer various trade-offs for this selection. Track reconstruction efficiency quantifies
the fraction of generated charged particles that are successfully reconstructed as tracks. It
is defined as the number of reconstructed tracks that are matched to a simulated truth-
level particle, Nmatched

rec , divided by the total number of generated charged particles in
simulation, Ngen:

ϵtrk(pT, η) =
Nmatched

rec (pT, η)

Ngen(pT, η)
. (4.1)

Here, pT and η denote the transverse momentum and pseudorapidity of the truth-level
particle, respectively. The efficiency can therefore be studied as a function of both pT
and η. Figure 4.3 shows a comparison of the tracking efficiency for the Loose and Tight
Primary quality working points. In general, the Tight Primary working point exhibits an
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Figure 4.3 – Track reconstruction efficiency as a function of the truth particle η (left) and
pT (right) for a minimum bias MC sample. The error bands represent the total systematic
uncertainty on the tracking efficiency computation. From Ref. [155].

efficiency that is 5-10% lower than Loose, with the difference increasing at higher η. In the
central region, |η| < 1.5, where there is less detector material, the efficiency is relatively
flat, around 85% for Loose tracks and 80% for the Tight Primary working point. The small
rise in efficiency around |η| = 2.0 is attributed to the detector geometry, which increases
the number of active layers traversed by particles in this region. As a function of pT, both
working points follow the same trend, reaching a plateau around 1.5 GeV. The Loose
working point consistently achieves about 5% higher efficiency than Tight Primary, with
only percent-level variations across the pT spectrum.

Misreconstructed (fake) tracks primarily result from incorrect combinations of detector
measurements originating from multiple particles. Their occurrence is highly dependent
on the the local measurement density, which increases with the average pileup ⟨µ⟩. Since
the efficiency for reconstructing genuine tracks remains relatively stable as a function of
⟨µ⟩, the contribution from misreconstructed tracks can be estimated by analysing how
the average number of reconstructed tracks per event scales with ⟨µ⟩ itself. To this end, a
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linear fit is performed to the average number of reconstructed tracks per event at low ⟨µ⟩,
where the contribution from misreconstructed tracks is assumed to be negligible. Any
observed deviation from linearity at higher ⟨µ⟩ is then attributed to an increasing presence
of fake tracks. Figure 4.4 shows the results of such fit for both the Loose and Tight Primary
working points, with fractions of fake tracks up to 0.04 and 0.14, respectively.
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Figure 4.4 – Loose and Tight Primary average number of total reconstructed tracks per event
(left) and fake track fraction (right) as a function of ⟨µ⟩ in a 2018 zero-bias data sample. Linear
fits are performed in the 10 < ⟨µ⟩ < 20 region. From Ref. [155].

4.1.2 Vertices

Primary vertices represent the reconstructed position of pp interactions within the ATLAS
detector. Accurate and efficient reconstruction of these vertices is essential, as they
serve as the reference point for the reconstruction of all other physics objects and for the
determination of the event kinematics.

Primary vertex reconstruction is performed using dedicated vertex finding and fitting
algorithms that rely on the information from reconstructed tracks [158]. These algorihtms
are implemented via the open-source, experiment-independent ACTS toolkit [159] and
operate following a “finding-through-fitting” approach, where new vertices are seeded
from tracks not yet compatible with an existing vertex. Vertex reconstruction begins by
forming an initial vertex seed, typically based on the maximum in the distribution of
the track z positions. This seed, along with its nearby tracks, is then used as input to
the adaptive vertex fitting algorithm [160], which iteratively refines the vertex position.
During each iteration, tracks that are poorly compatible with the current vertex estimate
are down-weighted, and the vertex position is recomputed. This continues until a stable
and satisfactory estimate of the vertex position is achieved. Tracks that are found to
be incompatible with the current vertex are used to seed additional vertices, and the
procedure is repeated until all tracks are associated with a vertex, each required to have
at least two associated tracks. Among the multiple vertices reconstructed in an event,
the one with the highest sum of the squared transverse momenta of associated tracks
is identified as the primary hard-scatter vertex. This vertex is used as the reference
point for object calibration and kinematic reconstruction. The remaining vertices are
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typically associated with pileup interactions (additional pp collisions in the same bunch
crossing) or, in some cases, may originate from the decays of long-lived particles, forming
secondary vertices.

4.2 Track impact parameter

The track reconstruction algorithm provides track objects characterised by five parameters,
including the transverse and longitudinal impact parameters (IPs). The transverse impact
parameter d0 is defined as the distance in the transverse plane between the point of
closest approach of the reconstructed track to the beam line. The beam line is a line
parallel to the z-axis and passing through the average position of pp collisions (reference
point). The longitudinal impact parameter z0 corresponds to the distance along the z-axis
between the point on the track at closest approach to the beamline and the reference
point. A schematic illustration of the definitions of d0 and z0 is shown in Figure 4.5.
The transverse and longitudinal impact parameters of tracks are essential quantities
for identifying particles originating from a specific pp interaction point. A prominent
example involves particles from decays occurring at macroscopic distances from the
pp interaction point: these typically exhibit a non-zero transverse impact parameter,
making this quantity a powerful discriminator for identifying processes such as heavy-
flavor decays. Similarly, particles produced in pileup interactions tend to have non-zero
longitudinal impact parameters, allowing them to be distinguished from those produced
in the hard-scattering collision. The resolution of the measured impact parameters plays
therefore a critical role in the performance of higher-level reconstruction algorithms. This
is especially true for the identification of the flavour of high-pT jets, where tracks are
tightly clustered in dense environments and precise impact parameter measurements are
essential [154]. Two main effects limit the resolution: multiple scattering and the finite
single-point resolution of the detector.
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Figure 4.5 – Schematic of the track parameters evaluated at the point of closest approach to the
beam axis in the x − y plane, known as the perigee point [161], including (left) the transverse
and longitudinal impact parameters and (right) the azimuthal and polar angles. The vector p⃗
represents the particle’s momentum, while the vector from the reference point to the point of
closest approach is denoted by l⃗. From Ref. [159].
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• When a charged particle traverses the detector elements of the tracking system, it
undergoes Coulomb interactions with the atomic nuclei of the detector material.
These interactions cause the particle to deviate from its original path, a phenomenon
known as multiple scattering. For small deflection angles, the distribution of the
angular deviations can be approximated by a Gaussian distribution. However,
at larger angles, the behavior transitions to that of Rutherford scattering, which
features broader tails than a Gaussian distribution [38]. Considering the scenario
illustrated in Figure 4.6, where a particle with momentum p enters the detector
material perpendicularly at a radial position r1 and is deflected by an angle, the
contribution of multiple scattering to the impact parameter is given by [38]

σMS
d0

= r1 tan ω ≈ r1

p
· 13.6 MeV

√
x1

X0

[
1 + 0.038 ln

(
x1

X0

)]
, (4.2)

where x1/X0 represents the thickness of the material traversed by the particle,
expressed in units of radiation length. In a more general case where the particle
enters the detector at an angle θ relative to the normal, the expression becomes

σMS
d0

≈ r
p sin θ

√
sin θ

· 13.6 MeV
√

x1

X0

[
1 + 0.038 ln

(
x

X0 sin θ

)]
, (4.3)

where the substitutions r1 = r/ sin θ and x1 = x/ sin θ have been applied. Noting
that pT = p sin θ, Eq. 4.3 can be approximated as

σMS
d0

≈ b
pT

, (4.4)

where b is a constant term. This expression highlights that the effect of multiple
scattering on the IP resolution is inversely proportional to the transverse momentum
of the particle, and, consequently, it becomes the dominant contributor to the
resolution at low track pT.
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Figure 4.6 – Effect of multiple scattering due to Coulomb interactions between the incident
particle and atomic nuclei in the detector material. The particle, striking the detector layer at
position r1, is deflected from its original trajectory by an angle ω.

Particle

<latexit sha1_base64="WgGMqmTqioWRMrixMsT6UwaAcTM=">AAAB6nicbVC7SgNBFL3rM8ZXVLCxGQyCVdi1iJYhNpYJmgckIcxOZpMhs7PLzF0hLPkEGwtFbG39C7/AzsZvcfIoNPHAhcM593LvPX4shUHX/XJWVtfWNzYzW9ntnd29/dzBYd1EiWa8xiIZ6aZPDZdC8RoKlLwZa05DX/KGP7ye+I17ro2I1B2OYt4JaV+JQDCKVrrVXa+by7sFdwqyTLw5yZeOq9/ivfxR6eY+272IJSFXyCQ1puW5MXZSqlEwycfZdmJ4TNmQ9nnLUkVDbjrp9NQxObNKjwSRtqWQTNXfEykNjRmFvu0MKQ7MojcR//NaCQZXnVSoOEGu2GxRkEiCEZn8TXpCc4ZyZAllWthbCRtQTRnadLI2BG/x5WVSvyh4xUKxatMowwwZOIFTOAcPLqEEN1CBGjDowwM8wbMjnUfnxXmdta4485kj+APn7Qfkt5FC</latexit>r1

Beam pipe

<latexit sha1_base64="P+3fg90eWx1GkDELuSbsRBVQL7M=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSg+5X+6WyW3HnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn81PnZJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTtCF4yy+vkla14tUqtfvLcv0mj6MAp3AGF+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1jUnnzmBP3A+fwAHoo2m</latexit>r2

<latexit sha1_base64="ImaF3xCWon7KE3QtckYZ/qvrgXY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1eoYNBe4H/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AHJV4/S</latexit>ω1

<latexit sha1_base64="7OX7uzEj7CtDyBRyq9Hh9T4qHis=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1eoYNBe5H/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AETqpAD</latexit>ωb

<latexit sha1_base64="1hViC2h3BPI+EdlT0DrLe6faU0E=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpevFYwX5AE8pmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9UKsKWeStg0znPYSRbEIOe2Gk7vc7z5RpVksH800oYHAI8kiRrCxku9rNhJ44KEb5A6qNbfuzoFWiVeQGhRoDapf/jAmqaDSEI617ntuYoIMK8MIp7OKn2qaYDLBI9q3VGJBdZDNb56hM6sMURQrW9Kgufp7IsNC66kIbafAZqyXvVz8z+unJroOMiaT1FBJFouilCMTozwANGSKEsOnlmCimL0VkTFWmBgbU8WG4C2/vEo6F3WvUW88XNaat0UcZTiBUzgHD66gCffQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBcfGQqA==</latexit>

ω1 > 0

<latexit sha1_base64="LU17/A7I9J2MaZDCXSYUZ4jFewA=">AAAB83icbVC7SgNBFL0bXzG+ooKNzWAQrMJuimgjhNhYJmAekF3C7GSSDJmZXWZmhbDkN2wsFLHNX/gFdjZ+i5NHoYkHLhzOuZd77wljzrRx3S8ns7G5tb2T3c3t7R8cHuWPT5o6ShShDRLxSLVDrClnkjYMM5y2Y0WxCDlthaO7md96pEqzSD6YcUwDgQeS9RnBxkq+r9lA4G4J3SK3my+4RXcOtE68JSlUzurfbFr9qHXzn34vIomg0hCOte54bmyCFCvDCKeTnJ9oGmMywgPasVRiQXWQzm+eoEur9FA/UrakQXP190SKhdZjEdpOgc1Qr3oz8T+vk5j+TZAyGSeGSrJY1E84MhGaBYB6TFFi+NgSTBSztyIyxAoTY2PK2RC81ZfXSbNU9MrFct2mUYUFsnAOF3AFHlxDBe6hBg0gEMMTvMCrkzjPzpvzvmjNOMuZU/gDZ/oDUJuURQ==</latexit>

ω2 = 0

<latexit sha1_base64="WgGMqmTqioWRMrixMsT6UwaAcTM=">AAAB6nicbVC7SgNBFL3rM8ZXVLCxGQyCVdi1iJYhNpYJmgckIcxOZpMhs7PLzF0hLPkEGwtFbG39C7/AzsZvcfIoNPHAhcM593LvPX4shUHX/XJWVtfWNzYzW9ntnd29/dzBYd1EiWa8xiIZ6aZPDZdC8RoKlLwZa05DX/KGP7ye+I17ro2I1B2OYt4JaV+JQDCKVrrVXa+by7sFdwqyTLw5yZeOq9/ivfxR6eY+272IJSFXyCQ1puW5MXZSqlEwycfZdmJ4TNmQ9nnLUkVDbjrp9NQxObNKjwSRtqWQTNXfEykNjRmFvu0MKQ7MojcR//NaCQZXnVSoOEGu2GxRkEiCEZn8TXpCc4ZyZAllWthbCRtQTRnadLI2BG/x5WVSvyh4xUKxatMowwwZOIFTOAcPLqEEN1CBGjDowwM8wbMjnUfnxXmdta4485kj+APn7Qfkt5FC</latexit>r1

<latexit sha1_base64="P+3fg90eWx1GkDELuSbsRBVQL7M=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSg+5X+6WyW3HnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn81PnZJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTtCF4yy+vkla14tUqtfvLcv0mj6MAp3AGF+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1jUnnzmBP3A+fwAHoo2m</latexit>r2

<latexit sha1_base64="7OX7uzEj7CtDyBRyq9Hh9T4qHis=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1eoYNBe5H/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AETqpAD</latexit>ωb

<latexit sha1_base64="I9BEkpew5oE5egNQtFSp9REnma8=">AAAB73icbVC7SgNBFL0bXzG+ooKNzWAQrMJuimgZYmOZgHlAsoTZyWwyZGZ2nZkVwpKfsLFQxNbCv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZm19Y3Mru53b2d3bP8gfHjV1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkbXU791T5Vmkbw145j6Ag8kCxnBxkrtrmYDgXulXr7gFt0Z0CrxFqRQOal/s/fqR62X/+z2I5IIKg3hWOuO58bGT7EyjHA6yXUTTWNMRnhAO5ZKLKj209m9E3RulT4KI2VLGjRTf0+kWGg9FoHtFNgM9bI3Ff/zOokJr/yUyTgxVJL5ojDhyERo+jzqM0WJ4WNLMFHM3orIECtMjI0oZ0Pwll9eJc1S0SsXy3WbRhXmyMIpnMEFeHAJFbiBGjSAAIcHeIJn5855dF6c13lrxlnMHMMfOG8/qYOTcA==</latexit>ω2 <latexit sha1_base64="hPTZ1CqIdMpQ9pqMQDVrbHjoPQg=">AAAB83icbVC7SgNBFL0bXzG+ooKNzWAQrMJuimglITaWCZgHZJcwO5kkQ2Zml5lZISz5DRsLRWzzF36BnY3f4uRRaOKBC4dz7uXee8KYM21c98vJbGxube9kd3N7+weHR/njk6aOEkVog0Q8Uu0Qa8qZpA3DDKftWFEsQk5b4ehu5rceqdIskg9mHNNA4IFkfUawsZLvazYQuFtCt8jt5gtu0Z0DrRNvSQqVs/o3m1Y/at38p9+LSCKoNIRjrTueG5sgxcowwukk5yeaxpiM8IB2LJVYUB2k85sn6NIqPdSPlC1p0Fz9PZFiofVYhLZTYDPUq95M/M/rJKZ/E6RMxomhkiwW9ROOTIRmAaAeU5QYPrYEE8XsrYgMscLE2JhyNgRv9eV10iwVvXKxXLdpVGGBLJzDBVyBB9dQgXuoQQMIxPAEL/DqJM6z8+a8L1ozznLmFP7Amf4AUiGURg==</latexit>

ω2 > 0

<latexit sha1_base64="fvhIZsKmNRlslXJep9e/h6zagrw=">AAAB83icbVC7SgNBFL0bXzG+ooKNzWAQrMKuRbQRQmwsEzAxkF3C7GQ2GTIzu8zMCmHJb9hYKGKbv/AL7Gz8FiePQhMPXDiccy/33hMmnGnjul9Obm19Y3Mrv13Y2d3bPygeHrV0nCpCmyTmsWqHWFPOJG0aZjhtJ4piEXL6EA5vp/7DI1WaxfLejBIaCNyXLGIEGyv5vmZ9gbseukFut1hyy+4MaJV4C1KqnjS+2aT2Ue8WP/1eTFJBpSEca93x3MQEGVaGEU7HBT/VNMFkiPu0Y6nEguogm908RudW6aEoVrakQTP190SGhdYjEdpOgc1AL3tT8T+vk5roOsiYTFJDJZkvilKOTIymAaAeU5QYPrIEE8XsrYgMsMLE2JgKNgRv+eVV0rose5VypWHTqMEceTiFM7gAD66gCndQhyYQSOAJXuDVSZ1n5815n7fmnMXMMfyBM/kBTxOURA==</latexit>

ω1 = 0

Figure 4.7 – Schematic representation of the two cases contributing to the single-point resolu-
tion. On the left, the single-hit resolution at the second layer of the tracking system is zero,
whereas, on the right, it is zero in correspondence to the first layer.
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• Finite single-point resolution reflects the intrinsic resolution of the detector as well
as potential misalignments. A two-layers approximation, using a tracking system
composed of only two layers, can be used to illustrate this effect. The two layers are
located at positions r1 and r2, respectively, with corresponding single-hit resolutions
σ1 and σ2. Two possible scenarios may occur, as shown in Figure 4.7: σ1 > 0, σ2 = 0,
and σ1 = 0, σ2 > 0. In these scenarios, the contribution to the resolution σb from the
two layers can be calculated as

σb
σ1

=
r2

r2 − r1
,

σb
σ2

=
r1

r2 − r1
, (4.5)

and, therefore, the intrinsic resolution term becomes

σintrinsic =

√(
r1

r2 − r1
σ2

)2
+

(
r2

r2 − r1
σ1

)2
=

√
r2

1σ2
2 + r2

2σ2
1

(r2 − r1)2 ≈ a , (4.6)

where a is a constant that depends on the detector geometry and the space-point
measurement’s accuracy. Hence, if the radii of the detector layers and their corre-
sponding intrinsic resolutions remain constant, the contribution to the IP resolution
also remains constant and becomes the dominant one at high pT.

Since the single-point measurement error and the multiple scattering effects are indepen-
dent, the total impact parameter resolution is obtained by summing in quadrature the
two contributions:

σd0 = σintrinsic ⊕ σMS ≈
√

a2 +
b2

pT
. (4.7)

As a result, the resolution of the transverse impact parameter primarily depends on
the track momentum. In contrast, the track pseudorapidity affects the resolution of the
longitudinal impact parameter, which is also sensitive to variations in the material budget
and the increased extrapolation distances from the first measured point to the interaction
point at higher |η|. More complex parameterisations that extend beyond the two-layers
approximation are possible; for an in-depth discussion, see Ref. [162].

The impact parameter resolution of the ATLAS detector was first measured in Ref.
[155] using data collected in 2015, the first year of the Run 2. In that work, primary
vertices served as the reference point for the distance of closest approach, and the intrinsic
resolutions of the track impact parameters were extracted from data and simulation by
deconvolving the primary vertex uncertainty using an iterative deconvolution procedure
[163]. In this thesis, a new approach is adopted where the beamspot is used as the
reference point for all calculations, eliminating the need for deconvolution. This simplifies
the workflow for deriving the impact parameter resolutions. The resolution is measured
using central tracks (|η| < 0.8), selected with an inclusive working point (encompassing
both Loose and Tight Primary tracks) in jets with pT > 300 GeV. The transverse width of
the beam spot — approximately 7 − 8 µm [164] — is subtracted in quadrature from the
measured transverse impact parameter to obtain the intrinsic resolution. Distributions
of d0 and z0 are analised in bins of track pT and track η. The core of the d0 distribution,
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dominated by prompt particles, is fit within a 1.5σ window with a single Gaussian
function

f (d0) =
1√
2πσ

exp
[
− (d0 − µ)2

2σ2

]
, (4.8)

where µ and σ represent the bias and the resolution of the transverse impact param-
eter, respectively. An example of such a fit is shown in Figure 4.8 for tracks with
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Figure 4.8 – Distribution of the transverse impact
parameter for tracks with 5 < pT < 6 GeV and
0.3 < |η| < 0.4 reconstructed from 2024 data. A
single Gaussian function, fit to the core of the distri-
bution to estimate the impact parameter bias and
resolution, is superimposed. The first and last bins
of the distribution include the underflow and over-
flow entries, respectively.

5 < pT < 6 GeV and 0.3 < |η| < 0.4
reconstructed from data collected in 2024.
A similar procedure is adopted for the
longitudinal impact parameter z0. Data
collected in 2022, 2023, and 2024 are com-
pared with simulated multi-jet events,
as shown in Figure 4.9. At low track
pT (below ∼ 10 GeV), the resolution is
broader in data than in simulation — es-
pecially below 2 GeV — highlighting the
impact of multiple scattering and poten-
tial mismodelling of the detector mate-
rial [165]. Above 10 GeV, the resolution
plateaus, with a mild degradation occur-
ring above 20 GeV due to an increased
fraction of lower-quality tracks. This be-
haviour is consistent across both trans-
verse and longitudinal components of the
IP. Data from 2022, 2023, and 2024 are
also compared with simulated multi-jet
events to assess the bias in the transverse
impact parameter d0. The results are shown in Figure 4.10. In 2022 and 2023 data, the bias
remains generally within −2 µm, whereas in 2024 it increases and shifts toward positive
values. This trend suggests that misalignments in the Inner Detector may have occurred
between 2023 and 2024, which were not accounted for during the initial processing of
the 2024 dataset. A future reprocessing of the data may correct this issue. In contrast,
MC simulations remain nearly unbiased and show consistent behavior across all three
data-taking years.

The precision of impact parameter measurements may depend on whether a given
track is isolated or surrounded by other nearby tracks, since in densely populated envi-
ronments, such as the core of jets, overlapping tracks may hinder the ability to resolve
them individually. To investigate this effect, the transverse impact parameter resolution
σd0 is studied as a function of the angular separation ∆R between two selected tracks,
across various track pT ranges and for the different data-taking periods of Run 3. The
results, shown in Figure 4.11, generally indicate that the IP resolution remains constant
at large ∆R and degrades sharply only when ∆R < 0.02 is reached, corresponding to
the dense core region of the selected jets the tracks are associated to. In this core region,
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Figure 4.9 – Impact parameter resolution for data and simulation on (left) the transverse plane,
σd0 , and (right) along the longitudinal axis, σz0 . The distributions compare the data collected
during 2022 (top), 2023 (middle), and 2024 (bottom) with multi-jet Monte Carlo simulated
events. When visible, the hatched band and the error bars on the data points represent the
quadratic sum of the statistical uncertainty derived from the fit procedure and a systematic
uncertainty estimated by fitting the same impact parameter distribution with a single Gaussian
function within a 2σ window.
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Figure 4.10 – Transverse impact parameter bias µd0 for data and simulation. The distributions
compare data collected during 2022 (top-left), 2023 (top-right), and 2024 (bottom) with multi-jet
Monte Carlo simulated events. When visible, the hatched band and the error bars on the data
points represent the quadratic sum of the statistical uncertainty derived from the fit procedure
and a systematic uncertainty estimated by fitting the same impact parameter distribution with
a single Gaussian function within a 2σ window.
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the high particle density can lead to merged pixel clusters in the ATLAS Pixel Detector,
causing energy deposits to become virtually indistinguishable. This effect, in turn, de-
grades both track reconstruction performance and the precision of the impact parameter
measurements. The transverse impact parameter resolution is also studied as a function
of the average number of interactions per bunch crossing, µ. The plots of Figure 4.12 show
the results for 2022, 2023, and 2024 data, compared to multi-jet Monte Carlo simulations.
Overall, the resolution shows no significant variation across the three data-taking years,
with only a slight degradation observed at high pileup conditions, particularly for µ ∼ 65.
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Figure 4.11 – Transverse impact parameter resolution σd0 as a function of the angular distance
∆R between two tracks across different track pT ranges. The distributions compare data
collected during 2022 (top), 2023 (middle), and 2024 (bottom) with multi-jet Monte Carlo
simulated events. When visible, the hatched band and the error bars on the data points
represent the quadratic sum of the statistical uncertainty derived from the fit procedure and
a systematic uncertainty estimated by fitting the same impact parameter distribution with a
single Gaussian function within a 2σ window.
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Figure 4.12 – Transverse impact parameter resolution σd0 as a function of the average number
of interactions per bunch crossing µ (right). The distributions compare data collected during
2022 (top), 2023 (middle), and 2024 (bottom) with multi-jet Monte Carlo simulated events.
When visible, the hatched band and the error bars on the data points represent the quadratic
sum of the statistical uncertainty derived from the fit procedure and a systematic uncertainty
estimated by fitting the same impact parameter distribution with a single Gaussian function
within a 2σ window.
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Monte Carlo simulations can be then corrected to match the IP resolution observed
in data for offline analyses. This is done by defining a bin-by-bin correction term, σcorr

d0, z0
,

calculated as the quadrature difference between the IP resolution measured in data and
that obtained from simulations. Figure 4.13 illustrates two examples of these bin-by-bin
correction terms for the transverse and longitudinal impact parameters, which are used
to adjust the simulated resolution to match the one observed on data collected during
2024. The correction is applied through a smearing procedure: a random value is drawn
from a Gaussian distribution with zero mean and a standard deviation equal to σcorr

d0, z0
,

and is then added to the transverse or longitudinal impact parameter of each simulated
track.
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Figure 4.13 – Correction terms for the transverse (top) and longitudinal (bottom) impact
parameters, derived in (pT, η) bins. These correction terms are used to adjust the impact
parameter resolution in Monte Carlo simulations to match that observed in 2024 data.
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4.3 Jets reconstruction

Quarks and gluons are produced abundantly in pp collisions at the LHC, either as part of
the underlying event or directly from the hard-scattering process. However, due to color
confinement, these colored partons cannot be observed individually in the final state.
Instead, when they carry momenta above 10-20 GeV, their fragmentation and subsequent
hadronisation result in the formation of collimated “streams” of hadrons, travelling in
the direction of the original parton. These observable objects are known as jets [166].

Particle-flow jets

The hadronic spray forming a jet includes both charged and neutral particles. Charged
hadrons with |η| < 2.4 leave tracks in the Inner Detector, while both charged and
neutral hadrons deposit energy in the calorimeters by producing hadronic showers. Jet
reconstruction in the ATLAS detector follows the particle-flow (PFlow) strategy [167, 168].
Unlike traditional approaches that rely solely on calorimetric energy deposits [169] the
PFlow method adopts a “holistic reconstruction”, by combining information from both the
ID and the calorimeters to reconstruct all stable particles in the event. These particle-flow
objects, ideally originating from the hadronisation of a single parton, are then clustered
to form jets. The primary advantage of the PFlow approach lies in its ability to exploit
the the complementary strengths of the ID and the calorimeters while mitigating their
respective limitations.

• For low-energy charged particles, the ID provides significantly better momentum
resolution than the calorimeters. Conversely, the calorimeters offer superior energy
resolution at higher energies, broader pseudorapidity coverage compared to the
tracker, and the ability to detect neutral particles.

• The ID also provides excellent angular resolution for charged tracks, enables iden-
tification of low-pT charged particles that may be deflected out of the jet cone
by the magnetic field before reaching the calorimeter, and allows association of
tracks with the primary vertex — a critical feature for pileup mitigation during jet
reconstruction.

On the other hand, the PFlow strategy introduces a significant challenge. For any particle
with a reconstructed track, its corresponding calorimeter signal must be correctly identi-
fied and subtracted to prevent double-counting of its energy during jet reconstruction.
This necessitates a binary decision: whether to use the calorimetric or tracking infor-
mation for a given particle. The central difficulty of the PFlow algorithm is to perform
this subtraction with high precision, ensuring complete removal of the relevant energy
contribution from a given particle without affecting energy deposits from other nearby
particles.

Jet reconstruction begins with the identification of energy clusters from calorimeter
cells that are topologically connected, the topoclusters. The key variable governing the
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formation of these clusters is the significance of each calorimeter cell, defined as

ζEM
cell =

∣∣∣∣∣
EEM

cell

σEM
noise

∣∣∣∣∣ , (4.9)

where EEM
cell is the energy deposited in a given cell, and σEM

noise is the expected noise,
accounting for contributions from both the read-out electronics and an estimate of the
pileup conditions, calibrated to the average instantaneous luminosity. The clustering
algorithm scans the calorimeter map, selects seed cells, and grows clusters around them
following the so-called “4-2-0” scheme.

1. Seed cells are identified as those with ζEM
cell > 4, excluding cells in the Presampler

and the first layer of the EMCalo.

2. Neighbouring cells with ζEM
cell > 2 are added around seed cells to form topoclusters.

If a cell is shared between two clusters, they are merged into one.

3. A surrounding crown of nearest-neighbour cells with ζEM
cell > 0 is then added to

complete the topocluster.

4. Topoclusters containing multiple local energy maxima — defined as cells with
EEM

cell > 500 MeV and at least four neighbours, none of which having hiogher energy
— are split into separate clusters.

After topoclusters are formed, tracks reconstructed in the ID are matched to clusters
in the EMCalo. For a reconstructed track with charge q to be considered matched to a
topocluster, the following criteria must be satisfied: |ηcluster − ηtrack| < 0.05 and −0.20 <

q ·
(

ϕtrack − ϕcluster
)
< 0.05, if the track momentum is used for extrapolation from the

last ID hit, or −0.10 < q ·
(

ϕtrack − ϕcluster
)

< 0.05, if the cluster energy is used for
extrapolation from the track perigee. Additionally, the ratio of cluster energy to the track
momentum is required to satisfy Ecluster/ptrack > 0.1. All matched tracks are ranked
based on the angular distance ∆R

′
between the barycenter of the topocluster and the

extrapolated track position to the second layer of the electromagnetic calorimeter. ∆R
′

is
defined as

∆R
′
=

√(
∆η

ση

)2
+

(
∆ϕ

σϕ

)2
, (4.10)

where ση and σϕ represent the angular widths of the topocluster in η and ϕ, respectively,
computed as the standard deviation of the calorimeter cell positions with respect to the
topocluster barycenter. If multiple tracks are matched to the same topocluster, the one
with the smallest ∆R

′
is selected as the best match. Once a track with momentum ptrack is

matched to a topocluster, the expected energy deposited in the calorimeters, ⟨Edep⟩, from
the particle associated with the track is estimated as

⟨Edep⟩ = ptrack · ⟨Ecluster
ref /ptrack

ref ⟩ , (4.11)

where ⟨Ecluster
ref /ptrack

ref ⟩ is the average energy-to-momentum ratio, derived from simulated
single-pion samples without pileup, for topoclusters within a cone of radius ∆R = 0.4
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around the track. The spread of the expected energy deposit, σ(Edep), is also determined
from the standard deviation of the Ecluster

ref /ptrack
ref distribution. The estimated energy

⟨Edep⟩ is then compared with the measured energy of the matched topocluster, Ecluster. If
the difference ⟨Edep⟩ − Ecluster is positive and exceeds the spread σ(Edep), it is assumed
that the particle has deposited energy in multiple topoclusters. In this case, additional
nearby topoclusters within a cone of radius ∆R = 0.2 are considered for association with
the track. Once the full set of topoclusters matched to the track has been identified, the
expected deposited energy is subtracted to avoid double-counting the particle’s energy in
both the tracker and the calorimeters. This subtraction is applied only if

Ecluster − ⟨Edep⟩
σ(Edep)

< 33.2 · log10

(
40 GeV

ptrack
T

)
. (4.12)

This condition ensures energy subtraction is applied for tracks with pT < 40 GeV, except
in cases with unusually large calorimeter activity, such as in dense environments, where
subtraction becomes less reliable. After energy subtraction, particle-flow objects are
formed and subsequently used in jet reconstruction. ATLAS employs the anti-kt algorithm
[170] for jet clustering. This algorithm is favored to alternative methods for its stability
against soft radiation, and the tendency to produce geometrically regular, conical jets.
The anti-kt algorithm defines two distance metrics: one, di, between particle i and the
beam, the other, dij, between two PFlow objects i and j. di and dij are given by

di =
1

p2
Ti

, dij = min


 1

p2
Ti

,
1

p2
Tj


 ∆2

ij

R2 , (4.13)

where ∆2
ij = (ηi − ηj)

2 + (ϕi − ϕj)
2 is the squared angular separation between i and j, and

R is a fixed radius parameter, typically set to R = 0.4. The algorithm proceeds iteratively.
It computes the distances dij between all pairs of particles. If dij < di, i and j are merged
into a new single object which replaces them in the initial set, and their momenta are
summed. If dij > di, object i is removed from the input list and declared a jet. This process
repeats until all PFlow objects are clustered into jets and no further combinations are
possible.

Calibration

During reconstruction, jets are initially calibrated at the electromagnetic scale, which
ensures that the deposited energy of electrons and photons matches their true energy.
However, this calibration underestimates the energy of hadrons by approximately 15% to
55%, due to the differing interactions of electromagnetic and hadronic particles with the
detector material. To correct for this discrepancy, a recalibration is required to align the
reconstructed jet energy with that of truth-level jets — jets built at particle level from stable
final-state particles in Monte Carlo simulations, excluding detector effects. The complete
jet energy scale (JES) calibration procedure [168], illustrated in Figure 4.14, consists of
several correction steps that modify the jet four-momentum, including adjustments to
transverse momentum, energy, and mass.
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Corrects jet 4-momentum
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scale. Both the energy and
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and energy leakage effects
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differences.
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pile-up correction

Residual pile-up
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Absolute MC-based
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Global sequential
calibration

Residual in situ
calibration

Figure 4.14 – Flowchart of the jet energy scale calibration procedure used in ATLAS [168].

1. The JES calibration begins with the pileup corrections, by removing the excess en-
ergy from pileup activity. An initial correction is applied based on the jet area and
the median transverse momentum density, evaluated across (η, ϕ) regions of the
detector. This estimates how much pileup contributes to a given jet. A residual cor-
rection, parameterised using MC simulations, is then applied to mitigate remaining
dependencies of jet pT on the average number of interactions per bunch crossing
and the number of primary vertices in the event.

2. In the second step, the absolute JES calibration aligns the reconstructed jet energy
and direction with truth jets from di-jet MC events. It corrects for effects such as the
non-compensating response of the calorimeters, energy losses in passive material,
energy deposited outside of the cone of radius R used during jet clustering, and
biases in jet η reconstruction arising due to transitions between different calorimeter
regions and varying granularity.

3. Even after the absolute JES calibration, residual variations in the energy response
may remain within the same kinematic region. These result from differences in jet
flavor composition, energy distribution of constituent particles, transverse spread,
and fluctuations in the hadronic shower development. The global sequential calibra-
tion applies a third sequence of multiplicative corrections to the jet four-momentum,
aiming to reduce these fluctuations and improve the resolution without altering the
average energy response. Corrections are based on observables from the tracking
system, calorimeter, and muon spectrometer.

4. After correcting PFlow jets to particle level, the η-intercalibration and in-situ cali-
bration are applied to account for differences between data and simulations. The
η-intercalibration accounts for response variations across detector regions. The
in-situ calibration compares jets in data to well-measured reference objects from
Z + jets, γ + jets, and multi-jet processes. The data-to-MC ratio response is measured
across overlapping pT regions and used to derive a final correction applied to data,
aligning the JES with the simulation.

The full JES calibration introduces 125 systematic uncertainty components originating
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from the various calibration stages. These uncertainties stem from event selection choices
during in-situ analyses, event topology, MC modeling assumptions, and statistical limita-
tions. Figure 4.15 illustrates how these uncertainties vary with jet pT and η, with the most
significant contributions coming from pileup corrections (especially at low pT) and jet
flavor response. In addition to JES, differences in jet energy resolution (JER) between data
and simulation must also be addressed. These arise from mismodelling of both detector
effects and physics processes in simulations. The JER is measured directly in data using
di-jet events, where the two jets are expected to be balanced in momentum. Furthermore,
random trigger events (unbiased by physics selection) are used to measure fluctuations in
the calorimeter caused by pileup, helping to estimate the noise component of the energy
resolution. These measurements are combined to derive the final JER corrections, which
are then applied to analysis-level jets.
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Figure 4.15 – Relative impact of systematic uncertainties on the jet energy scale for anti-kt
jets with R = 0.4 jets, as a function of jet pT at η = 0 (left) and of jet η at pT = 60 GeV (right),
using jets reconstructed from particle-flow objects [168]. The total uncertainty, computed as
the quadrature sum of all individual components, is shown as a filled region topped by a solid
black line. Major contributions to the total uncertainty are indicated by the colored lines.

Jet vertex tagging

Jets can originate not only from the primary vertex but also from pileup interactions.
Since the analyses presented in this thesis rely exclusively on jets originating from the
hard-scattering vertex, a pileup mitigation techniques is required. To this end, the
Jet Vertex Tagger (JVT) [171] is employed. JVT is implemented as a two-dimensional
likelihood discriminant constructed in the plane defined by the corrected jet vertex
fraction (corrJVF) and RpT . The corrJVF variable is defined as the ratio of the scalar sum of
the transverse momenta of tracks associated with the jet and originating from the primary
vertex (∑m ptrack

T,m (PV0) = pPU
T ) to the sum of the transverse momenta of all associated

tracks that originate from any of the pileup interactions (∑n≥1 ∑l ptrack
T,l (PVn)):

corrJVF =
∑m ptrack

T,m (PV0)

∑l ptrack
T,l (PV0) +

1
κ·nPU

track
∑n≥1 ∑l ptrack

T,l (PVn)
. (4.14)

69



4. OBJECTS RECONSTRUCTION

Here, the denominator includes a correction for the linear dependence of pPU
T on the total

number of pileup tracks per event. This is achieved by dividing pPU
T by κ · nPU

track, where
κ = 0.01 and nPU

track is the number of pileup tracks The second variable, RpT , is defined as

RpT =
∑k ptrack

T,k (PV0)

pjet
T

, (4.15)

where pjet
T is the fully calibrated transverse momentum of the jet. For the analyses

presented in the following chapters, the Tight working point of the JVT is applied to jets
with pT < 60 GeV and within the acceptance of the ATLAS ID (|η| < 2.4).

4.4 Electrons and Photons reconstruction

Electron reconstruction in the ATLAS detector is performed in parallel with photon re-
construction [172–175]. Both procedures rely on collections of energy deposits primarily
contained within the Electromagnetic Calorimeter, complemented by tracks and sec-
ondary vertices reconstructed in the Inner Detector. The reconstruction sequence begins
with the identification of topoclusters, following the procedure outlined in Section 4.3.
Subsequently, photon conversion reconstruction and supercluster formation are carried
out.

Reconstruction of photon conversion vertices

Tracks that are loosely matched to fixed-size topoclusters are used as input for recon-
structing photon conversion vertices in the ID. Two types of photon conversions are
considered.

• Double-track conversions occur when two oppositely charged tracks originate
from a common spacial point. Geometric criteria, such as the angle between the
tracks, their separation at the point of closest approach, and their distance in cor-
respondence of the reconstructed vertex, are applied to ensure consistency of the
reconstructed vertex with the one originating from a massless particle.

• Single-track conversion vertices account for asymmetric photon conversions, where
one electron carries the majority of the photon energy, or for highly energetic
photons, where the electron-positron tracks are highly collimated. These vertices are
reconstructed only if there are no hits in the innermost ID layer, thereby suppressing
misidentification of prompt electrons as single-track conversion.

Once conversion vertices are reconstructed, they are matched to topoclusters by extrapo-
lating the associated tracks to the second EMCalo layer and computing their distance to
the topocluster barycenter in the η − ϕ plane. If multiple conversion vertices are matched
to a single topocluster, preference is given to double-track conversions.
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Supercluster formation

Matched topoclusters and tracks serve as inputs to the superclustering algorithm [176],
which operates in two distinct stages, as illustrated in Figure 4.16. In the first stage, the

Figure 4.16 – Schematic diagram of the superclustering algorithm for electrons and photons
[176]. Seed clusters are shown in red, satellite clusters in blue.

algorithm scans topoclusters to identify suitable seeds for supercluster formation. For
electrons, topoclusters with transverse energy ET > 1 GeV that are matched to a track
with at least four silicon hits are selected. For photons, seed topoclusters are required
to have ET > 1.5 GeV, due to the absence of a matching track. In the second stage, the
algorithm searches for satellite topoclusters within a window of ∆η × ∆ϕ = 0.075 × 0.125
centered on the seed topocluster’s barycenter. Only topoclusters with lower ET than the
seed are considered as satellite clusters. For electrons superclusters, additional satellite
clusters may also be included from a larger window of ∆η × ∆ϕ = 0.125 × 0.3 around
the seed barycenter, provided they are matched to a track with silicon hits and share
the same best-matched track as the seed. For the specific case of converted photons,
satellite clusters are accepted if they are matched to the same conversion vertex as the
seed, or to any of the tracks associated with that vertex. The final electron and photon
superclusters are constructed by merging all calorimeter cells from the seed topocluster
and its associated satellite clusters.

After the supercluster formation, tracks and conversion vertices are matched to the
resulting electron and photon superclusters using the same procedures as for individual
topoclusters. Since electron and photon superclusters are constructed independently,
it is possible for a single topocluster to seed both an electron and a photon candidate
supercluster. To resolve such ambiguities, a dedicated ambiguity resolution algorithm is
applied to assign each candidate definitively as an electron, photon, or both, depending
on the full reconstruction context.
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Calibration and creation of analysis objects

As with jets, once electrons and photons are correctly reconstructed, their energies must
be calibrated to account for various detector effects [175]. These include energy losses
in passive materials, electromagnetic shower leakage, and fluctuations in the deposited
energy. Calibration is performed through a sequence of correction steps, resulting in
final physics objects that are suitable for use in offline analyses. The applied corrections
address several key factors, such as the intercalibration of the different calorimeter layers,
pileup-induced energy shifts, and non-uniformities in the calorimeter energy response.
Overall, these corrections account for residual differences between data and simulation,
ensuring consistent energy measurements across the detector. Following the calibration,
the results are are validated using well-understood Standard Model processes, specifically
the J/Ψ → ee and Z → eeγ decays. The former is used to probe the energy response
for low-energy electrons, while radiative Z boson decays test the photon energy scale
in events where photons are emitted. In both cases, the performance of the calibration
is evaluated by fitting the invariant mass distribution of the e+e− pair, allowing for a
precise comparison between data and simulation.

Identification and isolation

Once an electron or photon candidate has been reconstructed, it must be unambiguously
identified. This is achieved using a likelihood-based (LH) discrimination method, which
relies on input variables such calorimetric shower shapes and track properties for elec-
trons, and shower shape variables only for photons. Three identification working points
— Loose, Medium, and Tight — are defined for both object classes. These offer progressively
stronger background rejection at the cost of decreasing identification efficiency [172–174].
For electrons with ET > 40 GeV, the Loose, Medium, and Tight WPs are designed to
achieve minimum efficiencies of 93%, 88%, and 80%, respectively. For photons, the Loose
WP is optimised to achieve 99% efficiency for ET > 40 GeV. The Tight selection, on the
other hand, achieves an efficiency of approximately 85% at the same transverse energy,
increasing to about 92% for unconverted photons and 95% for converted photons when
ET > 100 GeV. Figure 4.17 and Figure 4.18 present the identification efficiencies of the
three WPs for electrons and photons, respectively, as functions of transverse energy and
pseudorapidity. In the case of photons, only the |η| < 0.6 slice is shown, s the efficiency
varies with the longitudinal position within the ATLAS detector.

Prompt electrons and photons are typically expected to be isolated from significant
hadronic activity. To suppress backgrounds from fake candidates, a set of isolation
requirements is defined. A comprehensive overview of them can be found in Ref. [173].
Isolation is quantified using nearby energy deposits in the calorimeters or close-by tracks
reconstructed in the ID. This is done by measuring the activity within a fixed distance
from the candidate electron or photon and requiring it to remain a small fraction of the
candidate’s own energy. For instance, calorimetric isolation, Econe20

T , is computed as the
scalar sum of transverse energies of topoclusters with barycenters within a cone of radius
∆R = 0.2 around the electron or photon supercluster barycenter. Similary, track-based
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Figure 4.17 – Electron identification efficiency as a function of ET (left) and η (right) for the
Loose, Medium and Tight working points in data and simulation [174].
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isolation, pcone20
T , is calculated as the scalar sum of the transverse momenta of all the

selected track particles within the same cone. Additional isolation variables are defined
using larger cones, typically with ∆R = 0.3 − 0.4.

4.5 Muons reconstruction

Muons are reconstructed independently in the Inner Detector, the Muon Spectrometer,
and the calorimeters [177, 178]. The information from each sub-detector is combined
using a track fitting procedure which integrates hits from both the ID and the MS and also
accounts for energy loss in the calorimeters, resulting in a complete muon track object.
Based on the primary sub-detector contributing to the reconstruction, five types of muon
candidates are defined.

• Combined muons are formed by matching independently reconstructed MS tracks to
ID tracks, with hits from both subsystems refit into a single muon track.

• Inside-out combined muons are reconstructed by extrapolating high-quality ID tracks
to the MS and matching them to at least three loosely aligned MS hits. The resulting
muon track is obtained by refitting the ID track, calorimeter energy losses, and MS
hits.

• Segmented-tagged muons are identified by extrapolating ID tracks to local track
segments in the MS.

• Calorimeter-tagged muons are identified from energy deposits in the calorimeters
consistent with minimum ionising particles. This category extends reconstruction
acceptance to the |η| < 0.1 region, where the MS is only partially instrumented.

• Extrapolated muons are reconstructed using only MS hits, with a loose association to
the primary vertex.

Following reconstruction, identification criteria are applied to suppress muons origi-
nating from hadron decays, ensuring selection of prompt muons from the hard-scatter
vertex. These criteria are based on variables assessing track fit quality, as muons from
secondary decays typically exhibit poorer quality than prompt muons. Three standard
identification working points are defined — Loose, Medium, and Tight — offering increas-
ing background rejection at the expense of efficiency. Figure 4.19 illustrates the efficiency
of the three WPs as a function of muon pT and η for both prompt muons and muons from
hadron decays. Additionally, two specialised WPs are provided: Low-pT and High-pT,
designed to improve efficiency for low-pT (3 < pT < 5GeV) and high-pT (pT > 1 TeV)
muons, respectively. Both WPs meet the Medium selection requirements.

To further distinguish signal muons from background, isolation requirements are
imposed to ensure muons are well separated from nearby hadronic activity. Muon
isolation can be evaluated similarly to electrons and photons, by using track-based,
calorimetric variables, or combined variables incorporating particle-flow information
[167]. Track-based isolation is defined as the scalar sum of the transverse momenta of
ID tracks associated with the primary vertex within a cone of size ∆R around the muon,
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Figure 4.19 – Identification efficiency as a function of pT (left) and η (right) for the Loose,
Medium and Tight WP requirements in simulated tt̄ events, shown separately for prompt
muons and muons from hadron decays [178].

excluding the muon track itself. Depending on the specific criterion, ∆R is either fixed
at 0.2 (pcone20

T ) or set to min(10 GeV/pT(µ), 0.3) (pvarcone30
T ), the latter optimised for

topologies with nearby jets or leptons. Calorimeter-based isolation, denoted Etopoetcone20
T ,

is computed as the sum of the transverse energy of calorimeter cell clusters in a cone
of size ∆R = 0.2 around the muon, after subtracting the muon’s own energy deposit.
Finally, combined isolation uses the track-based isolation and adds the transverse energy
of neutral particle-flow objects within a cone of size ∆R = 0.2, with corrections for
the muon’s energy deposit and pileup contributions, resulting in the variable Eneflow20

T .
Further details on muon isolation WP definitions and performance can be found in Ref.
[178].

4.6 Missing transverse momentum

Particles that do not interact via the strong or electromagnetic forces pass through the
ATLAS detector without leaving any trace. These include neutrinos, as well as potential
BSM particles like neutralinos. However, since the transverse momentum of the initial
pp collision system at the LHC is zero, the presence of such invisible particles can be
inferred from an imbalance in the transverse momentum plane, denoted as pmiss

T , with
its magnitude referred to as Emiss

T [179]. The missing transverse momentum, pmiss
T , is

reconstructed as the negative vector sum of all visible hard and soft phyisics objects in
the event. The hard objects include electrons (e), photons (γ), hadronically decaying tau
leptons (τ), muons (µ), and jets (j). The soft term accounts for additional contributions
from charged tracks with pT > 0.5 GeV and |η| < 2.5 that originate from the primary
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vertex but are not matched to any reconstructed object. Thus, pmiss
T is an event-level

quantity defined as

pmiss
T = − ∑

electrons
pe

T − ∑
photons

pγ
T − ∑

taus
pτ

T − ∑
muons

pµ
T − ∑

jets
pj

T − psoft term
T , (4.16)

with the magnitude and azimuthal angle given by

Emiss
T =

√
(pmiss

x )2 + (pmiss
y )2 , ϕmiss = arctan

(
pmiss

y

pmiss
x

)
. (4.17)

To accommodate the needs of different offline analyses, three pmiss
T working points are

provided.

• The Loose pmiss
T includes all jets with pT > 20 GeV that also pass the JVT criteria2

when the jet has |η| < 2.4 and pT < 60 GeV.

• The Tight working point is optimised to reduce the pileup dependence by excluding
forward jets with |η| > 2.4 and 20 < pT < 30GeV from the calculation.

• The forward-JVT (fJVT) pmiss
T , aimed to suppress tails in the pmiss

T distribution, uses
the same jet selection as the Loose working point but removes any forward jet with
|η| > 2.5, 20 < pT < 50GeV, and that fails the Loose fJVT requirement as defined in
Ref. [180].
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Search for SUSY higgsinos
using soft mildly-displaced
tracks and a cut-based
approach with Run 2 data

5
As an extension of the Standard Model, Supersymmetry introduces an entirely new set
of particles. Among these are the superpartners of the Higgs boson: the higgsinos. If R-
parity is conserved [27], following the electroweak symmetry breaking, the higgsinos mix
with the superpartners of the SM gauge bosons, the gauginos, to form four neutral mass
eigenstates, called neutralinos and denoted by χ̃0

i (i = 1, 2, 3, 4), and two charged mass
eigenstates, know as charginos and denoted by χ̃±

i (i = 1, 2). The mass of the higgsinos
and the gauginos prior to mixing determine the resulting mass spectrum of the charginos
and neutralinos [28]. As discussed in Section 1.3, when the gaugino mass parameters
are sufficiently large, M1, M2 > O(100) TeV, radiative corrections can lead to a small
mass difference between the lightest chargino and neutralino, ∆m

(
χ̃±

1 , χ̃0
1
)
, typically in

the range of 250-400 MeV. Conversely, when M1, M2 ∼ O(10) TeV or lower, the mass
splitting can increase up to ∼ O(1) GeV. The value of ∆m

(
χ̃±

1 , χ̃0
1
)

strongly influences
the topology of the final state: a larger ∆m

(
χ̃±

1 , χ̃0
1
)

corresponds to a shorter higgsino
lifetime (Eq. 1.36). This has motivated different experimental strategies for searching for
higgsinos with compressed mass spectra. For example, the disappearing track signature
has been used to probe small mass splittings (∆m

(
χ̃±

1 , χ̃0
1
)
≲ 250 − 400 MeV) [30, 31],

while soft lepton searches target larger differences (∆m
(
χ̃±

1 , χ̃0
1
)
≳ 1.5 GeV) [32–34].

However, the intermediate mass region of 0.3 ≲ ∆m
(
χ̃±

1 , χ̃0
1
)
≲ 1.25 GeV, the “higgsino

gap”, remains largely unprobed since the LEP era [35]. This gap persists due to limitations
in existing techniques: for such ∆m

(
χ̃±

1 , χ̃0
1
)

values, the chargino lifetime is typically too
short to produce a disappearing track signature, while decay products in the form of
leptons are too soft to be efficiently reconstructed. The primary goal of this thesis is to
explore this unprobed region, where a measurable higgsino lifetime is expected, leading
to characteristic soft displaced signatures that offer a novel experimental handle.
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5.1 Target scenario

In the aforementioned “higgsino gap”, defined by 0.3 ≲ ∆m
(
χ̃±

1 , χ̃0
1
)
≲ 1.25 GeV, the

second-lightest neutralino and the lightest chargino acquire relatively long lifetimes, on
the order of O(1 − 10) ps, and predominantly decay into charged pions [181]. These
decays occur at transverse distances of approximately O(0.1 − 10) mm from the primary
proton-proton interaction point. The resulting soft pions, with average transverse mo-
menta around 1 GeV, can be reconstructed as tracks exhibiting a distinct feature: a finite
transverse displacement from the hard-scattering vertex [36]. Throughout the rest of
this thesis, such tracks, originating from soft pions with significant displacement due
to SUSY higgsino decays, are referred to as (soft) “mildly-displaced tracks”. Figure 5.1
schematically illustrates this signature. On the left, the lightest neutralino and a charged
pion are shown traversing the ATLAS Inner Detector, depicted in gray. The neutralino,
which interacts only via the weak force, escapes detection, while the charged pion is
reconstructed as a displaced track. The right-hand panel zooms in on the innermost
tracking layers, highlighting the pion track’s measurable displacement, a direct conse-
quence of the chargino’s finite lifetime. Crucially, the ATLAS Inner Detector provides
excellent spatial resolution allowing precise reconstruction of such displacements (see
Section 4.2, particularly Figure 4.9). Although low-momentum tracks from prompt decays
in the underlying event or pileup are abundant, mildly-displaced tracks from compressed
higgsino decays can be effectively distinguished by requiring significant non-zero impact
parameters.

Figure 5.1 – Schematic illustration of the mildly-displaced track signature targeted in this
thesis. The left-hand panel shows the lightest neutralino and a charged pion traversing the
ATLAS Inner Detector, depicted in gray. The neutralino, represented by a dotted gray line,
interacts only via the weak force and escapes detection. The right-hand panel provides a
magnified view of the central tracking region, illustrating the reconstruction of the pion as a
track with significant transverse displacement arising from the relatively long lifetime of the
lightest chargino. From Ref. [89].
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5.2 Signal features

The analysis presented here, and published in Ref. [182], extends sensitivity to scenarios
with small mass splittings by building upon the strategy adopted in previous compressed
higgsino searches [30–34]. It targets events characterised by a distinctive “Emiss

T + jets”
signature, with an additional requirement of soft, mildly-displaced tracks in the final
state, as originally proposed in the phenomenological study of Ref. [36].

• Due to the small mass splitting, the decay products of higgsinos in the form of
charged pions or leptons are very soft, with momenta on the order of a few GeV.
As a result, signal events can only be efficiently triggered only by requiring sig-
nificant missing transverse energy Emiss

T in the final state. To achieve high Emiss
T —

ensuring operation within the plateau region of the Emiss
T trigger efficiency curve

[183] — and to suppress Standard Model background contributions, the presence
of a high-energy initial-state radiation (ISR) jet is required. This jet boosts the
SUSY system, causing the two lightest neutralinos to recoil and align in the same
azimuthal direction ϕ. To exploit this topology, events must exhibit a minimum
azimuthal separation between the pmiss

T and any jets, quantified via the variables

min ∆ϕ
(

pjet
T , pmiss

T

)
.

• High-energy pp collisions produce an enormous amount of low-pT tracks originat-
ing from prompt SM particles. In contrast, the small mass splitting between the
lightest chargino and the lightest neutralino results in mean lifetimes long enough
for these particles to travel measurable distances in the detector before decaying
into visible pions. These decay lengths are typically shorter than the distance to the
innermost layer of the ATLAS Pixel Detector, the IBL. The resulting pions are usually
sufficiently energetic to be reconstructed as tracks (pT > 0.5 GeV) and are charac-
terised by a transverse impact parameter d0 in the range of O(0.1 − 10) mm. The
ATLAS ID provides excellent d0 resolution, on the order of O(0.01 − 0.1) mm [184].
Therefore, these mildly-displaced tracks can be distinguished from most SM tracks
by requiring a large impact parameter significance, defined as S(d0) = |d0|/σ(d0),
which allows the identification of signal tracks even near the pT reconstruction
threshold. Tracks from pileup interactions, being displaced along the longitudi-
nal z direction relative to the primary vertex, can be suppressed by exploiting the
longitudinal impact parameter z0 and the track polar angle θ. A requirement on
the quantity |∆z0 sin θ| effectively removes such pileup tracks, since the typical
separation between pileup vertices exceeds the longitudinal decay length of the hig-
gsinos under consideration. Additionally, reconstructing secondary vertices helps
reducing background tracks from long-lived hadron and heavy-flavour meson
decays. Finally, due to the boost from the ISR jet, the soft mildly-displaced tracks
from higgsino decays tend to lie in the same azimuthal hemisphere as the Emiss

T . A
selection on the absolute value of the azimuthal separation between such tracks and
the Emiss

T direction,
∣∣∣∆ϕ

(
ptrack

T , pmiss
T

)∣∣∣, enhances the signal-to-background ratio
and significantly reduces background tracks which exhibit no such alignment.
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Figure 5.2 – Example signal diagram for the targeted signa-
ture featuring a jet from initial-state radiation. For illustra-
tion, the χ̃±

1 χ̃0
1 process is shown only. The chargino decays

via an off-shell W boson to the LSP and a charged pion
which is reconstructed as low-pT mildly-displaced track.
The two final-state neutralinos are aligned in the ϕ direc-
tion due to the boost received by the ISR jet, leading to large
Emiss

T .

Figure 5.2 shows a representative diagram for the targeted χ̃±
1 χ̃0

1 production process.
Other production channels — χ̃±

1 χ̃∓
1 , χ̃±

1 χ̃0
2, and χ̃0

2χ̃0
1 — which similarly result in final

states with one or more mildly-displaced tracks, are considered in the analysis as well.

5.3 Data and simulated samples

This thesis is based on data collected by the ATLAS detector from proton-proton collisions
delivered by the LHC. In addition, Monte Carlo (MC) simulation samples are used to
model (part of) the Standard Model backgrounds and the SUSY signal processes.

5.3.1 Dataset

The analysis uses the full Run 2 dataset recorded by the ATLAS detector between 2015 and
2018, corresponding to pp collisions at a center-of-mass energy of

√
s = 13 TeV. During

this period, the LHC delivered a total integrated luminosity of 156 fb−1, of which 147 fb−1

were recorded by ATLAS. After applying standard data quality criteria [185], the final
dataset used in this analysis corresponds to an integrated luminosity of 140.1 ± 1.2 fb−1

[116], with a total uncertainty of 0.83%, as determined by the LUCID-2 (LUminosity
Cherenkov Integrating Detector) detector [186]. The integrated luminosity collected
during each year of Run 2 is 3.24, 33.40, 44.63, and 58.79 fb−1, respectively for 2015,
2016, 2017, and 2018 [116]. Pileup conditions varied significantly across these years [118],
impacting in different ways event reconstruction and background composition.

5.3.2 Monte Carlo simulated samples

Monte Carlo samples are essential for evaluating selection efficiencies, modelling the
distributions of discriminating observables in background and signal processes, and
constructing the statistical models used for hypothesis testing under both the background-
only and signal-plus-background scenarios. Additionally, MC simulations are used to
assess the impact of systematic uncertainties, both experimental and theoretical.

The generation of MC samples begins with simulating the hard-scattering process,
using matrix elements computed to a fixed order in perturbation theory via dedicated
event generators. Following this, parton showering [187–190] — the emission of quarks
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and gluons from the partons involved in the primary interaction — is simulated, along
with the hadronisation process [191, 192], where colored partons transition into color-
neutral hadrons. These processes are typically handled by the same or complementary
event generators that also simulate the decays of unstable particles produced in the hard
scattering. The simulation also includes modelling the underlying event and pileup
interactions. The next step of MC sample generation involves simulating the interactions
of stable final-state particles in the ATLAS detector. This is achieved by the ATLAS
simulation framework [193], either through full simulation of the detector’s response
via GEANT4 [194], or through fast simulation with ATLFASTII (AFII) [195, 196] or its
successor ATLFAST3 (AF3) [197]. AFII uses GEANT4 to simulate the interactions in
the ID and muon spectrometer, and a parameterised simulation, FastCaloSim [195], for
the electromagnetic and hadronic calorimeters. AF3 improves upon this by combining
FastCaloSim V2 [197] for low- and high-energy showers, with FastCaloGAN [198], a
Generative Adversarial Network [199] approach, to more accurately model medium-
energy hadrons and calorimeter energy fluctuations. Both AFII and AF3 effectively reduce
computational time by avoiding the full simulation of complex shower development in
the calorimeters, thus saving substantial CPU resources. Finally, after simulation, both
SM background events and BSM signal are processed through the same reconstruction
algorithms used for data reconstruction to ensure consistency in object definition and
event selection.

In this analysis, MC samples are generated for all relevant signal and background
processes. While SM samples employ the full detector simulation, SUSY signals are
processed using ATLFASTII. A summary of the Monte Carlo event generators and their
corresponding configurations is provided in Table 5.1.

Process Matrix element Parton shower Tune PDF set Cross section

V + jets SHERPA 2.2.11/2.2.2 SHERPA standard NNPDF3.0NNLO NNLO
VV SHERPA 2.2.1/2.2.2 SHERPA standard NNPDF3.0NNLO Generator NLO

tt̄ POWHEG-BOX PYTHIA 8.230 A14 NNPDF3.0NLO NNLO+NNLL
Single top POWHEG-BOX PYTHIA 8.230 A14 NNPDF3.0NLO NNLO+NNLL

Multi-jet PYTHIA 8.235 A14 NNPDF2.3LO Generator LO

SUSY signals MADGRAPH5 2.9.5 PYTHIA 8.306 A14 NNPDF2.3LO NLO+NLL

Table 5.1 – Summary of Monte Carlo generators setup for SM backgrounds and SUSY signal
samples.

Vector boson production

At the hadron colliders like the LHC, single boson and di-boson production processes
have relatively large cross sections. Representative Feynman diagrams for these processes
are shown in Figure 5.3. Among all SM background processes considered in this analysis,
single boson production provides by far the largest contribution. Within this category,
the dominant production mechanism is the t-channel process mediated by the strong
interaction, which significantly outweighs the s-channel process that proceeds purely via
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electroweak interactions. In t-channel production, additional jets are produced through
QCD interactions. Di-boson production is typically initiated by quark-antiquark annihila-
tion, but it can also occur via triple and quartic gauge boson couplings, as well as through
loop-induced gluon-gluon fusion processes.

q V

g q

q V

q̄ V

Figure 5.3 – Tree-level Feynman diagrams for single boson production (left) and quark-initiated
di-boson production (right).

Event generation for single boson and di-boson production, including matrix element
calculation, parton showering, and hadronisation, is performed using SHERPA 2.2.11/2.2.2
(for single boson samples) and SHERPA 2.2.1/2.2.2 (for di-boson samples) [200]. The
NNPDF3.0NNLO parton distribution functions are used [201]. Since single boson cross
sections are computed at next-to-next-to leading order (NNLO) accuracy, the total cross
section predicted by SHERPA is normalised to NNLO using scale factors provided in Ref.
[202].

Top production

Due to its high center-of-mass energy, which leads to large production cross sections, the
LHC effectively functions as a top quark factory. Approximately 90% of the top quark
production is initiated by gluon-gluon fusion, while the remaining 10% arises from quark-
antiquark interactions. Single top production occurs via three distinct processes: the
dominant t-channel produciton, the associated tW-channel, and the s-channel. Feynman
diagrams illustrating top-quark pair and single top production are shown in Figure 5.4.

g

g

t

t̄

q q

b t

Figure 5.4 – Tree-level Feynman diagrams for gluon-initiated top-quark pair production (left)
and t-channel single top production (right).

The matrix element calculation is performed using POWHEG-BOX [203–206], at next-to-
leading order (NLO) accuracy, with NNPDF3.0NLO parton distribution functions [201].
The POWHEG-BOX output is interfaced with PYTHIA 8.230 [207] for parton showering and
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hadronisation, using the A14 tune [208]. The A14 tune is a set of parameters optimised
to match observables sensitive to the underlying event, jet structure, and additional
jet radiation, based on ATLAS data collected during the LHC Run 1. Heavy-flavour
particle decays are simulated using EVTGEN 1.6.0 [209]. As the theoretical cross section
is calculated at next-to-next-to-leading order plus next-to-next-to-leading logarithmic
(NNLO+NNLL) accuracy, the total cross section from POWHEG-BOX is normalised to
NNLO+NNLL by applying the scale factors provided in Ref. [210].

Multi-jet production

Fully hadronic multi-jet production has the highest production cross section [211] among
all SM background processes considered in this thesis. However, despite its large pro-
duction rate, multi-jet background becomes negligible after applying the event-level
and track-level selections described below in Section 5.4.1, and is only relevant for the
background validation strategy. Tree-level Feynman diagrams illustrating QCD multi-jet
production are shown in Figure 5.5. Event generation, including the matrix element
calculation, parton showering, and hadronisation, is performed using PYTHIA 8.235 [207]
with NNPDF2.3LO parton distribution functions [201]. The matrix element is calculated at
leading-order (LO) accuracy. The A14 tune [208] is applied to model parton showering
and the underlying event. Heavy-flavour particle decays are simulated using EVTGEN

1.6.0 [209].
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Figure 5.5 – Tree-level Feynman diagrams for multi-jet production.

SUSY signals production

Simplified SUSY models [99] of chargino and neutralino direct pair production, with
subsequent decays mediated by off-shell W and Z bosons, are considered in this thesis. As
the wino and bino mass parameters are assumed to be decoupled relative to the higgsino
mass term µ, the heaviest chargino χ̃±

2 and the heavier neutralinos χ̃0
3,4 have masses well

above the electroweak energy scale, resulting in negligible production cross sections.
Consequently, only the following electroweakino production modes are considered:

pp → χ̃±
1 χ̃∓

1 , χ̃±
1 χ̃0

1 , χ̃±
1 χ̃0

2 , χ̃0
2χ̃0

1 . (5.1)

The properties of the electroweakinos — including mass values and decay modes — are
determined by several parameters in the MSSM. In the simplified models considered
here, all SUSY particles other than χ̃0

2, χ̃±
1 , and χ̃0

1 are set to a mass of 45 TeV. The mass
hierarchy assumed is m(χ̃0

1) < m(χ̃±
1 ) < m(χ̃0

2), with equally spaced mass splittings:
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∆m
(
χ̃0

2, χ̃±
1
)
= ∆m

(
χ̃±

1 , χ̃0
1
)
. Thus, ∆m

(
χ̃±

1 , χ̃0
1
)

and the mass of the lightest neutralino
χ̃0

1 are the only free parameters in the models. The branching ratios of the second-lightest
neutralino and the lightest chargino are calculated following Ref. [181]. Figure 5.6 shows
that the branching ratios depend primarily on the mass splitting ∆m

(
χ̃±

1 , χ̃0
1
)
. Since the

final-state topology targeted in this analysis depends only on the higgsino mass difference,
fixing the model parameters as described above does not result in a loss of generality.

Figure 5.6 – Branching ratios for the lightest chargino (left) and the second-lightest neutralino
(right) as functions of the mass splitting [181].

Tree-level Feynman diagrams for the pair production of the considered electroweaki-
nos are shown in Figure 5.7. Signal simulated samples are generated for each production
mode using pure higgsino-like states. The mass difference ∆m

(
χ̃±

1 , χ̃0
1
)

and the mass of
the neutralino LSP vary in the intervals [0.25, 1.5] GeV and [85, 225] GeV, respectively.
Signal samples are generated using MADGRAPH5 AMC@NLO 2.9.5 [212] for the matrix
element, and PYTHIA 8.306 [207] for parton showering and hadronisation. Cross sections
and their uncertainties are computed at NLO+NLL accuracy using RESUMMINO [213, 214].
Since electroweakino decays are handled by PYTHIA, spin correlations and polarisation
effects of the W and Z bosons produced from χ̃±

1 and χ̃0
2 decays are not included. A

cross-check using MADSPIN [215, 216], which takes into account spin effects, showed
no significant impact on the kinematic distributions of final-state particles. Therefore,
neglecting W and Z boson polarisation effects does not affect the accuracy of the signal
modelling for this analysis.
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Figure 5.7 – Tree-level Feynman diagrams for electroweakinos pair production.
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Figure 5.8 shows the production cross sections for the relevant electroweakino produc-
tion modes as a function of the higgsino mass, calculated with RESUMMINO at NLO+NLL
accuracy, assuming a center-of-mass-energy of

√
s = 13 TeV. The calculation is performed

in the limit where the masses of χ̃0
2, χ̃±

1 , and χ̃0
1 are degenerate, while all the other su-

persymmetric particles are assumed to be heavy and decoupled. Within the mass range
relevant to this analysis, the typical production cross sections vary between ≈ 10−2 pb
and ≈ 1 pb.
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Figure 5.8 – Higgsino-like pair production cross sections computed at a center-of-mass-energy√
s = 13 TeV using RESUMMINO [213, 214]. The cross sections are computed at NLO plus

NLL precision in a limit of mass-degenerate χ̃0
2, χ̃±

1 , and χ̃0
1 with all the other supersymmetric

particles assumed to be heavy and decoupled.

5.4 Event and track selection

A baseline set of selection criteria is applied to the physics objects reconstructed as de-
scribed in Chapter 4. These selections are summarised in Table 5.2 and collectively define
two classes of objects: baseline and signal. Baseline electrons, muons, and photons are
reconstructed with the lowest pT thresholds for which ATLAS calibrations are available
and are used to define the so-called “0ℓ” category, by applying a veto on them. Baseline
jets, on the other hand, are primarily used in the computation of the missing transverse
momentum and in the overlap removal procedure. To prevent the reconstruction of a
single particle as multiple objects, an overlap removal procedure is applied to all baseline
objects as detailed in Ref. [217]. Following this, signal objects are defined with tighter
criteria and used for auxiliary categorisation in background estimation and validation.

To further reduce contributions from Standard Model background processes and select
events consistent with the “Emiss

T + jets” signature containing at least one displaced track
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— as emphasised in Section 5.2 — additional requirements are imposed. They include
both event-level selections (Section 5.4.1) and track-level selections (Section 5.4.2), which
together define the Signal Regions (SRs). Throughout this analysis, SRs belong exclusively
to the 0ℓ category.

Baseline Signal

Jets

Kinematic pT > 20 GeV, |η| < 4.5 pT > 20 GeV, |η| < 2.8
Pileup mitigation JVT Tight1 for pT < 60 GeV, |η| < 2.4

Muons

Kinematic pT > 3 GeV, |η| < 2.7 pT > 3 GeV, |η| < 2.5
Identification Medium Medium

Isolation - PflowLoose VarRad
Impact parameter |z0| < 0.5 mm |d0/σ(d0)| < 3, |z0| < 0.5 mm

Electrons

Kinematic pT > 4.5 GeV, |η| < 2.47
Identification LooseAndBLayerLLH MediumLLH

Isolation - Loose VarRad
Impact parameter |z0| < 0.5 mm |d0/σ(d0)| < 5, |z0| < 0.5 mm

Photons

Kinematic pT > 25 GeV, |η| < 2.37 pT > 130 GeV, |η| < 2.37
Identification Tight Tight

Isolation - FixedCutTight

Missing Transverse Momentum

Working Point Tight

Table 5.2 – Summary of Run 2 baseline and signal object definitions used in this analysis.

5.4.1 Event selection

As detailed in Section 5.3, events are first required to pass standard data quality criteria to
ensure that they were recorded during periods when the ATLAS detector was operating
under stable conditions [185]. After event cleaning, each event must contain at least
one reconstructed interaction vertex with a minimum of two associated tracks with
pT > 500 MeV. Additional selection requirements are then applied as follows.

• Neutralinos in the final state recoling against the ISR leading jet produce large Emiss
T ,

which serves as a trigger requirement for the events. The Emiss
T trigger efficiency

1 The tight working point of the JVT is employed. Further details on the JVT definition can be found in Ref.
[171].
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varies across data-taking periods due to different pileup conditions, and achieves
full efficiency for Emiss

T > 200 GeV [183]. Accordingly, this analysis requires events
to satisfy the Emiss

T trigger and have Emiss
T > 300 GeV. This threshold also helps

to suppress multi-jet events, which typically generate fake Emiss
T due to jet energy

mismeasurement.

• To effectively boost the SUSY system and generate sufficient Emiss
T for triggering,

the ISR leading jet - the reconstructed jet with the largest momentum - is required
to have pT > 250 GeV. Furthermore, no more than four signal jets with transverse
momenta above 30 GeV and pseudorapidity |η| < 2.8 are allowed. This restriction
reduces contributions from multi-jet and tt̄ processes without compromising the
signal acceptance, as signal events generally exhibit lower hadronic activity.

• Inaccurate jet energy reconstruction can lead to mismeasured Emiss
T , often aligned

with one of the reconstructed jets, as illustrated in Figure 5.9. To mitigate this
effect, the analysis requires the minimum azimuthal separation between any recon-
structed jet and the pmiss

T , denoted as min ∆ϕ
(

pjet
T , pmiss

T

)
, to be greater than 0.4.

Figure 5.9 – Distribution of min ∆ϕ
(

pjet
T , pmiss

T

)
after requiring jet pT > 250 GeV and

Emiss
T > 300 GeV. Multi-jet events often exhibit jet energy mismeasurements, resulting

in min ∆ϕ
(

pjet
T , pmiss

T

)
values close to zero. From Ref. [89].

• Several SM processes produce neutrinos in the final state, including Z(→ νν̄)+ jets,
W(→ ℓν)+ jets, di-boson, tt̄, and single top production. Since neutrinos pass un-
detected through the ATLAS detector, these processes result in significant Emiss

T .
Among them, the only processes that contribute significantly to the SRs and yield fi-
nal states without visible electrons or muons are Z(→ νν̄)+ jets and W(→ τν)+ jets
with hadronically decaying τ leptons. In contrast, the presence of reconstructed
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electrons or muons in the other processes can be exploited to suppress their contri-
butions to the SRs. To achieve this, the variable N(ℓbase) is defined as the number
of leptons that satisfy the baseline selection criteria outlined in Table 5.2. Events
containing reconstructed leptons are vetoed by requiring N(ℓbase) = 0. Although
the lightest chargino predominantly decays into a charged pion, a non-negligible
fraction of decays to leptons occurs nonetheless, especially in scenarios with large
mass splittings, as shown in Figure 5.6. For the mass differences relevant to this
analysis, the resulting leptons are typically very soft and therefore often fail to pass
the baseline lepton selection, avoiding exclusion by the lepton veto.

Despite the selections described above, the dataset can still contain events with significant
non-collision background (NCB) contributions. This background arises from large energy
depositions in the calorimeters caused by beam-induced particles produced by proton
interactions with the LHC collimators or residual gas in the beam pipe, as well as by
cosmic ray muons. A defining characteristic of non-collision background is that it does not
conserve transverse momentum, resulting in large “fake” Emiss

T oriented opposite to the
particles interacting with the ATLAS detector, and jets exhibiting anomalous features. Jets
originating from NCB can be identified by examining their shower shape and direction
relative to the interaction point, or by the absence of associated tracks. The latter can
be quantified by the ratio of the total pT of associated tracks to the total energy of the
jet. To mitigate NCB contamination, ATLAS analyses typically impose a set of loose jet
quality criteria, which involve variables such as the pulse shape of the energy deposits in
calorimeter cells, the electromagnetic energy fraction, the maximum fraction of the jet
energy collected by a single calorimeter layer, and the charged-particle fraction. Because
the analysis presented here is particularly sensitive to residual NCB contributions, an
additional cleaning strategy — based on the approach of Ref. [218], where a search for
“mono-jet” event topologies is performed — is adopted. Specifically, in addition to the
loose cleaning, the leading jet is required to meet the tight working point criteria defined
in Ref. [219]: the ratio of the jet charged-particle fraction to the maximum fraction of the
jet energy collected by a single calorimeter layer is required to be larger than 0.1. Figure
5.10 shows the distribution of the azimuthal angle ϕ of the missing transverse momentum
before and after applying this requirement. Non-collision is evident as two pronounced
peaks in data near |ϕ| = 0 and |ϕ| = π, corresponding to azimuthal directions where
most cosmic muons enter the ATLAS detector. The peaks disappear once the tight WP
criteria are applied to the leading jet, resulting in good agreement between data and MC
simulations across the entire ϕ spectrum.

5.4.2 Track selection

For each event satisfying the selections outlined in Section 5.4.1, additional, more stringent
requirements are applied to identify tracks originating from chargino and neutralino
decays, while suppressing SM backgrounds.

• In pp collisions recorded by the ATLAS detector, numerous interactions can occur
simultaneously, leading to a high density of hits in the Inner Detector. This can
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Figure 5.10 – Distribution of the azimuthal angle ϕ of the missing transverse momentum
before (left) and after (right) enforcing the tight working point criteria on the leading jet
[89]. Prior to the cleaning, two peaks appear in data near |ϕ| = 0 and |ϕ| = ϕ, due to non-
collision background effects. These peaks vanish after applying the tight jet cleaning. Residual

contributions localised at |ϕ| = π are suppressed once the cut on min ∆ϕ
(

pjet
T , pmiss

T

)
is

imposed.

result in the reconstruction of “fake” tracks from random combination of hits, which
are typically characterised by large impact parameters. To suppress them, signal
candidate tracks are required to satisfy the Tight Primary working point criteria,
as defined in Table 4.1. The Tight Primary requirement significantly reduces the
fake rate while maintaining a high tracking efficiency (Section 4.1.1). Additionally,
because the expected higgsino lifetime is short enough for its decays to occur well
within the beam pipe, tracks are required to exhibit at least one hit on the IBL
detector [124], the ID innermost layer.

• Tracks originating from low-pT particles produced in pileup interactions or by QCD
processes represent a major background for the analysis. These tracks emerge from
vertices distributed randomly along the beam axis, and are more likely to be emitted
in the forward region. To suppress them, three selection criteria are applied. First,
tracks are required to be within central regions of the detector, with pseudorapidity
|η| < 1.5. Second, they must satisfy |∆z0 sin θ| < 1.5 mm, ensuring proximity to the
primary vertex along the beam axis. Here, z0 is the longitudinal impact parameter,
while θ represents the track polar angle. Lastly, given the average higgsino lifetime
of the order of O(0.1 − 10) mm, the transverse impact parameter is required to be
less than 10 millimeters, |d0| < 10 mm. Depending on the mass splitting hypothesis
under consideration, the resulting combined signal selection efficiency of these
criteria ranges from approximately 80% to nearly 100%.

• Due to the boost imparted by the ISR leading jet, pion tracks originating from
higgsino decays are expected to be aligned with the missing transverse momentum.
Therefore, an upper bound on their azimuthal separation,

∣∣∣∆ϕ
(

ptrack
T , pmiss

T

)∣∣∣ < 0.4,
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is imposed.

• Among the metastable particles produced by Standard Model processes, τ leptons,
strange hadrons, and B/D mesons have lifetimes comparable to those of the higgsi-
nos, allowing them to leave tracks similar to those belonging to the signal of interest.
Figure 5.11 illustrates the decay topology of such particles. Notably, 1-prong τ tracks
constitute an irreducible background for this analysis. The strategy to estimate
their rate in the SRs is discussed in Section 5.5. On the other hand, 3-prong τ decay
tracks and tracks from strage hadrons or B/D mesons can be efficiently reduced by
measuring the hadronic activity surrounding the candidate signal track. To this end,
a track-based isolation criterion is applied. It requires that no other Tight Primary
track with pT > 1.5 GeV, |∆z0 sin θ| < 1.5 mm, and |d0| < 1.5 mm is found within
a cone of radius ∆R = 0.4 centered on the candidate signal track. Furthermore, in
cases of tracks originating from decays of neutral strange hadrons like K0

S or Λ0,
secondary decay vertices are reconstructed using mass-constrained fits [157, 220,
221]. Tracks associated to secondary vertices consistent with the decays Λ0 → pπ−,
Λ̄0 → p̄π+ , or K0

S → π+π−, are subsequently vetoed to suppress any remaining
contribution that survives the track-based isolation.

• Despite the above selections, an overwhelming number of QCD tracks still survives
at very low transverse momentum. Applying a simple lower pT threshold of 1 GeV
significantly reduces this background. Further optimisation of the track pT selection
toward to SR definition is performed in the next Section.

• If an event contains multiple tracks passing all the above selections, only the track
with the largest transverse impact parameter significance S(d0) is retained, while
all the others are discarded.

χ̃±
1

χ̃01
π±

(a)

ντ

π±

τ±

(b)

π±

ντ

π±

π∓

τ±

(c)

π±

K0
S

π∓

(d)

π± π±

π∓

B0 D0

K±

(e)

Figure 5.11 – Track-level topology of (a) chargino decay, (b) 1-prong τ decay, (c) 3-prong τ
decay, (d) neutral kaon K0

S decay, and (e) neutral meson B0 decay. The orange arrow indicates
the signal candidate track. Red arrows represent other particle within a cone of radius
∆R = 0.4 centered around the signal candidate track, and that may cause the track-based
isolation requirement to fail. Invisible particle inside the cone are shown as dashed blue lines.
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5.4.3 Signal Region definition

Since achieving a background-free condition is neither possible nor desirable, a potential
signal is always sought by testing whether the observed data within a specific phase
space region is compatible with a statistical fluctuation of the SM backgrounds. Signal
Regions (SRs) are therefore defined as regions enriched in signal events relative to SM
background expectations. To identify the optimal selections that define the SRs and
maximise the discrimination between signal and background, an optimisation procedure
is performed. This involves a multidimensional scan over all possible selections on
the various analysis variables of interest. For each candidate selection, it is assumed
that the number of observed events equals the sum of all SM background events plus
the SUSY signal events, allowing the evaluation of their statistical compatibility under
the background-only hypothesis. Because this optimisation is performed prior to the
actual background estimation, the expected background rates are taken directly from
MC simulations without any data-driven corrections, and a total uncertainty of 10% is
assigned to the predicted yields. The statistical significance (Z) of a BSM signal is defined
as [222]

Z =





+

√
2
(

n ln
[

n(b+σ2)
b2+nσ2

]
− b2

σ2 ln
[
1 + σ2(n−b)

b(b+σ2)

])
if n ≥ b

−
√

2
(

n ln
[

n(b+σ2)
b2+nσ2

]
− b2

σ2 ln
[
1 + σ2(n−b)

b(b+σ2)

])
if n < b

, (5.2)

where b is the expected number of background events with uncertainty σ, and n is the
total number of observed events (signal plus background). SRs are defined by identifying
the set of selections that maximise Z. Among the variables considered in the analysis,
the missing transverse energy Emiss

T , the significance of the track impact parameter S(d0),
and the track transverse momentum pT provide the strongest discrimination between
signal and backgrounds. These variables are therefore included in the multidimensional
optimisation scan, as shown in Figure 5.12. Consequently, SRs are designed with the
requirements Emiss

T > 600 GeV, S(d0) > 8, and pT ∈ [2, 5] GeV. The upper threshold
on the track pT helps reducing contributions from τ decay tracks, which tend to have
higher transverse momenta compared to both QCD and signal tracks (see Section 5.5
for a more in-depth discussion about the classification of the background sources). To
further enhance the sensitivity to signals with different mass splitting hypotheses, the SR
is subdivided into two S(d0) bins. For scenarios with a small mass difference between
the lightest chargino and neutralino, where the higgsino lifetime is relatively long, a
larger S(d0) value is expected. This motivates the definition of SR-High with a stricter
requirement of S(d0) > 20. Conversely, for large mass splittings leading to shorter
higgsino lifetimes and consequently smaller S(d0) values, SR-Low is defined with a
looser selection, 8 < S(d0) < 20.

5.5 Background Estimation

By construction, Signal Regions (SRs) are enriched in potential signal events. At the
same time, they must contain enough statistics to avoid being biased toward phase
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Figure 5.12 – Emiss
T (top-left), track S(d0) (top-right), and track pT (bottom) distributions after

applying S(d0) > 8 and pT ∈ [2, 5] GeV, Emiss
T > 600 GeV and pT ∈ [2, 5] GeV, and S(d0) > 8

and Emiss
T > 600 GeV, respectively. The stacked filled histograms represent SM backgrounds,

while SUSY signals are shown as dashed lines. The hatched area indicates MC statistical
uncertainties. The “Other” category includes contributions from Z(→ ττ)+ jets, di-boson, tt̄,
single top, and multi-jet production. The bottom panel shows the statistical significance Z
calculated by accumulating the yields of bins to the right, assuming a total 10% background
uncertainty. From Ref. [89].
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space regions with zero or near-zero background events, which could simply be statistical
fluctuations in the MC simulations. As a result, SRs always have some contamination from
SM background processes, which must be accurately estimated before any claim of excess
in data can be made. To prevent bias in the definition of the SRs and in the test statistic
used for hypothesis testing, the SRs are initially blinded: their data content is not examined
until the background is well constrained. To estimate the background contributions, a set
of Control Regions (CRs) is defined. CRs are regions of phase space kinematically close
to the SRs but with negligible signal contamination. They are employed in one of two
ways. In a partially data-driven approach, MC background predictions are normalised
to the observed data in the CRs, deriving normalisation factors that are subsequently
applied to the SRs to adjust the nominal MC predicted yields. In a fully data-driven
approach, no MC simulations are used instead and background estimates in the SR are
derived by extrapolating a background template constructed directly from the data events
in the CRs. To validate the accuracy of the normalisation procedure or the template-based
extrapolation, a set of Validation Regions (VRs) is also defined. VRs are kinematic regions
closer to the SRs than the CRs and are chosen to have the lowest signal contamination as
possible. Once the background modelling is confirmed through the VRs, the SRs can be
unblinded, allowing examination of their data content to check for any potential excess.

5.5.1 Background components

The main backgrounds in this analysis arise from soft displaced tracks in Z(→ νν̄)+ jets
and W(→ ℓν)+ jets events. Although the background composition within the Signal
Regions (SRs) varies with the exact S(d0) selection, two major categories can be identified.

• Tracks originating from soft initial- or final-state radiation, interactions between
partons other than those involved in the hard scatter, or from pileup vertices form
the main source of low-pT mildly-displaced tracks in both Z + jets and W + jets
processes. In the following, these tracks will be always referred to as “QCD tracks”.
Characterised by large impact parameters and low pT, QCD tracks tend to dominate
SR-High but become less relevant at lower S(d0) values. Since accurately modelling
particles generated by QCD interactions is challenging, MC simulations alone
are not reliable for estimating their contribution. Therefore, a fully data-driven
approach is employed to estimate the rate of QCD tracks in the SRs.

• Produced in W(→ τν)+ jets decays, tracks originating from hadronic or leptonic τ

decays represent the second background process that contaminates the SRs. Due to
their relatively long lifetime, τ leptons produce displaced pions and leptons when
decaying (Figure 5.11). Such particles are fully reconstructed as tracks and, since
τ leptons are emitted mostly opposite the W boson’s direction, they tend to have
relatively low momentum. Consequently, the lepton veto adopted to define the
SRs is not fully efficient at suppressing this background source, mainly because of
the pT threshold and the reduced lepton reconstruction efficiency at low pT. The τ

background is estimated using a semi data-driven approach. MC simulations, which
accurately model τ decays via the electroweak interaction, provide the expected
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yields in dedicated CRs. The MC nominal predictions are then normalised to data
to correct for potential mismodelling, and the derived normalisation factors are
extrapolated to the SRs.

Tracks in other SM processes, such as Z(→ ττ)+ jets, tt̄, single top, and di-boson, have
minor impact on both SR-Low and SR-High and are therefore estimated directly from
simulation samples.

5.5.2 Fully data-driven estimation of QCD tracks

The contribution of QCD tracks in the Z(→ νν̄)+ jets and W(→ ℓν)+ jets processes —
collectively referred to as “V + jets” processes — to the SRs is estimated using a fully
data-driven approach, based on the “ABCD” method [223, 224]. This approach relies on
the assumption that QCD tracks originating from the underlying event or pileup vertices
are independent of the weak boson decays. Consequently, because tracking information
is uncorrelated to the topology of the event, equivalent track variable distributions can
be extracted from regions dominated by V + jets processes with different decays. In
particular, the shape of the S(d0) distribution can be extracted from an inclusive-S(d0)

region where Z(→ ℓℓ)+ jets or W(→ ℓν)+ jets decays occur (N(ℓbase) ̸= 0), and then
normalised to the data in a low-S(d0) CR, defined by S(d0) < 8 and vetoing leptons, to
obtain the QCD track estimate in the SRs. For this approach to work, leptons from weak
boson decays must be treated as invisible to mimic the “Emiss

T + jets” signature required in
the SRs. This is achieved by defining the variable precoil

T , which approximates the missing
transverse momentum by adding the transverse momentum vectors of the leptons in
the event to the pmiss

T . In the SRs, where no leptons are present, the magnitude of precoil
T ,

indicated as precoil
T , is effectively equivalent to the Emiss

T . Applying selections on precoil
T

ensures consistent final-state topologies between the 0ℓ category and other categories
containing leptons. For each category used in this analysis, the V + jets final-state decay
topology is illustrated in Figure 5.13 alongside the definition of precoil

T .
The Z(→ ℓℓ)+ jets process closely resembles the Z(→ νν̄)+ jets one, except for the

final-state decay mode involving two charged leptons instead of neutrinos. Both pro-
cesses share similar weak boson kinematics, allowing the Z(→ ℓℓ)+ jets process to be
potentially used for extrapolating the S(d0) template for QCD tracks in the SRs. How-
ever, the branching ratio for Z(→ ℓℓ)+ jets is approximately five times smaller than that
for Z(→ νν̄)+ jets [38], resulting in limited statistics and significant uncertainties on the
S(d0) template computation. To improve statistical precision and obtain reliable estimates,
regions dominated by the W(→ µν)+ jets process are used instead. A “1µ” category is
defined by selecting events passing the Emiss

T trigger, containing exactly one muon sat-
isfying signal criteria from Table 5.2 with pT(µ) > 10 GeV, and having transverse mass
mT ∈ [56, 106] GeV, consistent with W boson decays. The transverse mass is defined

as mT =
√

2pT(ℓ)Emiss
T (1 − cos ∆ϕ(ℓ, pmiss

T )), where pT(ℓ) is the lepton’s transverse mo-

mentum. The precoil
T for the 1µ category is calculated as the vector sum of pmiss

T and the
muon’s transverse momentum: precoil

T = pmiss
T + pT(µ). To further increase statistics, the

precoil
T selection is relaxed to 300 GeV. Additionally, all track-level selections from Section
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Z(→ νν̄)+ jets W(→ ℓν)+ jets

Z(→ ℓℓ)+ jets γ + jets

Figure 5.13 – Schematic of the event topology for different V + jets processes in the ATLAS
detector [89]. The outer part of the circle shows the calorimeter system, while the inner
part displays the Inner Detector. The red and blue bars represent the energy measured by
the hadronic and electromagnetic calorimeters, respectively. Thick blue lines indicate tracks
from leptons, which must be removed from the event to ensure consistent event topology
across different V + jets processes. Although leptons and photons also deposit energy in the
calorimeter, the energy deposits do not need to be removed since signal tracks are defined
without using calorimeter information.

5.4.2 are applied, and tracks associated with the reconstructed muons are removed to
mimic the 0ℓ topology. To prevent photon conversion tracks with large impact parameter
to populate the 1µ category and bias the extrapolation of the S(d0) template, a minimum
separation ∆R of 0.04 between tracks and muons is required, achieving almost 98% re-
duction of the undesired tracks. The S(d0) template is extracted from the 1µ category
for each SR bin by computing two Trasfer Factors (TFs) as the ratio of QCD track yields
between CRs with S(d0) < 8 and corresponding CRs with higher S(d0) values.
Specifically, the TF for SR-High is calculated as

TFSR-High =
Ndata

CR-1µ-High − Nnon-QCD-track
CR-1µ-High

Ndata
CR-1µ − Nnon-QCD-track

CR-1µ

, (5.3)
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Figure 5.14 – Schematic illustration of
the region definitions in the 0ℓ and 1µ
categories. Regions with S(d0) > 8 are
further divided into two bins separated
by a boundary at S(d0) = 20. The green
(red) area represents the CRs (SRs) used
to estimate the contribution from QCD
tracks. The TF for each S(d0) bin is
calculated as the ratio between the CR
yields in the 1µ category, as indicated
by the arrow on the left. These TFs are
then multiplied by the CR yields in the
0ℓ category to estimate the QCD track
background in the SRs.

while the TF for SR-Low is given by

TFSR-Low =
Ndata

CR-1µ-Low − Nnon-QCD-track
CR-1µ-Low

Ndata
CR-1µ − Nnon-QCD-track

CR-1µ

. (5.4)

Here, Ndata
CR-1µ-High (Ndata

CR-1µ-Low) represents the observed data yields in the one-muon
category CR-1µ-High (CR-1µ-Low), defined by requiring S(d0) > 20 (8 < S(d0) < 20).
The quantity Ndata

CR-1µ corresponds instead to the observed data in the CR-1µ with S(d0) < 8.
Similar S(d0) selections are applied to define the expected yields of non-QCD tracks,
indicated by the superscript “non-QCD-track”, and which are taken from Monte Carlo
simulations. Figure 5.14 schematically illustrates the TFs computation from the 1µ regions
and the extrapolation of the S(d0) shape used to estimate the QCD tracks in the SRs. QCD
track yields in the SRs are obtained by multiplying the TFs by the data yields, subtracted
of the expected non-QCD track from MC simulations, in the adjacent CR-0ℓ, defined by
Emiss

T > 600 GeV and S(d0) < 8:

NQCD tracks
SR-High = TFSR-High × (Ndata

CR-0ℓ − Nnon-QCD-track
CR-0ℓ ) ,

NQCD tracks
SR-Low = TFSR-Low × (Ndata

CR-0ℓ − Nnon-QCD-track
CR-0ℓ ) .

(5.5)

Validation Regions

As with the background estimation, the TFs validation strategy relies on the assumption
that tracking information is uncorrelated with both the energy scale and the hard-scatter
process. Validation of the S(d0) template is therefore performed using W(→ eν)+ jets
and Z(→ ℓℓ)+ jets events, which define the “1e” and “2ℓ” categories, respectively. The
1e category requires events to pass a single-electron trigger [225], and to have exactly
one electron satisfying the signal selection criteria in Table 5.2 with pT > 30 GeV and
transverse mass mT ∈ [56, 106] GeV. The 2ℓ category targets events with two signal
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leptons - either electrons (single-electron trigger) or muons (Emiss
T trigger) - from the decay

of a Z boson, with and invariant mass in the range mℓℓ ∈ [66.2, 116.2] GeV. In both cases,
precoil

T is defined as the vector sum of the missing transverse momentum pmiss
T and the

transverse momenta of the reconstructed leptons. Due to relatively low production cross
sections, both categories are expected to suffer from limited statistics. To mitigate this,
the precoil

T selection is again relaxed to 300 GeV. Additional validation is performed using
γ + jets events in a “1γ” category, which is defined by requiring exactly one signal photon
with pT > 200 GeV passing a single-photon trigger [225] selection. Approximately 70% of
the events in this category originate from γ + jets, with the remaining 30% from multi-jet
production. Owing to the significantly higher cross section of γ + jets compared to weak
boson production, the 1γ category offers high-statistics regions that are predominantly
populated by QCD tracks. As such, it allows validation of the TFs in the high-precoil

T regime
(precoil

T > 600 GeV). In all three categories - 1e, 2ℓ, and 1γ - track selections described in
Section 5.4.2 are applied. Additionally, tracks associated with the reconstructed leptons
or photon are removed, and a minimum angular separation ∆R > 0.04 between tracks
and leptons/photons is enforced to remove contributions from photon conversion tracks.
Following the same procedure used in the background estimation, TFs derived from
the 1µ CRs are applied to data in the S(d0) < 8 regions of the 1e, 2ℓ, and 1γ categories -
referred to as CR-1e, CR-2ℓ, and CR-1γ, respectively. The extrapolated yields are used to
estimate the contribution from QCD tracks in the validation region bins with S(d0) > 20
(8 < S(d0) < 20), denoted as VR-1e-High (-Low), VR-2ℓ-High (-Low), and VR-1γ-High
(-Low) for the respective categories. In all CRs and VRs for the estimation of the QCD
tracks, the contribution of the τ decay tracks is sufficiently small to be reliably estimated
directly from MC simulations, while signal contamination is found to be below 5%. Table
5.3 summarises the selection criteria adopted to define all CRs and VRs for the validation
of the QCD track transfer factors.

The background estimation and validation strategy for QCD tracks, as discussed in
this Section, is summarised below.

1. The S(d0) template is extracted from data in the 1µ category regions, enriched in
W(→ µν)+ jets events, to calculate the TFs for each SR bin.

2. The TFs are validated in the 1e and 2ℓ categories, enriched in W(→ eν)+ jets and
Z(→ ℓℓ)+ jets processes, respectively. Due to the low production cross sections of
these processes, validation is performed in the low-precoil

T regime only to achieve
sufficient statistical precision.

3. To validate the TFs in the high-precoil
T regime, the 1γ category, comprising approxi-

mately 70% of events from γ + jets process, is used.

Figure 5.15 provides a schematic overview of all the CRs and VRs used to extrapolate and
validate the S(d0) template across the various categories.

97



5. SEARCH FOR HIGGSINOS USING A CUT-BASED APPROACH WITH RUN 2 DATA

Variable 0ℓ 1µ 1e 2ℓ 1γ

Trigger Emiss
T Emiss

T Single-e Emiss
T or Single-e Single-γ

N(ℓbase) = 0 = 1 = 1 = 2 -
N(ℓsig) = 0 = 1 = 1 = 2 -
N(γ) - - - - = 1
pT(ℓ1) [GeV] - > 10 > 30 pT(µ) > 10, pT(e) > 30 -
pT(ℓ2) [GeV] - - - > 10 -
pT(γ) [GeV] - - - - > 200
mT [GeV] - [56, 106] [56, 106] - -
mℓℓ [GeV] - - - [66.2, 116.2] -

SR(CR-0ℓ) CR-1µ VR(CR)-1e VR(CR)-2ℓ VR(CR)-1γ

precoil
T [GeV] > 600 > 300 > 300 > 300 > 600

Track S(d0) > 8 (< 8) Inclusive > 8 (< 8) > 8 (< 8) > 8 (< 8)

Table 5.3 – Selection criteria applied across the different categories to define SRs, CRs, and VRs
for the calculation and validation of QCD track transfer factors. Only selections orthogonal to
the SRs are listed. The track-level selection is omitted as it is identical across all categories.
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Figure 5.15 – Schematic illustration of the region definitions used to validate the measured
transfer factors (TFs). Regions with S(d0) > 8 are further divided into two bins, separated by
a boundary at S(d0) = 20. The yellow area highlights the VRs employed to validate the QCD
tracks estimation in different V + jets topologies. Adapted from Ref. [182].
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Results in Validation Regions

The yields in the VRs are estimated via a background-only fit that includes the VRs. Table
5.4 and Table 5.5 present the post-fit yields for the S(d0) > 8 and 8 < S(d0) < 20 VR
bins, respectively. Post-fit distributions are available in Ref. [89]. In all cases, post-fit
SM predictions agree with the observed data within 1.5σ, indicating a good modelling
of the QCD track background and supporting the assumption of no correlation between
tracking variables and event-level features.

VR-1e-High VR-2ℓ-High VR-1γ-High

Observed data 79 39 33

SM prediction 80 ± 10 49 ± 7 28 ± 4

QCD track 64 ± 10 46 ± 7 28 ± 4
W(→ τhν)+ jets 0.16 ± 0.12 - -
W(→ τℓν)+ jets < 0.1 - -
Other 16.4 ± 3.0 2.7 ± 1.0 -

Table 5.4 – Number of expected and observed data events in the high-S(d0) VRs. The “Other”
category includes contributions from Z(→ ττ)+ jets, tt̄, single top, and di-boson production.
The individual uncertainties can be correlated and do not necessarily sum up in quadrature
to the total uncertainty, which includes contribution from the systematic uncertainty and the
statistical uncertainty due to the limited statistics of the CRs.

VR-1e-Low VR-2ℓ-Low VR-1γ-Low

Observed data 106 58 40

SM prediction 121 ± 11 69 ± 7 39 ± 5

QCD track 89 ± 11 65 ± 8 39 ± 5
W(→ τhν)+ jets < 1 - < 0.1
W(→ τℓν)+ jets < 1 - < 0.1
Other 30.9 ± 6.2 4.4 ± 1.2 < 0.1

Table 5.5 – Number of expected and observed data events in the low-S(d0) VRs. The “Other”
category includes contributions from Z(→ ττ)+ jets, tt̄, single top, and di-boson production.
The individual uncertainties can be correlated and do not necessarily sum up in quadrature
to the total uncertainty, which includes contribution from the systematic uncertainty and the
statistical uncertainty due the limited statistics of the CRs.

5.5.3 Semi data-driven estimation of τ decay tracks

The W(→ τν)+ jets process constitutes the most significant SM background in SR-Low
and provides non-negligible contribution to SR-High. Two types of signal-like tracks may
originate from it: τ decay tracks and QCD tracks, with the latter estimated as described in
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the previous Section. Hadronic and leptonic τ decay tracks are estimated using a partially
data-driven method that relies on dedicated CRs adjacent to the SRs to normalise the
nominal MC predictions to the observed data, thereby deriving a Normalisation Factor
(NF).

As outlined in Section 5.4.3, SR bins in the 0ℓ category require track transverse mo-
mentum to lie within 2 < pT < 5 GeV. By raising this requirement to 8 < pT < 20 GeV,
while keeping all the other track selection fixed, a region enriched in hadronic τ decay
tracks (CR-τh ) is obtained, as illustrated in Figure 5.16. The lower track pT threshold
of 8 GeV is chosen to reduce contamination from signal models with large mass split-
tings, which typically produce high-pT tracks. Requiring the presence of final-state signal

Figure 5.16 – Pre-fit track pT distribution after applying all the SR selection criteria except
the track pT one. SM backgrounds are shown as filled stacked histograms, while dashed
lines represent SUSY signals simulated for various mass and mass-splitting scenarios. The
hatched band indicates the combined systematic and MC statistical uncertainties. The lower
panel shows the relative background composition in each track pT bin. The “Other” category
includes contributions from Z(→ ττ)+ jets, tt̄, single top, di-boson processes, and multi-jet
processes. From Ref. [89].

muons results in a selection dominated by W(→ µν)+ jets events, similar to the QCD
track estimation. Alternatively, if exactly one baseline muon track is required — without
imposing any selections on its transverse impact parameter — muons originating from
leptonic τ decays can be selected, since they generally have S(d0) > 3 (see Table 5.2). This
defines a “1µbase” category, a phase space predominantly populated by W(→ τν)+ jets
events with leptonic τ decays, allowing better modelling of these decays compared to
using CR-τh alone. Both CR-τh and CR-τℓ are therefore used simultaneously to estimate
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hadronic and leptonic τ decay tracks in the SRs by deriving a single NF2, defined as

NF =
Ndata − Nnon-τ-tracks

Nτ-tracks
, (5.6)

where Ndata is the observed data yield, Nτ-tracks denotes the expected τ decay tracks from
the MC simulation, and Nnon-τ-tracks represents the total expected yield from tracks not
originating from τ decays. This NF is then applied to the MC-predicted τ decay track
yields in the SRs to correct the background estimates. To ensure robust background
modelling, both CR-τh and CR-τℓ require events to pass the Emiss

T trigger and satisfy the
track selections outlined in Section 5.4.2. As previously mentioned, the track pT selection
is shifted to 8 < pT < 20 GeV in both CRs. To improve the statistical precision, a looser
selection on the track impact parameter significance is applied: S(d0) > 3, compared
to S(d0) > 8 used in the SR definition. In CR-τh , precoil

T corresponds to the missing
transverse momentum, whereas in CR-τℓ precoil

T is defined as the vector sum of the pmiss
T

and the transverse momentum of the baseline muon. To suppress contributions from
W(→ µν)+ jets decays and avoid contamination from other SUSY signals beyond those
considered in this thesis, CR-τℓ further requires the muon transverse mass to be less than
50 GeV. Table 5.6 summarises the selections applied to define the CRs for estimating the
τ decay tracks. It also includes the definitions of the VRs and additional CRs used to
validate the normalisation factor.

Variable 0ℓ 1µbase

N(ℓbase) = 0 = 1
N(µbase) = 0 = 1
mT [GeV] - < 50

SR-Low (-High) CR-τh CR2(VR)-τh CR-τℓ CR2(VR-)τℓ

precoil
T [GeV] > 600 > 600 [300, 400] > 600 [300, 400]

Track pT [GeV] [2, 5] [8, 20] [8, 20] ([5, 8]) [8, 20] [8, 20] ([5, 8])
Track S(d0) [8, 20] (> 20) > 3 > 3 > 3 > 3

Table 5.6 – Selection criteria applied across the 0ℓ and 1µbase categories to define SRs, CRs, and
VRs for the calculation and validation of hadronic and leptonic τ decay track normalisation
factor. Only selections orthogonal to the SRs are listed. The track-level selection is omitted as
it is identical across all categories.

Validation Regions

In the low track pT regime (2 < pT < 5 GeV), QCD tracks and tracks from pions produced
in the decays of SUSY higgsinos dominate. Therefore, the accuracy of extrapolating the

2 Historically, separate NFs were applied separately to the hadronic and leptonic τ decays. However, as the
individual NFs were found to be fully compatible within the uncertainties, a single combined NF was ultimately
adopted to improve the stability of the statistical fit. Both CR-τh and CR-τℓ were retained to take advantage of
the increased statistical power, rather than relying solely on CR-τh .
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NF measured in the high-pT regime to the lower one is verified by applying it to the
MC-predicted yields at intermediate track pT values, 5 < pT < 8 GeV. However, for
precoil

T > 600 GeV, signal contamination becomes too large in both the 0ℓ and 1µbase
categories, preventing a reliable validation there. To address this, the NF validation is
performed in the low-precoil

T regime by defining two additional control regions, denoted
as CR2-τh and CR2-τℓ targeting the hadronic and leptonic τ decays, respectively. These
CRs share the same definitions of CR-τh and CR-τℓ except for the precoil

T selection.
A second NF is extracted from CR2-τh and CR2-τℓ and validated in two validation
regions, VR-τh and VR-τℓ , which are defined at intermediate track pT (5 < pT < 8 GeV)
and with 300 < precoil

T < 400 GeV. The key assumption here is that the τ decay track
NF is independent from the precoil

T selection. If the validation the low-precoil
T regime is

satisfactory, this provides confidence in extrapolating the NF from the high-precoil
T CRs

to the SRs. Figure 5.17 presents a schematic overview of the estimation and validation
strategy for the τ decay track NF.
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Figure 5.17 – Schematic illustration of the region definitions used for the estimation and
validation of τ decay tracks. The red, green, and yellow areas indicate the SRs, CRs, and VRs,
respectively. A single normalisation factor is constrained using two CRs in the high-pT regime
of the 0ℓ and 1µbase categories. This NF is extrapolated to the low-pT regime and applied to
the τ decay track yields in the SRs, as indicated by the arrow at the top. VRs are defined in the
medium track pT and low-precoil

T ranges of the 0ℓ and 1µbase categories to avoid potentially
large signal contamination. A second NF is derived in the low-precoil

T regime and applied to
the VR yields, as indicated by the arrow at the bottom of the figure. Adapted from Ref. [182].

The background estimation and validation strategies described in this Section are
summarised below.

1. A single NF is defined to estimate both the hadronic and leptonic τ decay tracks
in the SRs. This NF is measured in the high track pT regime of the 0ℓ and 1µbase
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categories, where the 0ℓ CR is enriched in hadronic decays and the 1µbase CR is
enriched in tracks from leptonic decays.

2. To validate the extrapolation of the NF from the high track pT range (8 < pT <

20 GeV) to the low track pT range (2 < pT < 5 GeV), a VR with 300 < precoil
T <

400 GeV and intermediate track pT (5 < pT < 8 GeV) is defined. These selections
minimise signal contamination. An additional NF, derived from the corresponding
CR2-τh and CR2-τℓ , is applied for this validation under the assumption that if the
NF extrapolation is validated in this low-precoil

T regime, the same extrapolation from
high-precoil

T CRs to the SRs is justified.

Results in Validation Regions

The yields in the VRs are estimated via the same background-only fit that also includes
the CRs and VRs used for the QCD background estimation and validation. Table 5.7
shows the post-fit yields for VR-τh and VR-τℓ . Post-fit ditributions can be found in Ref.
[89]. In all cases, the post-fit SM predictions agree with the observed data within 1σ,
indicating a good modelling of both hadronic and leptonic τ decay track backgrounds.

VR-τh VR-τℓ

Observed data 839 304

SM prediction 848 ± 24 308 ± 18

QCD track 75 ± 12 14 ± 14
W(→ τhν)+ jets 449 ± 15 2.0 ± 1.0
W(→ τℓν)+ jets 209 ± 7 244 ± 10
Other 116 ± 13 47.7 ± 5.8

Table 5.7 – Number of expected and observed data events in the τ decay VRs. The “Other”
category includes contributions from Z(→ ττ)+ jets, tt̄, single top, and di-boson production.
The individual uncertainties can be correlated and do not necessarily sum up in quadrature
to the total uncertainty, which includes contribution from the systematic uncertainty and the
statistical uncertainty due to the limited statistics of the CRs.

5.5.4 Simultaneous validation of QCD and τ decay tracks

Sections 5.5.2 and 5.5.3 presented the individual background estimation and validation for
QCD and τ decay tracks, respectively. As a final step, a simultaneous validation of both
background components is performed in a new set of VRs, designed to closely match the
kinematics of the SRs, except for a relaxed Emiss

T requirement of 300 < Emiss
T < 400 GeV.

To this end, VR-0ℓ-Low and VR-0ℓ-High are defined using the same event-level and
track-level selections as the SRs, but without the strict Emiss

T requirement. The estimation
of the QCD track background in these VRs is carried out by applying the TFs derived from
the 1µ CRs to data yields observed in a 0ℓ CR, defined with S(d0) < 8 and 300 < Emiss

T <

400 GeV. Concurrently, the NF obtained from CR2-τh and CR2-τℓ is applied to the τ
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decay tracks to correct the nominal MC predictions. Figure 5.18 provides a schematic
overview of the new VRs, along with the corresponding TFs and NF used for validating
both background components in VR-0ℓ-Low and VR-0ℓ-High. Signal contamination is
found to be as high as 12% in VR-0ℓ-Low and 16% in VR-0ℓ-High; however, these levels
are considered acceptable for the purposes of validation. The post-fit yields in these
regions are summarised in Table 5.8. The strong agreement between the observed data
and the SM predictions reinforces confidence in the overall background modelling and
supports the validity of the TFs and NF used to obtain the correct background estimates
in the SRs.
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Figure 5.18 – Schematic illustration of the region definitions used for the simultaneous valida-
tion of the QCD track (left) and τ decay track (right) backgrounds. The red, green, and yellow
areas indicate the SRs, CRs, and VRs, respectively. To reduce signal contamination, an upper
bound of 400 GeV is applied to the precoil

T range. Regions with S(d0) > 8 are divided into two
bins, with a boundary at S(d0) = 20. TFs for QCD tracks are derived from CR yields in the
low-precoil

T range and used to estimate the yields in the VRs. Similarly, the NF for τ decay
tracks is obtained in the low-precoil

T region and applied to the corresponding VR yields.

VR-0ℓ-Low VR-0ℓ-High

Observed data 736 343

SM prediction 740 ± 40 351 ± 33

QCD track 298 ± 35 213 ± 32
W(→ τhν)+ jets 194 ± 10 59 ± 5
W(→ τℓν)+ jets 165 ± 8 44.1 ± 3.4
Other 82 ± 9 35 ± 4.2

Table 5.8 – Number of expected and observed data events in VR-0ℓ-Low and VR-0ℓ-High.
The “Other” category includes contributions from Z(→ ττ)+ jets, tt̄, single top, and di-
boson production. The individual uncertainties can be correlated and do not necessarily sum
up in quadrature to the total uncertainty, which includes contribution from the systematic
uncertainty and the statistical uncertainty due to the limited statistics of the CRs.
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5.5.5 Summary of the Validation Regions

A comprehensive summary of all the VRs described in the previous sections is shown
in Figure 5.19. The statistical significance S, used to quantify the difference between the
observed data nobs and the expected post-fit SM backgrounds, nexp is defined as

S =
nobs − nexp

σtotal
, (5.7)

where σtotal is the total uncertainty on the SM background expectation, including both
statistical and systematic contributions. Across all VRs, the observed discrepancies are
less or equal to 1σ, indicating the excellent modelling of both the QCD tracks and the
hadronic and leptonic τ decay track backgrounds.
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Figure 5.19 – Comparisons of the observed data and the expected post-fit SM backgrounds in
the VRs. The hatched band indicates the total uncertainty on the SM background expectation,
including both statistical and systematic uncertainties. The bottom panel shows the statistical
significances of the discrepancy between the expected and the observed event yields. From
Ref. [182].
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5.6 Systematic Uncertainties

The sensitivity of the analysis presented here is primarily limited by statistics, due to the
limited data collected by the ATLAS detector during Run 2 and the stringent selections
applied to both events and tracks. Systematic uncertainties can still contribute non-
negligiby and affect the final results in the SRs. These systematic uncertainties stem from
various sources and can be grouped into three main categories: experimental, theoretical,
and analysis-specific uncertainties.

5.6.1 Experimental uncertainties

Experimental uncertainties are evaluated for all Monte Carlo samples to account for
potential mismodelling of the detector response, imperfections in the calibration of
physics objects, as well as uncertainties in luminosity measurements and pileup. Since
QCD tracks in V + jets events are estimated via a fully data-driven approach, they are
not subject to these uncertainties. The dominant experimental systematic uncertainties
arise from the jet calibration procedure, where the energy of reconstructed jets is scaled
to recover the full energy scale and the resolution of the simulated samples is calibrated
to match data, as well as from the smearing of track impact parameters, performed as
described in Section 4.2. Specifically, uncertainties from the jet energy scale (JES) [168]
and the impact parameter smearing contribute to the final estimates in the SRs more than
2% and 1%, respectively. Other experimental effects — such as jet energy resolution (JER)
[168], jet vertex tagging (JVT) [171], pileup modelling [226], electron [172] and muon
[178] identification and calibration, Emiss

T reconstruction [183], trigger efficiencies [172,
178, 225], and luminosity measurements [116] — have all negligible impact (less than 1%)
on the SRs.

5.6.2 Theoretical uncertainties

Systematic uncertainties arising from missing higher-order corrections in theoretical cal-
culations — commonly referred to as renormalisation and factorisation scale uncertainties
[227] — along with uncertainties propagated from the PDFs [228] and the strong coupling
constant αS impact the theoretical predictions of the simulated samples. In this analysis,
scale uncertainties are estimated by varying the renormalisation (µF) and factorisation (µR)
scale parameters of the simulated samples by a factor of 2.0, resulting in 7-point variations
({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}).
The envelope of these variations is taken as the overall scale uncertainty. PDF and αS
uncertainties are instead obtained by extrapolating dedicated PDF sets at different energy
scales in the MC generator using the DGLAP [187, 190] and renormalisation group equa-
tions, respectively. For the W(→ τν)+ jets sample, simulated at NNLO QCD precision, the
contribution of NLO electroweak corrections becomes increasingly significant at higher
transverse momentum of the weak boson. Therefore, approximate NLO electroweak
corrections are included for W(→ τν)+ jets simulations and are evaluated using the elec-
troweak virtual approximation [229]. Finally, for SUSY signal samples, PYTHIA is tuned
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to match distributions observed in data, which are particularly sensitive to the underlying
event, the jet structure, and additional jets emission. As a result, additional systematic
uncertainties are considered for the signal samples to account for this tuning, as well as
the uncertainties related to the cross section computation. Overall, the combined impact
of all background theoretical uncertainties in the SRs is approximately 4%.

5.6.3 Analysis-specific uncertainties

Figure 5.20 – Comparison of the track S(d0) distri-
butions in the 0ℓ, 1µ, 1e, and 2ℓ categories. Error
bars indicate MC statistical uncertainties. From Ref.
[89].

As discussed in Section 5.5.2, a key as-
sumption of the QCD track background
estimation strategy is that the track S(d0)

variable is independent from the specific
hard-scattering process, and therefore its
distribution is equivalent across the dif-
ferent 0ℓ, 1µ, 1e, 2ℓ, and 1γ categories
used in this analysis. To verify this as-
sumption, S(d0) distributions in the dif-
ferent categories have been compared us-
ing MC simulated samples. The results,
shown in Figure 5.20, indicate that all
distributions are consistent with one an-
other within the MC statistical uncertain-
ties. Nonetheless, to account for any po-
tential differences in the modelling of the
track S(d0) variable by the simulations,
a conservative systematic uncertainty of 5% (10%) is assigned to the fully data-driven
QCD track background estimates of SR-Low (SR-High). This uncertainty is treated as
uncorrelated between the two S(d0) SR bins.

5.6.4 Summary

A visual summary of all the systematic uncertainties considered in this analysis across the
various SRs and VRs is presented in Figure 5.21. The figure also presents two additional
systematic effects: the limited data statistics in the CRs used to estimate the QCD track
and the τ decay track backgrounds (labelled as the “CR data statistics”), and the limited
number of events available in Monte Carlo simulated samples (indicated as the “MC
statistics”). Among all sources of systematic uncertainties, the former emerges as the
dominant one in the two SRs considered in the analysis.
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Figure 5.21 – Relative systematic uncertainties on the fitted SM background for the SR bins
(left), low-S(d0) VRs (middle-left), high-S(d0) VRs (middle-right), and W(→ τν)+ jets VRs
(right). The uncertainty in the CR data statistics category corresponds to the statistical un-
certainties arising from the size of the data samples in the W(→ τν)+ jets CRs and in the
regions used to estimate the QCD track background. The MC statistics uncertainty category
reflects the limited size of the MC samples used to model the non-QCD track background,
while the Theory category encompasses various sources of theoretical modelling uncertainties.
Uncertainties related to the S(d0) template, extracted in the 1µ CRs, are included in the S(d0)
extraction category. The uncertainties arising from the reconstruction and selection of leptons,
jets, Emiss

T , and the track impact parameters are grouped under the Experimental category. The
individual uncertainties can be correlated and do not necessarily sum up in quadrature to the
total uncertainty. From Ref. [182].
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5.7 Statistical analysis

The results of this analysis, as well as the statistical compatibility of the SM expectations
with the observed data under different hypotheses, are obtained via a maximum likelihood
approach using the HISTFITTER tool [230]. This method involves constructing a likelihood
function and identifying the model parameters that maximise it over the parameter space,
i.e. those parameter values that make the observed data most probable given the model.
In this analysis, the likelihood function is built from the observed data and Monte Carlo
yields in the SRs and CRs, along with additional terms to model systematic uncertainties.
It can be expressed as

L(n|µsig, s, b, θθθ) = ∏
i∈SR

Pi × ∏
j∈CR

Pj × Csyst

= ∏
i∈SR

P
(
ni|λi(µsig, si, b, θθθ)

)
× ∏

j∈CR
P
(
nj|λj(µsig, sj, b, θθθ)

)
× ∏

s∈syst
Gθs ,

(5.8)
where Pi (Pj) denotes the Poisson probability of observing ni (nj) events in SR i (CR
j) while expecting λi (λj) events. The term Csyst represents the product of Gaussian
constraints Gθs on the nuisance parameters θs, each with zero mean and unit standard
deviation, modelling the systematic uncertainties of the analysis. The Poisson probability
distribution for a generic kinematic region k is given by

P
(
nk|λk(µsig, sk, b, θθθ)

)
=

λ
nk
k

nk!
eλk , (5.9)

where the expected number of events λk is defined as:

λk(µsig, sk, b, θθθ) = µsig · sk(θθθ) + ∑
α∈bkg

bk,α(θθθ) . (5.10)

Therefore, the likelihood function depends on several components, notably:

• µsig is the signal strength, representing the normalisation factor of the signal process
under consideration;

• sk(θθθ) represents the expected number of signal events from MC simulations in the
kinematic region k, potentially affected by the nuisance parameters θθθ;

• bk,α(θθθ) gives the expected number of background events of type α in region k, where
α can be QCD, τ decay, or other background sources as described in Section 5.5;

• θθθ models the full set of nuisance parameters, including systematic uncertainties as
well as normalisation and transfer factors.

From Equation 5.8, the profile likelihood ratio [231] is defined as:

Λ(µsig) =
L(µsig, ˆ̂θθθ)

L(µ̂sig, θ̂θθ)
. (5.11)
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In the numerator, the nuisance parameters θθθ are fixed to their maximum likelihood
estimates ˆ̂θθθ, obtained by maximising the likelihood function for a given value of the signal
strength. In the denominator, both the signal strength and the nuisance parameters are set
to their global best-fit values µ̂ and θ̂, respectively, which jointly maximise the likelihood
function. The best-fit µ̂ represents the central value of the signal strength measurements.
Its uncertainty is determined from the 68% confidence interval, assuming the validity of
the asymptotic approximation [231], under which the profile likelihood ratio is distributed
according to a χ2 function with a number of degrees of freedom equal to the number of
parameters of interest. The profile likelihood ratio provides a more robust measure of
the agreement between the hypothesised value of µsig and the observed data than the
likelihood function alone. Since by definition 0 ≤ Λ(µsig) ≤ 1, values of Λ(µsig) close to
1 indicate strong agreement between the model and the data.

In the absence of a signal, the statistical interpretation focuses on setting upper limits
on the signal strength of the considered SUSY model. The relevant test statistic for limit
setting is defined as the natural logarithm of the profile likelihood ratio:

qµsig = −2 ln
(
Λ(µsig)

)
=




−2 ln

L(µsig, ˆ̂θθθ)
L(µ̂sig, θ̂θθ)

if µsig ≥ µ̂sig

0 if 0 ≤ µsig < µ̂sig

. (5.12)

For a given value of µsig, the level of agreement with the observed data is quantified by
the p-value

pµsig =
∫ ∞

qµsig, obs

f (qµsig |µsig) dqµsig , (5.13)

where qµsig, obs is the test statistic evaluated on the observed data, and f (qµsig |µsig) is its
probability density function under the assumption of signal strength µsig. In practice, this
function is evaluated both for the signal-plus-background hypothesis (µsig = 1) and the
background-only hypothesis (µsig = 0). In this analysis, the background-only hypothesis
is first used to predict the expected number of background tracks in the SRs and VRs.
Then, if is no significant excess of data over the SM prediction is observed in the SRs, both
model-dependent and model-independent fits are performed to set upper limits on the
signal strength. The limits are derived using the CLs method [232], where the exclusion
confidence level is defined as:

CLs =
CLs+b
CLb

=

∫ ∞
qµsig, obs

f (qµsig |µsig = 1) dqµsig

∫ ∞
qµsig, obs

f (qµsig |µsig = 0) dqµsig

. (5.14)

If CLs < 0.05, the signal-plus-background hypothesis, and thus the signal model under
test, is considered excluded at 95% of confidence level by the model-dependent fit. By
scanning over possible values of µsig and calculating the corresponding p-values via
Eq. 5.13 in a model-independent fit, one can determine the values of the signal yields
corresponding to a p-value of 0.05. These are denoted as S95

exp and S95
obs, representing the

expected and observed upper limits on the number of signal events, respectively, for a
generic Beyond the Standard Model signal. Finally, by taking the ratio between S95

obs and
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the total integrated luminosity Lint, the observed upper limit on the visible cross section
of such a BSM signal is defined:

⟨ϵσ95
obs⟩ =

S95
obs

Lint
. (5.15)

5.8 Results

As discussed in the previous Section, statistical results are derived using a maximum
likelihood fit that includes the Signal Regions (SRs), Control Regions (CRs), and Validation
Regions (VRs). To assess the robustness of the background estimation strategy outlined
in Section 5.5, a background-only fit is first performed using the CRs and VRs, excluding
any SUSY contribution from Monte Carlo simulations. From this fit, a Normalisation
Factor (NF) and two Transfer Factors (TFs) — used to estimate background contributions
from τ decay and QCD tracks, respectively — are determined and then extrapolated to
the SRs. Since no significant excess is observed in the data relative to the post-fit SM
predictions, both model-dependent and model-independent interpretations of the results
in the SRs are carried out. As a result, new exclusion limits are set on the simplified SUSY
models considered in this thesis, along with upper limits on the cross section of generic
BSM signals.

5.8.1 Background only fit

The observed data and the post-fit SM predictions in the CRs are summarised in Table 5.9.
The NF, derived from the simultaneous fit in CR-τh and CR-τℓ , is found to be equal to
1.07 ± 0.11. The TFs, obtained from the 1µ category control regions, are (1.10 ± 0.12)×
10−2 and (7.9 ± 0.9)× 10−3, respectively for the “Low” and “High” SR bins.

CR-τℓ CR-τh CR-0ℓ CR-1µ-Low CR-1µ-High CR-1µ

Observed data 68 126 1461 183 120 14450

SM prediction 68 ± 6 126 ± 10 1460 ± 40 183 ± 14 120 ± 11 14450 ± 120

QCD track 0.3 ± 0.2 4.6 ± 1.3 1270 ± 40 140 ± 15 100 ± 11 12660 ± 230
W(→ τhν)+ jets 0.2 ± 0.1 67 ± 6 69 ± 9 < 1 < 1 < 100
W(→ τℓν)+ jets 59 ± 7 42 ± 5 42 ± 5 < 1 < 1 < 100
Other 7.8 ± 3.1 13 ± 2 77 ± 11 43 ± 6 20 ± 3 1780 ± 200

Table 5.9 – Number of expected and observed data events from the background-only fit in
the CRs. The “Other” category includes contributions from minor background processes
including Z(→ ττ)+ jets, tt̄, single top, and di-boson. The individual uncertainties can be
correlated and do not necessarily sum up in quadrature to the total uncertainty. The uncertainty
associated with the expected number of events includes both the systematic and the statistical
uncertainties.

As discussed in Section 5.5, the difference between the observed data and predicted
yields across the VRs is found to be within at most 1.5σ. This confirms the robustness of
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the background estimation strategy. Consequently, no additional systematic uncertainty
is assigned due to the adopted estimation method, and the NF and the TFs obtained
from the CRs are extrapolated to the SRs. The final results in the SRs are summarised in
Table 5.10. Figure 5.22 shows the post-fit distribution of the track S(d0) variable for the
observed data and the SM backgound predictions, overlaid to several benchmark SUSY
signal models. Overall, no significant discrepancy is observed between data and the SM
prediction. Additional post-fit distributions for SR-High and SR-Low are visible in Figure
5.23 and Figure 5.24, respectively.

SR-Low SR-High

Observed data 35 15

SM prediction 37 ± 4 14.8 ± 2.0

QCD track 14.0 ± 1.7 10.0 ± 1.6
W(→ τhν)+ jets 9.6 ± 1.6 2.0 ± 0.6
W(→ τℓν)+ jets 10.6 ± 2.0 1.9 ± 0.8
Other 3.2 ± 0.7 0.8 ± 0.4

Table 5.10 – Expected and observed data events in the two SR bins. The “Other” category
includes contributions from minor background processes including Z(→ ττ)+ jets, tt̄, single
top, and di-boson. The individual uncertainties can be correlated and do not necessarily sum
up in quadrature to the total uncertainty. The uncertainty associated with the expected number
of events includes both the systematic and the statistical uncertainties. Adapted from Ref.
[182].
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dots represent the Poisson error associated with the event yields. From Ref. [182].
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Figure 5.23 – Post-fit distributions of Emiss
T (left) and track pT (right) in, and near, SR-High. The

selection criterion on the variable shown by each plot is removed, while the arrow indicates the
selection used to define the region. The SM background expectation is shown as a histogram
stack, and a selection of representative SUSY signal models is overlaid. The last bin includes
the overflow. The hatched band indicates the uncertainty on the mean value of the SM
background expectation, while the error bars on the black dots represent the Poisson error
associated with the event yields. From Ref. [182].
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Figure 5.24 – Post-fit distributions of Emiss
T (left) and track pT (right) in, and near, SR-Low. The

selection criterion on the variable shown by each plot is removed, while the arrow indicates the
selection used to define the region. The SM background expectation is shown as a histogram
stack, and a selection of representative SUSY signal models is overlaid. The last bin includes
the overflow. The hatched band indicates the uncertainty on the mean value of the SM
background expectation, while the error bars on the black dots represent the Poisson error
associated with the event yields. From Ref. [182].
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5.8.2 Model-dependent exclusion limits

Exclusion limits on simplified SUSY models are determined by performing a signal-plus-
background hypothesis test under the assumption µsig = 1. This test incorporates signal
yields, estimated from simulation samples, into the likelihood fit using both SR-Low and
SR-High. Control Regions are also included to constrain the background normalisations,
while validation regions are excluded from this procedure. For each signal point in the
(m(χ̃1

0), ∆m
(
χ̃±

1 , χ̃0
1
)
) plane, the test statistic is used to compute the CLs value. These

values are then smoothly interpolated across the plane, and the exclusion contour is
defined by connecting points with CLs = 0.05. The resulting exlusion limits are shown in
Figure 5.25, and compared with previous constraints from LEP [35] and earlier ATLAS
searches searches [30, 32, 33]. The analysis shows that the sensitivity in the compressed
higgsino region is predominantly driven by SR-High, while SR-Low contributes more
effectively at larger mass splittings. Higgsino mass up to approximately 170 GeV is
excluded for mass splittings around 0.6 GeV, and, remarkably, for the first time since the
LEP era, an LHC analysis is able to probe the challenging ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.3 − 1.0 GeV

region.
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Figure 5.25 – Expected (dashed black line) and observed (solid red line) 95% CL exclusion
limits on the higgsino simplified model considered in this analysis. The limits are shown with
±1σexp (yellow band) from experimental systematic and statistical uncertainties, and with
±1σSUSY

theory (red dotted lines) from signal cross section uncertainties, respectively. The limits set
by the ATLAS searches using the soft lepton [32, 33] and disappearing track [30] signatures
are illustrated by the blue and green regions, respectively, while the limit imposed by the LEP
experiments [35] is shown in gray. The dot-dashed gray line indicates the predicted mass
splitting for the pure higgsino scenario. From Ref. [182].
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5.8.3 Model-independent exclusion limits

Model-independent fits are performed to set upper limits on both the number of events
and the visible cross section for a generic BSM signal producing a final-state “Emiss

T + jets”
topology, accompanied by a single soft track mildly-displaced from the primary vertex.
SR-Low and SR-High are again used to derive these limits. The results are summarised in
Table 5.11. The upper limits on the visible cross section are found to be 0.10 fb and 0.07 fb
for SR-Low and SR-High, respectively.

Signal Region ⟨ϵσ95
obs⟩ [fb] S95

obs S95
exp CLb p(s = 0) (Z)

SR-Low 0.10 13.5 15.1+6.3
−4.2 0.37 0.50 (0.00)

SR-High 0.07 9.9 9.6+4.4
−2.8 0.52 0.50 (0.01)

Table 5.11 – 95% CL upper limits on the visible cross section (⟨ϵσ95
obs⟩), the number of observed

signal events (S95
obs), and the expected number of signal events assuming the background-only

hypothesis (S95
exp). The last two columns display the CLb value and the discovery p-value.

When the observed yield is lower than the expected one, the p-value is capped at 0.5.
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Search for SUSY higgsinos
using soft mildly-displaced
tracks and machine learning
with Run 2 and Run 3 data

6
Same old thing in brand new drag
comes sweeping into view. . .

— DAVID BOWIE, Teenage Wildlife

The analysis presented in Chapter 5 and published in Ref. [182] constituted the first
attempt by an LHC experiment to probe the so-called “higgsino gap”. No significant
excess above the Standard Model predictions was observed, and exclusion limits were
set on simplified SUSY models (Figure 5.25), with comparable results obtained by the
CMS Collaboration [233]. Nevertheless, as discussed in Ref. [97], regions of the parameter
space with ∆m

(
χ̃±

1 , χ̃0
1
)
≲ O(1) GeV are expected to remain beyond the reach of current

and future direct detection DM experiments, since their sensitivity to compressed hig-
gsinos will be severely limited once the neutrino floor is reached. The ATLAS and CMS
experiments are therefore uniquely positioned to continue exploring these challenging
scenarios as the LHC delivers increasing data statistics. In this context, the present Chap-
ter describes a renewed effort to investigate the 0.3 ≲ ∆m

(
χ̃±

1 , χ̃0
1
)
≲ 1.25 GeV region, by

building upon the experience gained during the Run 2 analysis and employing advanced
machine learning techniques to enhance the separation between SUSY signals and SM
backgrounds. The analysis uses data collected by the ATLAS detector during Run 2 and
the first three years of Run 3 (2022-2024) of the LHC, accounting for a total integrated
luminosity of 299 fb−1.

6.1 Analysis strategy

The strategy adopted for the full Run 2 analysis is based on the identification of indepen-
dent, sequential selections on event- and track-level kinematic variables to construct the
Signal Regions (SRs), Control Regions (CRs), and Validation Regions (VRs). This tradi-
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tional “cut-based” approach implicitly assumes the existence of a threshold or boundary
in the distributions of kinematic variables that separates signal-like events and tracks
from background processes. Consequently, each individual selection applied in the SR
definition requires a careful optimisation procedure aimed at maximising the signal
selection efficiency while simultaneously minimising contamination from SM processes.

An alternative strategy can be developed by using machine learning algorithms, in the
form of multi-layer feed-forward neural networks (NNs) [234, 235], to construct functions
that provide a continuous measure - the output scores - indicating how signal-like or
background-like each analysis object is. To this end, in this new analysis two dedicated
neural network classifiers are developed: one exploiting the kinematic information of
individual tracks (referred to as the “track-level” neural network) and another exploiting
global event observables (referred to as the “event-level” neural network). These models
are designed to enhance the separation between SUSY signal and SM backgrounds beyond
what is achievable with traditional cut-based selections. Since the assumed mass splitting
hypothesis affects the kinematic of the soft, mildly displaced pion tracks produced in
higgsino decays (as discussed in Sections 5.2 and 5.4), the track-level neural network is
parameterised (pNN) to produce an output score that varies continuously with the mass
splitting [236]. Furthermore, because three distinct track categories can be identified, the
track-level pNN is implemented as a multi-class classifier, providing three output scores
(each a continuous function of the mass splitting) corresponding to the probabilities for a
track to originate from higgsino decays, QCD processes, or hadronic or leptonic τ decays.
In contrast, the event-level NN is constructed as a binary classifier, as the higgsino mass
difference has negligible impact on the global event observables.

The output scores of the two classifiers serve then as final discriminants for the SR
definition, under the assumption that by combining multiple input observables the output
scores can perform better than a cut-based method using the same inputs. Selections
on these NN output scores replace therefore the event- and track-level selection criteria
described in Section 5.4. Since the tracking information used as input to the track-level
pNN is uncorrelated to the event topology, the three pNN output scores are statistically
independent of the event-level NN score. This independence allows to exploit the same
background estimation strategy outlined in Section 5.5:

• a fully data-driven estimation of QCD track via an ABCD method, where regions
are defined by selections on the output scores, and

• a semi data-driven estimation of the τ-decay tracks using dedicated CRs dominated
by high-pT tracks.

While the previous cut-based SR employed a requirement of Emiss
T > 600 GeV along with

two S(d0) bins to target generic scenarios with small (SR-High, S(d0) > 20) and large
(SR-Low, 8 < S(d0) < 20) mass splittings, the improved discrimination power of the
NN classifiers, particularly the pNN output tailored to each mass splitting hypothesis,
allows the definition of SRs specifically optimised for a corresponding signal model. In
addition, the larger statistics afforded by the NN-based approach allows the introduction
of multiple bins within each SR, thereby making it possible to perform a shape fit. Sensi-
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tivity is further enhanced by including in the analysis dedicated SR bins targeting events
that contain more than one displaced track, such as those expected from the production
of χ̃0

2χ̃±
1 or χ̃+

1 χ̃−
1 , as illustrated in Figure 6.1. The statistical combination of these two

orthogonal sets of SR bins extends the exclusion reach for SUSY simplified models beyond
that achieved by the previous analysis effort based solely on the full Run 2 dataset.
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Figure 6.1 – Example signal diagrams for the targeted signature featuring a jet from initial-
state radiation. The lightest chargino and the next-to-lightest lightest neutralino decay via
off-shell W and Z bosons, respectively, into the LSP and one or two charged pions, which are
reconstructed as low-pT mildly-displaced track. The two final-state neutralinos are aligned in
the ϕ direction due to the boost imparted by the ISR jet, resulting to large Emiss

T .

6.2 Data and simulated samples

As in the analysis presented in Chapter 5, the search presented here is based on data
collected by the ATLAS detector from proton-proton collisions delivered by the LHC
and Monte Carlo (MC) simulation samples used to model (part of) the Standard Model
backgrounds and the SUSY signal processes.

6.2.1 Dataset

The analysis uses the full Run 2 (2015-2018) dataset and the partial Run 3 (2022-2024)
dataset recorded by the ATLAS detector from pp collisions at center-of-mass energies of√

s = 13 TeV and
√

s = 13.6 TeV, respectively. During these periods, the LHC delivered
a total integrated luminosity of 349 fb−1, of which 328 fb−1 were recorded by ATLAS.
After applying standard data quality criteria [185], the final dataset used in this analysis
corresponds to an integrated luminosity of 140.1 ± 1.2 fb−1 [116] for Run 2, with a total
uncertainty of 0.83%, and of 159.4 ± 3.0 fb−1 for Run 3 [117], with a total uncertainty of
1.9%, as determined by the LUCID-2 detector [186]. The integrated luminosity collected
during each year of Run 2 is 3.24, 33.40, 44.63, and 58.79 fb−1, for 2015, 2016, 2017, and
2018, respectively [116]. For Run 3, the corresponding values are 26.3, 25.2, and 107.9 fb−1,
for 2022, 2023, and 2024 [117]. Pileup conditions varied significantly across these years
[118], impacting in different ways event reconstruction and background composition.
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6.2.2 Monte Carlo simulated samples

Monte Carlo simulated samples are produced for all relevant signal and background
processes, following the same setup described in Section 5.3. Standard Model samples
employ the full detector simulation, while SUSY signals are processed with the ATLFAST3
[197] fast simulation framework. Compared to ATLFASTII, ATLFAST3 provides improved
performance by combining the updated FastCaloSim V2 parameterisation [197] for low-
and high-energy showers with FastCaloGAN [198], a Generative Adversarial Network
[199], used to more accurately model medium-energy hadrons and calorimeter energy
fluctuations. A summary of the Monte Carlo event generators and their corresponding
configurations is provided in Table 5.1. Updated generator versions - SHERPA 2.2.14,
MADGRAPH5 3.4.2, and PYTHIA 8.308/8.309 - are employed for both SM and and SUSY
signal samples. For SUSY signals, the mass difference ∆m

(
χ̃±

1 , χ̃0
1
)

and the mass of the
neutralino LSP vary in the intervals [0.25, 1.25] GeV and [100, 250] GeV, respectively.

Process
√

s [TeV] Matrix element Parton shower Tune PDF set Cross section

V + jets 13 SHERPA 2.2.11/2.2.2 SHERPA standard NNPDF3.0NNLO NNLO
13.6 SHERPA 2.2.14 SHERPA standard NNPDF3.0NNLO NNLO

VV 13 SHERPA 2.2.1/2.2.2 SHERPA standard NNPDF3.0NNLO Generator NLO
13.6 SHERPA 2.2.2/2.2.14 SHERPA standard NNPDF3.0NNLO Generator NLO

tt̄ 13/13.6 POWHEG-BOX PYTHIA 8.308 A14 NNPDF3.0NLO NNLO+NNLL
Single top 13/13.6 POWHEG-BOX PYTHIA 8.308 A14 NNPDF3.0NLO NNLO+NNLL

Multi-jet 13/13.6 PYTHIA 8.308 A14 NNPDF2.3LO Generator LO

SUSY signals 13/13.6 MADGRAPH5 3.4.2 PYTHIA 8.309 A14 NNPDF2.3LO NLO+NLL

Table 6.1 – Summary of Monte Carlo generators setup for Run 2 and Run 3 simulated SM
backgrounds and SUSY signal samples.

6.3 Event and track selection

A baseline set of selection criteria is applied to the reconstructed physics objects described
in Chapter 4. These selections, summarised in Table 6.2, define two classes of objects:
baseline and signal. Baseline electrons, muons, and photons are reconstructed with the
lowest pT thresholds for which ATLAS calibrations are available and are used to define
the so-called “0ℓ” category, by applying a veto on their presence. Baseline jets, on the
other hand, are primarily used in the computation of the missing transverse momentum
and in the overlap removal procedure. To prevent the reconstruction of a single particle
as multiple objects, an overlap removal procedure is applied to all baseline objects as
detailed in Ref. [217]. Following this, signal objects are defined with tighter criteria and
used for auxiliary categorisation in background estimation and validation. The most
notable difference in the object definitions with respect to those used in the analysis
presented in Chapter 5 is the adoption of a lower pT threshold and a looser identification
working point for baseline photons. This choice ensures the possibility of statistically
combining the present analysis with future searches targeting “radiative” decays of wino-
like neutralinos into the lightest neutralino and a photon, accompanied by a hard initial
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state radiation jet [237, 238]. The impact of the new baseline photon definition on the
present analysis is minimal, amounting to a loss of ≈ 1% of the expected signal yield.
Moreover, signal electrons are defined using tighter identification and isolation working
points, following the ATLAS recommendations available at the time of writing this thesis.

To further reduce contributions from Standard Model background processes and select
events consistent with the “Emiss

T + jets” signature containing at least one displaced track
additional requirements are imposed. They include both event-level selections (Section
6.3.1) and track-level selections (Section 6.3.2). All events and tracks satisfying these
criteria are used as inputs for the training of the neural networks, whose outputs provide
the final discriminant used in the definition of the Signal Regions (SRs). Throughout this
analysis, SRs belong exclusively to the 0ℓ category.

Baseline Signal

Jets

Kinematic pT > 20 GeV, |η| < 4.5 pT > 30 GeV, |η| < 2.8
Pileup mitigation JVT FixedEffPt1 for pT < 60 GeV, |η| < 2.4

Muons

Kinematic pT > 3 GeV, |η| < 2.7 pT > 3 GeV, |η| < 2.5
Identification Medium Medium

Isolation - PflowLoose VarRad
Impact parameter |z0| < 0.5 mm |d0/σ(d0)| < 3, |z0| < 0.5 mm

Electrons

Kinematic pT > 4.5 GeV, |η| < 2.47
Identification LooseAndBLayerLLH TightLLH

Isolation - Tight VarRad
Impact parameter |z0| < 0.5 mm |d0/σ(d0)| < 5, |z0| < 0.5 mm

Photons

Kinematic pT > 7 GeV, |η| < 2.37 pT > 130 GeV, |η| < 2.37
Identification Loose Tight

Isolation - FixedCutTight

Missing Transverse Momentum

Working Point Tight

Table 6.2 – Summary of Run 2 and Run 3 baseline and signal object definitions used in this
analysis.

2 The FixedEffPt working point of the JVT is an updated version of those presented in Ref. [171], obtained
using neural-network-based algorithms.
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6.3.1 Event selection

As detailed in Section 5.3, events are first required to pass standard data quality criteria to
ensure that they were recorded during periods when the ATLAS detector was operating
under stable conditions [185]. After event cleaning, each event must contain at least
one reconstructed interaction vertex with a minimum of two associated tracks with
pT > 500 MeV. Additional selection requirements are then applied as follows.

• Neutralinos in the final state recoling against the ISR leading jet produce large Emiss
T ,

which serves as the trigger requirement for the events. The Emiss
T trigger efficiency

varies across data-taking periods due to different pileup conditions, and plateaus
around Emiss

T > 200 GeV [183]. Accordingly, events are required to satisfy the Emiss
T

trigger and have Emiss
T > 250 GeV. This threshold effectively suppresses multi-jet

events, which typically generate fake Emiss
T due to jet energy mismeasurement,

while retaining sufficient statistics for training the event-level NN.

• To effectively boost the SUSY system and generate sufficient Emiss
T for triggering, the

ISR leading jet is required to have pT > 250 GeV. In addition, events are required to
contain no more than four signal jets with pT > 30 GeV and |η| < 2.8. This require-
ment reduces contributions from multi-jet and tt̄ processes without compromising
the signal acceptance, as signal events generally exhibit lower hadronic activity.

• Misreconstructed jet energies can result in spurious Emiss
T , often aligned with one of

the reconstructed jets, as illustrated in Figure 5.9. To mitigate this effect, the analysis
requires min ∆ϕ

(
pjet

T , pmiss
T

)
to be greater than 0.4.

• Several SM processes produce neutrinos, including Z(→ νν̄)+ jets, W(→ ℓν)+ jets,
di-boson, tt̄, and single top production, which result in significant Emiss

T in the
final state. Among them, the only processes that contribute significantly to the SRs
and yield final states without visible electrons or muons are Z(→ νν̄)+ jets and
W(→ τν)+ jets with hadronically decaying τ leptons. In the remaining processes,
the presence of reconstructed electrons or muons can be exploited to suppress their
contributions to the SRs. The variable N(ℓbase) is defined as the number of leptons
that satisfy the baseline selection criteria outlined in Table 6.2. Events containing
reconstructed baseline leptons are vetoed by requiring N(ℓbase) = 0.

After applying all selections described above, the dataset may still contain contributions
from non-collision background. To suppress these, the same strategy described in Section
5.4.1 is employed here: the leading jet is required to meet the tight working point criteria
as defined in Ref. [219]. Events fulfilling all the selection requirements described so far
are subsequently used for training the event-level neural network.

6.3.2 Track selection

For each event satisfying the selections outlined in Section 6.3.1, additional requirements
are applied on tracks. These criteria are a looser version of those presented in Section
5.4.2, designed to identify tracks originating from chargino and neutralino decays while
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suppressing the dominant SM backgrounds and retaining at the same time enough
statistics for training the track-level pNN.

• “Fake” tracks, arising from random combination of hits and characterised by large
impact parameters, are suppressed by requiring signal candidate tracks to satisfy
the Tight Primary working point, as defined in Table 4.1. The Tight Primary require-
ment significantly reduces the fake rate while maintaining high tracking efficiency
(Section 4.1.1). Furthermore, since the expected higgsino lifetime is short enough
that its decay occurs well within the beam pipe, tracks are required to include at
least one hit in the IBL detector [124].

• To reduce tracks originating from low-pT particles produced in pileup interactions
or soft QCD processes, candidate tracks are required to originate from the cen-
tral detector region (|η| < 1.5), have a longitudinal impact parameter satisfying
|∆z0 sin θ| < 3 mm, and a transverse impact |d0| < 5 mm (applied at reconstruction
level) with a significance of S(d0) < 100. Depending on the mass splitting hypothe-
sis under consideration, the combined signal selection efficiency of these criteria
ranges from approximately 80% to nearly 100%.

• Tracks consistent with secondary vertices reconstructed from the decays of long-
lived neutral hadrons, such as K0

S or Λ0, are rejected. Specifically, track candi-
dates originating from secondary vertices whose mass, reconstructed using mass-
constrained fits [157, 220, 221], is found to be consistent with the Λ0 → pπ−,
Λ̄0 → p̄π+ , or K0

S → π+π− decays, are vetoed.

• If an event contains multiple tracks passing all the above selections, only the two
tracks with the largest transverse impact parameter significance S(d0) are retained;
all others are discarded. Since the performance of the track-level pNN is primarily
driven by S(d0), this requirement effectively selects the two tracks with the highest
signal score in approximately 95% of cases, without significantly degrading the
expected sensitivity.

6.4 Event-level NN and track-level pNN discriminants

The final discriminants used in this analysis to determine whether events and tracks
originate from signal or background processes are constructed from the outputs of two
neural network models: a binary event-level deep neural network and a multi-class
parameterised deep neural network (pNN). Both models are implemented in KERAS [239],
with TENSORFLOW [240] as the backend framework. The optimisation of the networks’
hyperparameters is performed using KERASTUNER [241], and the optimal values are
summarised in Table 6.3. The set of input variables used for the training of the two neural
network models is listed in Table 6.4.

6.4.1 Event-level NN

To exploit the available information from global event observables and maximise the
sensitivity to signal events, an event-level neural network is employed for event selec-
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Layers Nodes Activation function Optimiser Learning rate Batch size Loss function

Event-level
NN 4 [40, 60, 50, 1] ReLU / Sigmoid Adam [242] 1.5 · 10−4 256 Binary

cross-entropy

Track-level
pNN 4 [35, 70, 45, 3] ReLU / Softmax Adam [242] 5 · 10−5 256 Categorical

cross-entropy

Table 6.3 – Summary of hyperparameters of (top) event-level NN and (bottom) track-level
pNN.

Input variable Description

Ev
en

t-
le

ve
l

N
N

Emiss
T Magnitude of missing transverse momentum

Emiss
T /plead. jet

T Ratio of missing transverse momentum and leading jet pT

HT Scalar sum of pT of all jets pT > 30 GeV
min ∆ϕ

(
pjet

T , pmiss
T

)
Minimum azimuthal angular difference between pmiss

T and all jets in the event

Tr
ac

k-
le

ve
l

pN
N

pT Kinematics of tracks
η

d0 Transverse impact parameter
S(d0) Transverse impact parameter significance |d0/σ(d0)|
z0 Longitudinal impact parameter
z0 sin θ

χ2/nDoF Ratio of chi square and number of degrees of freedom from track fitting
pcone20

T Scalar sum of pT of tracks within ∆R < [0.2, 0.3, 0.4] (excluding itself, and the second
S(d0)-selected track if it lies within the same cone)pcone30

T
pcone40

T
∆m

(
χ̃±

1 , χ̃0
1
)

Mass difference between the lightest chargino and neutralino (parameter θ)

Table 6.4 – Summary of input variables of (top) event-level NN and (bottom) track-level pNN.
Events may not contain more than four jets, and only the leading and second-to-leading Sd0
tracks are considered, as discussed in Section 6.3.

tion. Figure 6.2 schematically illustrates the overall structure of the model. Given the
input values of four kinematic variables, the algorithm outputs a single score ranging
from 0 to 1, where values closer to 1 indicate a higher likelihood that the input event
originates from a SUSY signal process. All input variables are standardised to a Gaussian
distribution using the STANDARDSCALER class from SCIKIT-LEARN [243]. The optimised
event-level NN architecture consists of three hidden layers with 40, 60, and 50 nodes,
respectively, using rectified linear unit (ReLU) activation functions. The output layer con-
tains a single node with sigmoid activation, providing a probabilistic interpretation of the
network output. Other optimised hyperparameters are summarised in Table 6.3. The four
kinematic variables used as input are Emiss

T , Emiss
T /plead. jet

T , HT, and min ∆ϕ
(

pjet
T , pmiss

T

)
,

which are collectively described in Table 6.4. These variables are selected among those
presented in Ref. [37] and providing the highest discriminating power between signal
and background while exhibiting the lowest mutual correlaton. The network is trained
using simulated higgsino production, Z(→ νν̄)+ jets, and W(→ τν)+ jets MC samples.
The higgsino samples are grouped into a single signal category, regardless of the assumed
mass or mass splitting hypothesis, as these variations have only a minor impact on the
global event observables. The Z(→ νν̄)+ jets and W(→ τν)+ jets samples are grouped
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into a common background category as well, together accounting for more than 90%
of the expected Standard Model contribution to the SRs. Monte Carlo event weights
are applied during training to account for the correct process cross sections and to en-
sure proper normalisation of the kinematic input distributions. The resulting training
dataset contains approximately 2 · 106 events, of which roughly 1.5 · 106 arise from SM
background processes and the remaining 5 · 105 from SUSY signal events. To further
enhance generalisation and reduce overfitting, the training is performed using a two-fold
cross-validation setup with early stopping.



HT  



ReLU ReLU

Sigmoid

Hidden layer  
(40)

Hidden layer  
(50)

Output layer  
(1)

Input layer  
(4)

DNN 
score


EmissT

Figure 6.2 – Schematic overview of the overall structure of the event-level NN model used for
event selection. The model takes four kinematic variables as input and includes three fully
connected hidden layers with 40, 60, and 50 nodes, respectively. The network produces a
single output score ranging from 0 to 1, where higher values indicate a greater likelihood that
the input event originates from SUSY signal processes.

Figure 6.3 shows the receiver operating characteristic (ROC) curves obtained from
the network output as well as from the individual input variables. Since the event-level
topology closely resembles that of typical mono-jet searches [218], the Emiss

T is the variable
that primarily drives the performance of the event-level neural network. Nonetheless, the
remaining input variables still provide non-negligible discriminating power, as indicated
by the improved signal efficiency achieved by the event-level NN ROC curve compared to
the ROC curves of the individual inputs. Figure 6.4 shows the SHAP (SHapley Additive
exPlanations) values [244, 245] for the same neural network, illustrating the marginal con-
tribution of each input variable to the overall output score. The Emiss

T is again confirmed
to be the dominant discriminant between signal and background events, closely followed
by HT. The latter, which includes the contribution of the pT of the ISR leading jet recoling
against the missing trasverse momentum, further helps in differentiating mono-jet event
topologies from others backgrounds.
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Figure 6.3 – ROC curves for the event-level neural network and for each of the input variables
used in its training. Although the overall performance is driven almost entirely by Emiss

T , the
neural network still outperforms any selection based solely on orthogonal cuts applied to the
individual input variables.
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Figure 6.4 – SHAP values for the event-level neural network trained on higgsino production,
Z(→ νν̄)+ jets, and W(→ τν)+ jets Monte Carlo samples. Points to the right correspond to
more signal-like predictions, while points to the left correspond to more background-like ones.
The colour of each point indicates the magnitude of the corresponding input variable.
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6.4.2 Track-level pNN

As the topology of signal higgsino tracks strongly depends on the mass splitting between
the lightest chargino and neutralino, ∆m

(
χ̃±

1 , χ̃0
1
)
, the main track selection is performed

using a parameterised multi-class deep neural network (pNN) [236]. A conventional
neural network, as the one described in the previous Section, takes as input a vector of
features x̄ = (x1, x2, . . . , xN), where each xi represents a physical quantity or a kinematic
variable of a reconstructed object. After training, the network output is a function of these
features: f (x̄). In contrast, a pNN operates on an extended input space that includes one
or more parameters θ̄ = (θ1, θ2, . . . , θN), producing an output that explicitly depends on
these parameters θ̄: f (x̄, θ̄) (Figure 6.5). Thus, for a fixed set of input features, the pNN
output varies with different choices of θ̄. As illustrated in Figure 1.8, for small values of
∆m

(
χ̃±

1 , χ̃0
1
)
, higgsinos can travel several millimeters before decaying into very low-pT

pions. In this regime, signal candidate tracks typically exhibit large d0 and S(d0) values
but small trasverse momenta. Conversely, for large ∆m

(
χ̃±

1 , χ̃0
1
)
, the higgsino lifetime

becomes so short that the mean decay length is of the order of O(0.1) mm, with resulting
pions exhibiting higher momenta. In this case, tracks feature small d0 and S(d0), but larger
transverse momenta. The pNN is introduced to precisely capture these dependencies and
to perform the signal-background discrimination in a dynamic ∆m

(
χ̃±

1 , χ̃0
1
)
-dependent

manner. By choosing the physics parameter θ to represent the mass splitting ∆m
(
χ̃±

1 , χ̃0
1
)
,

a single network can provide a continuous, parameterised track selection across different
∆m

(
χ̃±

1 , χ̃0
1
)

values. This approach simplifies the training procedure, as the pNN can
smoothly interpolate between different mass splitting hypotheses, thus also giving the
possibility to potentially explore various ∆m

(
χ̃±

1 , χ̃0
1
)

scenarios beyond those explicitly
simulated in the Monte Carlo samples used for the neural network training.

Figure 6.5 – When the input features x1 and x2 of a neural network depend on a physical pa-
rameter θ, the conventional approach in machine learning typically requires training separate
network configurations for each fixed value of θ to achieve optimised performance (left). In
contrast, the parameterised neural network approach trains a single model that includes both
x1 and x2, and the parameter θ as inputs, allowing the network to generalise its predictions
across different values of the parameter θ itself (right). From Ref. [236].
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Figure 6.6 schematically illustrates the overall structure of the pNN model developed
for track selection. Given the input values of ∆m

(
χ̃±

1 , χ̃0
1
)

and ten kinematic variables,
the algorithm outputs three “class-i-likeliness” scores, each ranging from 0 to 1 and
collectively summing to unity. A score of 1 indicates that the input track is most consistent
with one of three categories: signal-like, QCD-like, or τ-decay-like. In the following, the
three outputs are referred to as signal track score, QCD track score, and τ track score,
respectively. All of the input variables beside ∆m

(
χ̃±

1 , χ̃0
1
)

are standardised to a Gaussian
distribution using the STANDARDSCALER class provided by SCIKIT-LEARN [243]. The
pNN architecture consists of three hidden layers with 35, 70, and 45 nodes, respectively,
using rectified linear unit (ReLU) activation functions. The output layer comprises three
nodes with a softmax activation function, ensuring a probabilistic interpretation of the
outputs. Other optimised hyperparameters are summarised in Table 6.3. The eleven
kinematic variables used for training are listed in Table 6.4. Among these, track pT, d0,
S(d0), z0, and z0 sin θ exhibit strong ∆m

(
χ̃±

1 , χ̃0
1
)

dependence and thus play a key role in
the final discrimination performance. The variable χ2/nDoF is included to allow the pNN
to distinguish good-quality tracks from those that are poorly reconstructed, while pcone20

T ,
pcone30

T , and pcone40
T are used to characterise the level of isolation across different cone radii.

The pNN is trained using simulated higgsino production and W(→ τν)+ jets MC samples.
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Figure 6.6 – Schematic overview of the overall structure of the pNN model used for track
selection. The model takes as input the ∆m

(
χ̃±

1 , χ̃0
1
)

parameter along with ten kinematic
variables. It consists of three fully connected hidden layers containing 35, 70, and 45 nodes,
respectively. The network outputs three pNN scores, each ranging from 0 to 1 and collectively
summing to 1. A score of 1 indicates that the input track is most consistent with one of the
three categories: signal-like, QCD-like, or tau-decay-like.

The higgsino samples contain tracks from both SUSY and soft QCD processes, whereas
W(→ τν)+ jets samples provide tracks from soft QCD and τ-lepton decays. Since the
characteristics of QCD tracks are independent of the specific hard-scattering process - an
observation confirmed in Chapter 5 - training on higgsino production and W(→ τν)+ jets
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samples allows the pNN to effectively identify QCD-like tracks in other background
processes, such as Z(→ νν̄)+ jets, tt̄, or di-boson production. Since the dataset used for
training is highly unbalanced - with approximately 1.7 · 106 signal tracks, 15 · 106 QCD
tracks, and 7 · 105 tracks originating from τ decays - class weights are applied during
training to tracks originating from SUSY, soft QCD or τ-decay processes. The weights are
defined as

Wi =
Ntrk

tot

3 · Ntrk
i

, (6.1)

where Ntrk
tot denotes the total number of tracks in the training dataset, and Ntrk

i is the
number of tracks belonging to class i. This weighting ensures that each class contributes
equally to the overall loss function during training, mitigating biases due to class im-
balance. To further improve generalisation and minimise overfitting, the training is
performed using a two-fold cross-validation setup with early stopping enabled. The pNN
is trained with six ∆m

(
χ̃±

1 , χ̃0
1
)

values: 0.25, 0.35, 0.5, 0.75, 1 and 1.25 GeV. Of these, four
values - 0.35, 0.5, 0.75, and 1 GeV - are used to define non-orthogonal search regions.

Figure 6.7 and Figure 6.8 show the ROC curves and SHAP values for each ∆m
(
χ̃±

1 , χ̃0
1
)

hypothesis, respectively. Since the pNN provides a multi-class output, both the ROC
curves and the SHAP values are computed under a “signal-vs-rest” assumption, in
which tracks originating from QCD processes and τ decays are grouped into a common
background category. Because the topology differences between signal and background
tracks are most pronounced for intermediate mass splittings (∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35 −
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Figure 6.7 – ROC curves for the track-level parametric neural network under the different
mass splitting hypotheses. Since the pNN provides a multi-class output, the ROC curves
are computed under a “signal-vs-rest” assumption, in which tracks originating from QCD
processes and τ decays are grouped into a common background category.
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Figure 6.8 – SHAP values for the track-level parametric neural network trained on higgsino
production and W(→ τν)+ jets Monte Carlo samples. The values are shown for mass splitting
hypothesis of ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35, 0.5, 0.75, and 1 GeV. Points to the right correspond to more

signal-like predictions, while points to the left correspond to more background-like ones. The
colour of each point indicates the magnitude of the corresponding input variable.

0.75 GeV), the best signal-background separation is achieved for these intermediate values.
Nevertheless, the pNN still shows good performance for the ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.25 GeV and

∆m
(
χ̃±

1 , χ̃0
1
)
= 1.25 GeV hypotheses, as indicated by their respective ROC curves. This

behaviour suggests that the reduced sensitivity to the extreme mass splitting scenarios
does not stem from a lack of discriminating power in the pNN, but rather from the
extremely low track reconstruction efficiency at ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.25 GeV 2 and from

the limited signal selection efficiency of the track-level criteria described in Section 6.3.2
for the ∆m

(
χ̃±

1 , χ̃0
1
)
= 1.25 GeV hypothesis. For these reasons, the pNN outputs for

∆m
(
χ̃±

1 , χ̃0
1
)
= 0.25 GeV and ∆m

(
χ̃±

1 , χ̃0
1
)
= 1.25 GeV are not used to define dedicated

search regions in the subsequent analysis. The SHAP values also clearly illustrate the
dependence of the input variables on the mass splitting hypothesis. For instance, the

2 Most signal tracks from higgsino decays at ∆m
(
χ̃±

1 , χ̃0
1
)
= 0.25 GeV have pT < 500 MeV. Since 500 MeV

is the lowest threshold applied during track reconstruction, the analysis rapidly loses sensitivity in this regime
when relying solely on the standard tracking algorithm. Future searches may benefit from specialised tracking
techniques capable of reconstructing tracks with pT as low as 100 MeV [246].
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track pT is the second most important discriminant for low to intermediate mass splitting
hypotheses, but becomes the dominant one at ∆m

(
χ̃±

1 , χ̃0
1
)
= 1 GeV, where tracks are

expected to have significantly harder momenta. An opposite trend is observed for S(d0),
instead.

6.5 Signal Region definition

As discussed above, the event-level NN score and the track-level pNN scores are used
as the final discriminants to define the Signal Regions of the analysis. To determine
the optimal selections that maximise the separation between signal and background, an
optimisation procedure is performed via a multidimensional scan over all possible choices
of NN score thresholds. For each candidate selection, the number of observed events
is assumed to be equal to the sum of all SM background events and the SUSY signal
events, allowing the evaluation of the statistical compatibility under the background-
only hypothesis. Since this optimisation is carried out prior to the actual background
estimation, the expected background rates are taken directly from MC simulations without
any data-driven corrections, and a conservative total uncertainty of 15% is assigned to the
predicted yields. The statistical significance is computed according to Eq. 5.2. Because the
event-level NN score is independent of the specific mass splitting hypothesis, a common
requirement is applied across all SRs: event-level NN score > 0.48. Morevoer, because
tracks with pT > 10 GeV are expected to arise from SM processes only, all SRs inclusively
require track pT < 10 GeV. In contrast, the track-level pNN scores explicitly depend on
the mass splitting choice. Four non-orthogonal SRs are defined by applying selections on
two of the three pNN output scores3, as described below.

• QCD track score < 0.14, signal track score > 0.6 for the SR targeting ∆m
(
χ̃±

1 , χ̃0
1
)
=

0.35 GeV;

• QCD track score < 0.04, signal track score > 0.6 for the SR targeting ∆m
(
χ̃±

1 , χ̃0
1
)
=

0.5 GeV;

• QCD track score < 0.04, signal track score > 0.4 for the SR targeting ∆m
(
χ̃±

1 , χ̃0
1
)
=

0.75 GeV; and

• QCD track score < 0.06, signal track score > 0.2 for the SR targeting ∆m
(
χ̃±

1 , χ̃0
1
)
=

1 GeV.

An additional set of SRs is defined to target events with two displaced tracks. These
regions apply selection criteria on the same event-level NN and track-level pNN scores,
but always require the presence of two opposite charge tracks in the final state. To ensure
orthogonality between the “one-track” (1T) and “two-tracks” (2T) SRs, the 1T SRs require
the second track (if present) to have pNN signal score < 0.2. A summary of the selection
criteria defining both the 1T and 2T SRs is provided in Table 6.5. Figures 6.9, 6.10, and
6.11 illustrate the results of the optimisation procedure for the 1T SRs. The distributions

3 The three pNN output scores collectively sum to unity; therefore, applying selections on two of them
automatically constrains the third one.
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Variable Event selection

N(ℓbase) = 0
N(γbase) = 0
Njets [1, 4]
Leading jet pT [GeV] > 250
Emiss

T [GeV] > 300
min ∆ϕ

(
pjet

T , pmiss
T

)
> 0.4

Event NN Score > 0.48

Track selection

Working point Tight Primary
Hit on IBL Required
pT [GeV] [0.5, 10]
|η| < 1.5
|∆z0 sin θ| [mm] < 1.5
Secondary vertex veto Required

1T SR 2T SR

Target ∆m
(
χ̃±

1 , χ̃0
1
)

[GeV] 0.35 0.5 0.75 1.0 0.35 0.5 0.75 1.0∣∣∣∆ϕ
(

ptrack
T , pmiss

T

)∣∣∣ < 0.4 < 0.6

Opposite charge - Required
Leading track QCD score < 0.14 < 0.04 < 0.04 < 0.06 < 0.2 < 0.1 < 0.1 < 0.1
Leading track signal score > 0.6 > 0.6 > 0.4 > 0.2 > 0.2 > 0.2 > 0.2 > 0.2
Second-to-leading track
signal score (if present) < 0.2 < 0.2 < 0.2 < 0.2 > 0.2 > 0.2 > 0.2 > 0.2

Table 6.5 – Summary of the event-level and track-level selections defining the 1T and 2T SRs.

shown in Figure 6.9 demonstrate that the optimal threshold on the event-level NN score
is independent of the assumed mass splitting, motivating the use of a common selection
across all SRs. In contrast, the distributions presented in Figures 6.10 and 6.11 show
that the optimal selections on the pNN QCD and signal track scores depend on the
mass splitting hypothesis under consideration. An analogous optimisation is applied
to determine the selections for the 2T SR definitions, and the results are presented in
Appendix A.

To further enhance sensitivity to the different signal scenarios, both the 1T and 2T
SRs will be binned in one the following three variables: the event-level NN score, the
track-level pNN signal score, or

∣∣∣∆ϕ
(

ptrack
T , pmiss

T

)∣∣∣, as these provide the strongest dis-
crimination between signal and background. The final choice of variable and the number
of bins will be determined based on the results of the model-dependent exclusion limits,
including the contributions of all sources of systematic uncertainty.
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Figure 6.9 – Event-level NN score distributions for the one-track SRs, obtained by applying
selections on all analysis variables except the one shown. The stacked filled histograms
represent SM backgrounds, while SUSY signals are shown as dashed lines. The hatched
area indicates MC statistical uncertainties. The “Other” category includes contributions from
Z(→ ττ)+ jets, di-boson, tt̄, single top, and multi-jet production. The bottom panel shows the
statistical significance calculated by accumulating the yields of bins to the right, assuming a
total 15% background uncertainty.
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Figure 6.10 – pNN QCD track score distributions for the one-track SRs, obtained by applying
selections on all analysis variables except the one shown. The stacked filled histograms
represent SM backgrounds, while SUSY signals are shown as dashed lines. The hatched
area indicates MC statistical uncertainties. The “Other” category includes contributions from
Z(→ ττ)+ jets, di-boson, tt̄, single top, and multi-jet production. The bottom panel shows the
statistical significance calculated by accumulating the yields of bins to the left, assuming a
total 15% background uncertainty.
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Figure 6.11 – pNN signal track score distributions for the one-track SRs, obtained by applying
selections on all analysis variables except the one shown. The stacked filled histograms
represent SM backgrounds, while SUSY signals are shown as dashed lines. The hatched
area indicates MC statistical uncertainties. The “Other” category includes contributions from
Z(→ ττ)+ jets, di-boson, tt̄, single top, and multi-jet production. The bottom panel shows the
statistical significance calculated by accumulating the yields of bins to the right, assuming a
total 15% background uncertainty.
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6.6 Background Estimation

The background estimation strategy adopted to estimate the two dominant background
components in the SRs follows the approach presented in Chapter 5.

• QCD tracks originating from soft initial- or final-state radiation, interactions be-
tween partons other than those involved in the hard scatter, or from pileup vertices
in Z + jets and W + jets processes tend to dominate the low-∆m

(
χ̃±

1 , χ̃0
1
)

SR bins
and become progressively less relevant for higher mass splitting hypotheses. Since
accurately modelling particles generated by QCD interactions is challenging, MC
simulations alone are not reliable for estimating their contribution. Therefore, a
fully data-driven method is employed to estimate the rate of QCD tracks in the SRs.

• Produced in W(→ τν)+ jets decays, tracks originating from hadronic or leptonic τ

decays closely resemble those arising from SUSY signal processes. They constitute
the second major background component and tend to dominate the SR bins asso-
ciated to high-∆m

(
χ̃±

1 , χ̃0
1
)

hypotheses. τ-decay background tracks are estimated
using a semi data-driven approach. MC simulations, which accurately model τ

decays via the electroweak interaction, are used to predict the nominal yields in
dedicated CRs. These predictions are then normalised to data to correct for potential
mismodelling, and the resulting normalisation factors are extrapolated to the SRs.

Tracks in other SM processes, such as Z(→ ττ)+ jets, tt̄, single top, and diboson, have mi-
nor impact on both categories of SR bins and are therefore estimated directly from simula-
tion samples. In the following, the background estimation strategy for the ∆m

(
χ̃±

1 , χ̃0
1
)
=

0.5 GeV 1T and 2T SRs is described. An analogous approach is adopted for the SRs target-
ing other mass splitting hypotheses, with the QCD and signal track score selections in
the CRs adjusted to match those used in each corresponding SR. Additional details are
provided in Appendix B.

6.6.1 Data-driven estimation of QCD tracks

The contribution of QCD tracks in V + jets processes to the SRs is estimated using a fully
data-driven approach based on the ABCD method [223, 224]. This approach relies on the
assumption that QCD tracks originating from the underlying event or pileup interactions
are independent of the weak boson decays. The assumption is validated through a
closure test performed on MC simulations; further details are provided in Section 6.7.
Since tracking information is uncorrelated to the topology of the event, equivalent track
variable distributions can be extracted from regions dominated by V + jets processes
with different decay modes, and the number of QCD tracks in the SRs can be estimated
from the number of tracks originating from the same process in regions dominated by
W(→ µν)+ jets decays. A 1µ category is therefore defined by selecting events passing
the Emiss

T trigger, containing exactly one muon satisfying signal criteria from Table 6.2
with pT(µ) > 10 GeV, and having transverse mass mT ∈ [56, 106] GeV, consistent with W
boson decays. Leptons from weak bosons are treated as invisible to reproduce the Emiss

T
+ jets signature required in the SRs. To ensure operating on the Emiss

T trigger efficiency
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plateau, the magnitude of precoil
T (precoil

T ) — defined identically to that in Chapter 5 — is
required to exceed 300 GeV. All quantities derived from the Emiss

T , including the Emiss
T

itself, are replaced by their precoil
T -based counterparts. The statistical precision on the

computation of the QCD tracks estimate is improved by removing the event-level NN
score requirement used in the SR definitions. Track-level selections described in Section
6.3.2 are applied, and tracks associated with the reconstructed muons are removed to
mimic the 0ℓ topology. To prevent photon conversion tracks with large signal track score
to populate the 1µ category and biasing the computation of QCD tracks, a minimum
separation ∆R of 0.04 between tracks and muons is required, achieving almost 98%
reduction of the undesired tracks. The number of QCD tracks is extracted from the 1µ

category for each 1T and 2T SR bin by computing a set of Trasfer Factors (TFs) as the ratio
of QCD track yields between CRs with low- and high-QCD score. Specifically, the TF for
each SR bin i is given by

TFSRi =
Ndata

CR-1µ-Lowi
− Nnon-QCD-track

CR-1µ-Lowi

Ndata
CR-1µ-High − Nnon-QCD-track

CR-1µ-High

. (6.2)

Here, Ndata
CR-1µ-Lowi

represents the observed data in bin i of CR-1µ-Low, defined by requir-

ing the same QCD track score selection as the target SR bin. The quantity Ndata
CR-1µ-High

corresponds instead to the observed data in the CR-1µ defined by requiring a high QCD
track score. A gap is left between the QCD score selections of CR-1µ-Low and CR-1µ-High
to be potentially used as a region to validate the background estimates. Similar selections
on the QCD track score are applied to define the expected yields of non-QCD tracks,
indicated by the superscript “non-QCD-track”, and which are taken from MC simulations.
QCD track yields in the SR bins are obtained by multiplying the TFs to the data yields
in the adjacent CR-0ℓ (event-level NN score > 0.48 and high QCD track score), after
subtracting the expected non-QCD-track contribution from MC simulation:

NQCD tracks
SRi

= TFSRi × (Ndata
CR-0ℓ − Nnon-QCD-track

CR-0ℓ ) , (6.3)

Figure 6.12 schematically illustrates the TFs computation and the subsequent extrapola-
tion to the bins of the 1T SR, with a similar strategy adopted for the 2T one.

Validation Regions

Following the approach adopted in the cut-based analysis presented in Chapter 5, the
extrapolation of the TFs for the QCD background estimation is primarily validated using
data in regions belonging to the 1γ category. To this end, the VR-1γ is defined for both
the 1T and 2T categories by applying the same selections as in the SRs, with the exception
of replacing the lepton veto with the requirement of exactly one final-state photon. The
photon must have pT > 200 GeV, fulfil the signal selection criteria listed in Table 6.2, and
pass a single-photon trigger [225] selection. The selected photon is treated as invisible
in calculating the missing transverse momentum (precoil

T = pmiss
T + pT(γ)). All variables

that depend on the missing transverse momentum are recalculated using precoil
T and are
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Figure 6.12 – Schematic illustration of the region definitions in the 0ℓ and 1µ categories for the
QCD track estimation in the 1T SR targeting ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.5 GeV signals. Regions with

pNN QCD track score < 0.04 will be further binned in one of the following three variables:

the event-level NN score, the track-level pNN signal score, or
∣∣∣∆ϕ

(
ptrack

T , pmiss
T

)∣∣∣. The green
(red) area represents the CRs (SRs) used to estimate the contribution from QCD tracks. The TF
(for each bin that will be defined) is calculated as the ratio between the CR yields in the 1µ
category, as indicated by the arrow on the left. The TF is then multiplied by the CR yields in
the 0ℓ category to estimate the QCD track background in the SR bins.

subsequently used for event selection and for the computation of the event-level NN
score. In all 1γ regions, the track selections described in Section 6.3.2 are applied, and
a minimum angular separation of ∆R > 0.04 between tracks and photons is required
in order to suppress contributions from photon conversion tracks. Consistent with the
background estimation procedure, TFs derived from the 1µ CRs are applied to data in
the 1γ CRs that replace their corresponding 0ℓ counterparts (defined by a QCD track
score greater than 0.06 and 0.15 for the 1T and 2T selections, respectively), to obtain the
final background estimates in the VRs. Since the statistical precision of the VR-1γ region
is comparable to that of the SR for both the 1T and 2T categories, an additional region
with enhanced statistics is defined — VR-1γ-Extended — by relaxing the selection on the
event-level NN signal score to 0.30. The full set of selection criteria defining all CRs and
VRs used for the validation of the QCD track TFs is summarised in Table 6.6.

The QCD track background estimation and validation strategy described in this
Section is summarised as follows.

1. The number of QCD tracks in the SRs is estimated from data in the 1µ category
regions, enriched in W(→ µν)+ jets events, through the computation of the TFs for
each SR bin in both the 1T and 2T categories.
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2. The derived TFs are validated in the 1γ category, enriched γ + jets process.

3. Due to the limited statistics in the nominal 1γ regions, additional validation is
performed in 1γ-Extended VRs, obtained by relaxing the selection on the event-
level NN score to 0.30.

Variable 0ℓ 1µ 1γ

Trigger Emiss
T Emiss

T Single-γ
N(ℓbase) = 0 = 1 -
N(ℓsignal) - = 1 -

N(γbase) = 0 - = 1
N(γsignal) - - = 1

pT(ℓ) [GeV] - > 10 -
pT(γ) [GeV] - - > 200
mT [GeV] - [56, 106] -

One-track SR(CR-0ℓ) CR-1µ-Low(-High) VR(CR)-1γ VR(CR)-1γ-Extended

Event-level NN score > 0.48 - > 0.48 > 0.30
Leading track QCD score < 0.04 (> 0.06) < 0.04 (> 0.06)
Leading track signal score > 0.6 ( - ) > 0.6 ( - )
Second-to-leading track
signal score (if present) < 0.2 < 0.2

Two-tracks SR(CR-0ℓ) CR-1µ-Low(-High) VR(CR)-1γ VR(CR)-1γ-Extended

Event-level NN score > 0.48 - > 0.48 > 0.30
Leading track QCD score < 0.1 (> 0.15) < 0.1 (> 0.15)
Leading track signal score > 0.2 ( - ) > 0.2 ( - )
Second-to-leading track
signal score > 0.2 ( - ) > 0.2 ( - )

Table 6.6 – Selection criteria applied across the different categories to define SRs, CRs, and
VRs employed in the calculation and validation of QCD track transfer factors. Only selections
orthogonal to the SRs are listed. The event-level and track-level preselections are omitted as
they are identical across all categories, as presented in Section 6.3.

Results in Validation Regions

The yields in the VRs are estimated via a background-only fit that simultaneously includes
the CRs and the VRs. Table 6.7 reports the post-fit yields for Run 2 and Run 3 in the 1γ

VRs both for the 1T and 2T selections. Results for VRs corresponding to mass splitting
hypotheses other than ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.5 GeV are provided in Appendix C. Across all

VRs, post-fit SM predictions are consistent with the observed data within 1.5σ, indicating
a good modelling of the QCD track background and supporting the assumption of
uncorrelation between event-level features and tracking variables, and consequently
between the event-level and track-level neural network scores that form the basis of the
background estimation strategy.
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VR-1γ-1T VR-1γ-Extended-1T VR-1γ-2T VR-1γ-Extended-2T

Observed data 25 241 55 797

SM prediction 21 ± 3 243 ± 35 61 ± 8 728 ± 84

QCD track 21 ± 3 243 ± 35 61 ± 8 728 ± 84
W(→ τhν)+ jets - - - -
W(→ τℓν)+ jets - - - -
Other - - - -

VR-1γ-1T VR-1γ-Extended-1T VR-1γ-2T VR-1γ-Extended-2T

Observed data 25 293 112 1324

SM prediction 25 ± 3 268 ± 30 116 ± 9 1197 ± 80

QCD track 25 ± 3 268 ± 30 116 ± 9 1197 ± 80
W(→ τhν)+ jets - - - -
W(→ τℓν)+ jets - - - -
Other - - - -

Table 6.7 – Number of expected and observed data events in Run 2 (top) and Run 3 (bottom)
1γ VRs for both the 1T and 2T selections. The “Other” category includes contributions from
Z(→ ττ)+ jets, tt̄, single top, and di-boson production. The individual uncertainties can be
correlated and do not necessarily sum up in quadrature to the total uncertainty, which includes
contribution from the systematic uncertainty and the statistical uncertainty due to the limited
statistics of the CRs.

6.6.2 Semi data-driven estimation of τ decay tracks

The W(→ τν)+ jets process constitutes the other significant SM background in the defined
SR bins. It can produce two types of signal-like tracks: τ decay tracks and QCD tracks,
with the latter estimated as described in the previous Section. Hadronic and leptonic τ

decay tracks are estimated using a partially data-driven method based on dedicated CRs
adjacent to the SR bins to normalise the nominal MC predictions to the observed data,
thereby deriving a common Normalisation Factor (NF) applied to both the 1T and 2T SRs.
To avoid double counting the QCD track component of the W(→ τν)+ jets background
in these regions, selected tracks are required to be matched to hadronic or leptonic tau
decays. In the 2T selection, at least one of the two selected tracks in MC simultaions must
satisfy this matching requirement.

Two CRs are defined to normalise the W(→ τν)+ jets background. CR-τh , dominated
by events with hadronic τ decays, requires tracks with 10 < pT < 20 GeV, a pNN QCD
track score below 0.04, and no requirement on the signal track score. For the events where
multiple tracks satisfy all selection criteria, the track with the lowest pNN signal track
score is chosen. All other selections are identical to those of the 1T SR definition. The pT
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requirement ensures orthogonality with all the SRs and negligible signal contamination,
while also suppressing contributions from high-pT QCD tracks. The CR-τℓ region is
defined analogously to CR-τh , except that the lepton veto is replaced by the requirement
of a baseline muon and the selected track to be matched to it. As a result, this CR is
primarily populated by dominated by events with leptonic τ decays. While the SRs are
defined using pmiss

T -based quantities, CR-τℓ instead employs precoil
T , defined as the vector

sum of the missing transverse momentum and the transverse momentum of the baseline
muon. To suppress contributions from W(→ µν)+ jets decays and avoid contamination
from SUSY signals beyond those considered in the analysis, CR-τℓ further requires the
muon transverse mass to be less than 50 GeV.

CR-τh and CR-τℓ are used simultaneously to estimate hadronic and leptonic τ decay
tracks in the SR bins by deriving a single inclusive NF4, defined as

NF =
Ndata − Nnon-τ-tracks

Nτ-tracks
, (6.4)

where Ndata is the observed data yield, Nτ-tracks denotes the expected τ decay tracks
from MC simulations, and Nnon-τ-tracks represents the total expected yield from tracks not
originating from τ decays. This NF is applied to the MC-predicted τ decay track yields in
the SRs to correct the background estimates. The same NF is used for the 1T and 2T SRs.

A schematic overview of the CR definitions used to extract the τ-decay track NF is
shown in Figure 6.13.
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Figure 6.13 – Schematic illustration of the region definitions used for the estimation of τ
decay tracks. The red and green areas indicate the SR and the CRs, respectively. A single
normalisation factor is constrained using the two CRs in the high-pT regime of the 0ℓ and
1µbase categories. This NF is extrapolated to the low-pT regime and applied to the τ decay
track yields in the SRs, as indicated by the two arrows.

4 As in the analysis presented in Chapter 5, two normalisation factors were initially considered to separately
estimate hadronic and leptonic τ decay tracks. However, since individual NFs were found to be fully compatible
within statistical uncertainties, a single combined NF was ultimately adopted to improve the stability of the
statistical fit.
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Validation Regions

The validity of extrapolating the NF from the high track pT control regions ([10, 20] GeV)
is assessed by defining a dedicated VR populated by low-pT tracks (pT < 10 GeV).
VR-τ is defined by inclusively selecting events belonging to either the 0ℓ or the 1µbase
categories; that is, events are required to either satisfy the lepton veto or contain exactly
one final-state baseline muon with transverse mass below 50 GeV matched to the selected
track. The tracking selections are kept aligned with those of the 1T SR, with the exception
that an upper threshold is imposed on the pNN signal track score is adopted (< 0.2)
to avoid any overlap between the defined VR and the SRs and to suppress potential
signal contamination. The combination of these selection criteria defines a kinematic
region close to the SRs and populated by hadronic and leptonic tau decay tracks in more
than 70% of events. Table 6.8 summarises the selections applied to define the CRs for
estimating the τ decay track background, and also includes the definitions of the VR used
to validate the normalisation factor.

Variable 0ℓ 1µbase 0ℓ + 1µbase

N(ℓbase) = 0 = 1 = 0 OR = 1
N(µbase) = 0 = 1 = 0 OR = 1
mT [GeV] - < 50 < 50 (if muon is selected)

SR-1T (SR-2T) CR-τh CR-τℓ VR-τ

Track pT [GeV] < 10 [10, 20] [10, 20] < 10
Leading track signal score > 0.6 (> 0.2) - - < 0.2

Table 6.8 – Selection criteria applied across the 0ℓ and 1µbase categories to define SRs, CRs, and
VRs for the calculation and validation of hadronic and leptonic τ decay track normalisation
factor. Only selections orthogonal to the SRs are listed. The track-level selection is omitted as
it is identical across all categories.

The background estimation and validation strategy for the τ decay tracks described
in this Section is summarised below.

1. A single NF is defined to estimate both the hadronic and leptonic τ decay tracks
simultaneously in the 1T and 2T SRs. This NF is measured in the high track pT
regime of the 0ℓ and 1µbase categories, where the 0ℓ CR is enriched in hadronic
decays and the 1µbase CR is enriched in tracks from leptonic decays.

2. The extrapolation of the NF from the high track pT range (10 < pT < 20 GeV) to
the low track pT range (0.5 < pT < 10) is validated using a dedicated validation
regions. VR-τ follows the same selection criteria as the 1T SR, but imposes an upper
threshold on the pNN signal track score (< 0.2) and requires events to either satisfy
the lepton veto or contain exactly one final-state baseline matched to the selected
track Overall, these requirements are designed to minimise signal contamination
while retaining sufficient statistical power for validation.
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Results in Validation Regions

The yields in the VRs are estimated via the same background-only fit that also includes the
CRs and VRs used for the QCD background estimation and validation. Table 6.9 shows
the post-fit yields for VR-τ for both Run 2 and Run 3. Results for VRs corresponding to
mass splitting hypotheses other than ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.5 GeV are provided in Appendix C.

In all cases, the post-fit SM predictions agree with the observed data within 1σ, indicating
a good modelling of both hadronic and leptonic τ decay track backgrounds.

Run 2 VR-τ Run 3 VR-τ

Observed data 33 28

SM prediction 33 ± 6 37 ± 6

QCD track 4.3 ± 1.8 4.6 ± 2.6
W(→ τhν)+ jets 14.9 ± 4.2 16 ± 3
W(→ τℓν)+ jets 10.7 ± 2.1 12.8 ± 2.9
Other 3.0 ± 0.5 3.2 ± 1.2

Table 6.9 – Number of expected and observed data events in Run 2 and Run 3 τ decay
VR. The “Other” category includes contributions from Z(→ ττ)+ jets, tt̄, single top, and
di-boson production. The individual uncertainties can be correlated and do not necessarily
sum up in quadrature to the total uncertainty, which includes contribution from the systematic
uncertainty and the statistical uncertainty due to the limited statistics of the CRs.

6.6.3 Simultaneous validation of QCD and τ decay tracks

Sections 6.6.1 and 6.6.2 presented the individual background estimation and validation
for QCD and τ decay tracks, respectively. A simultaneous validation of both background
components is additionally performed in a dedicated set of VRs, designed to closely
reproduce the kinematics and the background composition of the SRs. To this end, VR-0ℓ
is defined for both the 1T and 2T categories by applying the same event-level and track-
level selections as the SRs, while relaxing the requirement on the event-level NN score to
range [0.1, 0.2]. As shown in Figure 6.9 and in Appendix A, this selection yields a region
with significantly higher statistics than the SRs, thus minimising statistical uncertainties,
and with negligible signal contamination. The validation of the QCD track background
in these VRs is carried out by applying the TFs derived from the 1µ CRs to data yields
observed in 0ℓ CRs, which are defined using the same selection criteria as the CR-0ℓ
regions listed in Table 6.6 but with the relaxed requirement on the event-level NN score.
In parallel, and following the same strategy adopted in the cut-based analysis, a NF
obtained from low event-level NN score, τ-enriched CRs (CR2-τh and CR2-τℓ ) is applied
to the τ decay tracks to correct the nominal MC predictions. The resulting post-fit yields
in the two ∆m = 0.5 GeV VRs for Run 2 and Run 3 are summarised in Table 6.10. Results
for VRs corresponding to the other mass splitting hypotheses are provided in Appendix
C. Overall, the difference between the observed data and SM predicted yields across
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the VRs is found to be within at most 1σ, indicating the robustness of the background
estimation strategy.

VR-0ℓ-1T VR-0ℓ-2T

Observed data 87 292

SM prediction 102 ± 13 270 ± 28

QCD track 68 ± 10 238 ± 28
W(→ τhν)+ jets 12 ± 6 6.1 ± 3.2
W(→ τℓν)+ jets 8.0 ± 2.5 5.5 ± 2.5
Other 14 ± 2 20 ± 3

VR-0ℓ-1T VR-0ℓ-2T

Observed data 131 481

SM prediction 119 ± 12 500 ± 31

QCD track 84 ± 11 438 ± 30
W(→ τhν)+ jets 10.7 ± 2.8 14.5 ± 5.3
W(→ τℓν)+ jets 5.9 ± 2.8 13.6 ± 5.5
Other 19 ± 4 34 ± 11

Table 6.10 – Number of expected and observed data events in Run 2 (top) and Run 3 (bottom)
VR-0ℓ-1T and VR-0ℓ-2T. The “Other” category includes contributions from Z(→ ττ)+ jets, tt̄,
single top, and di-boson production. The individual uncertainties can be correlated and do
not necessarily sum up in quadrature to the total uncertainty, which includes contribution
from the systematic uncertainty and the statistical uncertainty due to the limited statistics of
the CRs.

6.6.4 Summary of the Validation Regions

A comprehensive summary of all the ∆m
(
χ̃±

1 , χ̃0
1
)
= 0.5 GeV VRs described in the

previous sections is shown in Figure 6.14. The statistical significance is computed ac-
cording to Eq. 5.7. Across all VRs, the observed discrepancies are less than 1.5σ, in-
dicating the good modelling of both the QCD tracks and the hadronic and leptonic τ

decay track backgrounds, both for Run 2 and Run 3. A similar level of agreement is
observed for the other mass splitting hypotheses (Appendix C), with the sole exception of
∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35 GeV. In this case, the 1γ VRs consistently exhibit an excess of data

with respect to the SM predictions, ranging from 10% to 25% both in Run 2 and Run 3.
At the time of writing this thesis, investigations are ongoing to understand the origin of
such behaviour.
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Figure 6.14 – Comparisons of the observed data and the expected post-fit SM backgrounds in
the Run 2 (top) and Run 3 (bottom) VRs. The hatched band indicates the total uncertainty on
the SM background expectation, including both statistical and systematic uncertainties. The
bottom panel shows the statistical significances of the discrepancy between the expected and
the observed event yields.
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6.7 Systematic Uncertainties

The sensitivity of the analysis presented here is primarily limited by statistics, due to the
stringent selections applied to both events and tracks. Systematic uncertainties can still
contribute non-negligiby and affect the final results in the SRs by varying the yield or the
shape of the event-level NN and track-level pNN score distributions. These systematic
uncertainties stem from various sources and can be grouped into three main categories:
experimental, theoretical, and analysis-specific uncertainties. They are computed inde-
pendently for the Run 2 and Run 3 datasets.

6.7.1 Experimental uncertainties

Experimental uncertainties are evaluated for all Monte Carlo samples to account for
potential mismodelling of the detector response, imperfections in the calibration of
physics objects, as well as uncertainties in luminosity measurements and pileup. Since
QCD tracks in V + jets events are estimated via a fully data-driven approach, they are
not subject to these uncertainties. The dominant experimental systematic uncertainties
arise from the jet calibration procedure, where the energy of reconstructed jets is scaled
to recover the full energy scale and the resolution of the simulated samples is calibrated
to match data, as well as from the smearing of track impact parameters. Specifically,
uncertainties from the jet energy scale (JES) [168], the jet energy resolution (JER) [168], and
the impact parameter smearing show the largest contributions to the final estimates in the
SRs Other experimental effects — such as jet vertex tagging (JVT) [171], pileup modelling
[226], electron [172] and muon [178] identification and calibration, Emiss

T reconstruction
[183], trigger efficiencies [172, 225], and luminosity measurements [116, 117] — have all
negligible impact on the SRs.

6.7.2 Theoretical uncertainties

No theoretical uncertainties were considered at the time of writing this thesis. Never-
theless, contributions comparable in size to those observed in the cut-based analysis
presented in Chapter 5 are expected.

6.7.3 Analysis specific uncertainties

As discussed in Section 6.6.1, a central assumption of the QCD track background estima-
tion strategy is that the track-level pNN output scores are independent of the underlying
hard-scattering process, and therefore their distributions can be assumed to be identical
across the 0ℓ, 1µ, and 1γ categories used in the analysis. This assumption is validated
through a closure test performed on MC simulations, in which the expected number of
QCD tracks in V + jets events is evaluated independently in each analysis region. If the
background estimation method is valid, the expected number of QCD tracks expected in
each SR bin, for both the 1T and 2T selections, is given by Eq. 6.3. Explicitly rewriting this

146



6.8. RESULTS

expression to highlight the TF term yields

NQCD tracks
SRi

× (Ndata
CR-1µ-High − Nnon-QCD-track

CR-1µ-High )

(Ndata
CR-1µ-Lowi

− Nnon-QCD-track
CR-1µ-Lowi

)× (Ndata
CR-0ℓ − Nnon-QCD-track

CR-0ℓ )
= 1 . (6.5)

Any deviation of the left-hand-side term from unity is interpreted as a measure of the
non-closure of the background estimation method. The results of the closure test are
summarised in Table 6.11. The largest deviation observed is approximately 10% (5%)
in both the 1T and 2T SRs for Run 2 (Run 3). Consequently, a non-closure systematic
uncertainty of 10% (5%) is assigned to the fully data-driven QCD track background
estimates in all the SRs and VRs using Run 2 (Run 3) data. This uncertainty is treated as
uncorrelated across SRs and VRs and between the 1T and 2T selections.

∆m
(
χ̃±

1 , χ̃0
1
)

[GeV] 1T closure 2T closure

R
un

2

0.35 0.96 ± 0.05 1.01 ± 0.05
0.5 0.94 ± 0.09 0.93 ± 0.04
0.75 0.91 ± 0.06 0.89 ± 0.04

1 0.93 ± 0.03 0.96 ± 0.05

R
un

3

0.35 0.95 ± 0.03 1.00 ± 0.04
0.5 0.93 ± 0.07 0.97 ± 0.04
0.75 0.93 ± 0.06 0.98 ± 0.03

1 1.00 ± 0.04 0.95 ± 0.05

Table 6.11 – Closure test results for Run 2 and Run 3 MC simulation. The quoted uncertainties
are statistical only.

6.8 Results

The results of this analysis, as well as the statistical compatibility of the SM expectations
with the observed data under different hypotheses, are obtained via a maximum likelihood
approach implemented via the TREXFITTER tool [247]. To assess the robustness of the
background estimation strategy outlined in Section 6.6, a background-only fit is first
performed using the CRs and VRs, with any SUSY contributions from Monte Carlo
simulations excluded. From this fit, a Normalisation Factor (NF) and two Transfer
Factors (TFs) — used to estimate background contributions from τ decay and QCD tracks,
respectively — are determined and then extrapolated to the SRs. A model-dependent
interpretation of the results in the SRs is then performed, and expected exclusion limits
are set on the simplified SUSY models considered in this thesis, demonstrating improved
sensitivity arising from the combined effect of the increased statistics and the newly
adopted analysis strategy. In the following, background-only fit results are presented for
the ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.5 GeV 1T and 2T regions only. Results for additional mass splitting

hypotheses are provided in Appendix C.
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6.8.1 Background only fit

The observed data and the post-fit SM predictions for Run 2 and Run 3 in the CRs and
SRs are summarised in Tables 6.12 and 6.13, respectively. At the time of writing this
thesis, SRs remain blinded; therefore, no data are reported for these regions. The Run
2 (Run 3) NF, derived from the simultaneous fit in CR-τh and CR-τℓ , is found to be
0.85 ± 0.12 (0.97 ± 0.30). The TFs, obtained from the 1µ category control regions, are
(2.9 ± 0.3)× 10−2 and (15.1 ± 0.8)× 10−2 for the Run 2 1T and 2T SRs, respectively. For
Run 3, the corresponding TFs are (2.3± 0.2)× 10−2 and (15± 1)× 10−2. The total post-fit
uncertainty on the SR background estimates ranges from 8% to 17%, depending on the
mass splitting hypothesis and the category under consideration. In general, the dominant
contributions arise from the limited statistics of the CRs used to extract the TFs and the
NF, as well as from the finite size MC samples. The second-largest contributions originate
from the non-closure systematic uncertainty applied to the QCD track estimates, the
jet energy scale uncertainty, and tracking-related systematics. Finally, the background
composition varies with the mass splitting: QCD tracks dominate for ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35

and 0.5 GeV, while tracks from hadronic and leptonic τ decays become increasingly
significant at larger mass splittings.

CR-0ℓ-1T CR-0ℓ-2T CR-1µ-High-1T CR-1µ-High-2T CR-1µ-Low-1T CR-1µ-Low-2T CR-τℓ CR-τh

Observed data 325 245 4326 3135 133 496 67 47

SM prediction 325 ± 18 245 ± 15 4330 ± 70 3140 ± 60 133 ± 11 496 ± 22 64 ± 7 50 ± 6

QCD track 305 ± 18 233 ± 15 3820 ± 70 2850 ± 60 113 ± 11 432 ± 22 3.6 ± 1.1 1.3 ± 0.4
W(→ τhν)+ jets 3.2 ± 1.4 1.1 ± 0.7 < 1 < 1 < 1 < 1 45 ± 5 < 1
W(→ τℓν)+ jets 3.4 ± 0.7 2.6 ± 0.8 < 1 < 1 < 1 < 1 8.2 ± 2.1 43 ± 6
Other 13.6 ± 1.4 8.7 ± 2.0 505 ± 15 286 ± 12 20.4 ± 2.2 64 ± 5 7.4 ± 1.9 5.1 ± 1.0

CR-0ℓ-1T CR-0ℓ-2T CR-1µ-High-1T CR-1µ-High-2T CR-1µ-Low-1T CR-1µ-Low-2T CR-τℓ CR-τh

Observed data 501 426 6128 5169 153 805 89 59

SM prediction 501 ± 22 426 ± 20 6130 ± 80 5170 ± 70 153 ± 12 805 ± 27 84 ± 8 64 ± 7

QCD track 473 ± 23 407 ± 20 5400 ± 140 4680 ± 110 123 ± 13 705 ± 32 2.9 ± 1.2 0.9 ± 1.3
W(→ τhν)+ jets 4.2 ± 1.1 3.0 ± 1.1 < 1 < 1 < 1 < 1 61 ± 7 0.3 ± 0.2
W(→ τℓν)+ jets 4.9 ± 1.7 3 ± 1 < 1 < 1 < 1 < 1 12 ± 3 57 ± 7
Other 19 ± 4 13.5 ± 3.5 730 ± 120 480 ± 80 30 ± 6 100 ± 16 7.6 ± 2.8 6.0 ± 1.7

Table 6.12 – Number of expected and observed data events from the background-only fit in
Run 2 (top) and Run 3 (bottom) CRs. The “Other” category includes contributions from minor
background processes including Z(→ ττ)+ jets, tt̄, single top, and di-boson. The individual
uncertainties can be correlated and do not necessarily sum up in quadrature to the total
uncertainty. The uncertainty associated with the expected number of events includes both the
systematic and the statistical uncertainties.
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SR-1T SR-2T

Observed data - -

SM prediction 11 ± 2 40 ± 4

QCD track 9.0 ± 1.3 35 ± 4
W(→ τhν)+ jets 0.9 ± 0.4 1.5 ± 0.5
W(→ τℓν)+ jets 0.8 ± 0.5 1.7 ± 0.5
Other 0.5 ± 0.2 1.6 ± 0.6

SR-1T SR-2T

Observed data - -

SM prediction 15 ± 2 67 ± 4

QCD track 10.8 ± 1.3 61 ± 4
W(→ τhν)+ jets 1.9 ± 0.9 1.4 ± 1.3
W(→ τℓν)+ jets 1.8 ± 1.0 1.6 ± 0.5
Other 0.6 ± 0.2 2.3 ± 1.0

Table 6.13 – Number of expected and observed data events from the background-only fit in
Run 2 (top) and Run 3 (bottom) SRs. The “Other” category includes contributions from minor
background processes including Z(→ ττ)+ jets, tt̄, single top, and di-boson. The individual
uncertainties can be correlated and do not necessarily sum up in quadrature to the total
uncertainty. The uncertainty associated with the expected number of events includes both the
systematic and the statistical uncertainties.
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Conclusions 7
And you’re alone for maybe the last time / And you
breathe for a long time / Then you howl like a wolf in
a trap / And you daren’t look behind / You fall to the
ground like a leaf from a tree / And look up one time at
that vast blue sky / Scream out aloud as they shoot you
down / No, no I’m not some piece of teenage wildlife

— DAVID BOWIE, Teenage Wildlife

This thesis presents two complementary analyses of proton-proton collision data collected
by the ATLAS detector at center-of-mass energies of

√
s = 13 TeV and

√
s = 13.6 TeV

during the LHC Run 2 and Run 3, corresponding to total integrated luminosities of
140 fb−1 and 299 fb−1, respectively. Both analyses focus on a search for supersymmetric
higgsinos near the electroweak scale with compressed mass spectra, featuring mass
differences in the range 0.35 − 1.5 GeV. Owing to these small mass differences, the
higgsinos are relatively long-lived and decay into pions at distances of a few millimeters
from the pp interaction point. As a result, the charged decay products can be reconstructed
as tracks with unusually large impact parameters. Since most Standard Model particles
decay promptly, selecting events containing such “mildly-displaced tracks” provides an
effective means of cornering higgsino decays and gaining sensitivity to supersymmetric
scenarios remained unexplored since the legacy searches performed at LEP.

In the first search, events are selected by requiring the presence of an initial-state
radiation jet that recoils against and boost the SUSY system, thereby generating signif-
icant missing transverse momentum from the lightest neutralinos used as trigger. For
each event, a single mildly-displaced track is selected and categorised into two Signal
Regions according to the magnitude of its impact parameter significance. Standard Model
(SM) backgrounds tracks originating from soft initial- or final-state radiation, interactions
between partons not involved in the hard scatter, or from pileup vertices — collectively
referred to as QCD tracks — are estimated with a fully data-driven method. Backgrounds
from τ lepton decays are instead evaluated with a semi data-driven approach that com-
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7. CONCLUSIONS

bines Monte Carlo simulations with data in dedicated Control Regions. No data excess
is observed above the SM predictions in either Signal Region (SR), and exclusion limits
at 95% CL are set on the higgsino mass and mass splitting within the considered SUSY
simplified models. Due to the novel analysis strategy, for the first time since the LEP era,
unique sensitivity is achieved in the region of parameter space corresponding to higgsino
mass splittings in the range 0.3 − 1 GeV and higgsino masses up to approximately 170
GeV.

In the second search, an alternative strategy is explored. The event-level and track-
level selections are replaced by two indepent machine learning algorithms: one exploiting
the global event observables, and the other using the kinematic information of individual
tracks. Since the mass splitting assumption affects only the kinematic of the soft, mildly
displaced pion tracks produced in higgsino decays, the event-level deep neural network
is implemented as a simple binary classifier. In contrast, the track-level multi-class neural
network is parameterised to produce an output score that varies continuously with the
mass splitting and quantifies the probability for a track to originate from higgsino decays,
QCD processes, or hadronic or leptonic τ decays. The output scores of the two classifiers
are used as final discriminants for the SR definition, both for events conatining one (1T)
or more than one (2T) displaced track. SM backgrounds are estimated following the same
procedure as in the first search. The statistical combination of the 1T and 2T SRs, together
with the possibility of defining multple SR bins due to the larger available statistics, is
expected to provide improved sensitivity to the considered simplified SUSY and to extend
the LHC reach into regions of parameter space that will remain inaccessible to future
direct detection DM experiments and will be probed exclusively by collider searches.
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Appendices





Two-tracks Signal Region
Optimisation A

This Appendix presents the optimisation results for the two-tracks (2T) Signal Region
(SR) definition. The statistical significance of the considered SUSY signals is computed
according to Eq. 5.2. Figure A.1 shows the distributions of the event-level NN score.
As in the case of the one-track (1T) SRs, the optimal threshold on this variable is found
to be independent of the mass splitting assumption, motivating the use of a common
selection across all SRs. Figures A.2 and A.3 show the distributions of the track-level
pNN QCD and signal scores, respectively. In some cases, a deliberately sub-optimal
selection is adopted in place of the one yielding the maximum statistical significance, in
order to balance the available statistics with the 1T SRs while simultaneously allowing
the definition of multiple SR bins.
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A. TWO-TRACKS SIGNAL REGION OPTIMISATION
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Figure A.1 – Event-level NN score distributions for the two-track SRs, obtained by applying
selections on all analysis variables except the one shown. The stacked filled histograms
represent SM backgrounds, while SUSY signals are shown as dashed lines. The hatched
area indicates MC statistical uncertainties. The “Other” category includes contributions from
Z(→ ττ)+ jets, di-boson, tt̄, single top, and multi-jet production. The bottom panel shows the
statistical significance calculated by accumulating the yields of bins to the right, assuming a
total 15% background uncertainty.
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Figure A.2 – pNN QCD track score distributions for the two-track SRs, obtained by applying
selections on all analysis variables except the one shown. The stacked filled histograms
represent SM backgrounds, while SUSY signals are shown as dashed lines. The hatched
area indicates MC statistical uncertainties. The “Other” category includes contributions from
Z(→ ττ)+ jets, di-boson, tt̄, single top, and multi-jet production. The bottom panel shows the
statistical significance calculated by accumulating the yields of bins to the left, assuming a
total 15% background uncertainty.
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A. TWO-TRACKS SIGNAL REGION OPTIMISATION
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Figure A.3 – pNN signal track score distributions for the two-track SRs, obtained by applying
selections on all analysis variables except the one shown. The stacked filled histograms
represent SM backgrounds, while SUSY signals are shown as dashed lines. The hatched
area indicates MC statistical uncertainties. The “Other” category includes contributions from
Z(→ ττ)+ jets, di-boson, tt̄, single top, and multi-jet production. The bottom panel shows the
statistical significance calculated by accumulating the yields of bins to the right, assuming a
total 15% background uncertainty.
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Additional details on the
background estimation
strategy

B
This Appendix provides a schematic description of the Control Regions (CRs) and Valida-
tion Regions (VRs) used in the background estimation and validation strategy for QCD
and τ decay tracks in the Signal Regions (SRs) targeting mass splitting hypotheses other
than ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.5 GeV, for both the one-track (1T) and two-tracks (2T) selections.
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B. ADDITIONAL DETAILS ON THE BACKGROUND ESTIMATION STRATEGY

B.1 ∆m
(

χ̃±
1 , χ̃0

1

)
= 0.35 GeV

Variable 0ℓ 1µ 1γ

Trigger Emiss
T Emiss

T Single-γ
N(ℓbase) = 0 = 1 -
N(ℓsignal) - = 1 -

N(γbase) = 0 - = 1
N(γsignal) - - = 1

pT(ℓ) [GeV] - > 10 -
pT(γ) [GeV] - - > 200
mT [GeV] - [56, 106] -

One-track SR(CR-0ℓ) CR-1µ-Low(-High) VR(CR)-1γ VR(CR)-1γ-Extended

Event-level NN score > 0.48 - > 0.48 > 0.30
Leading track QCD score < 0.14 (> 0.16) < 0.14 (> 0.16)
Leading track signal score > 0.6 ( - ) > 0.6 ( - )
Second-to-leading track
signal score (if present) < 0.2 < 0.2

Two-tracks SR(CR-0ℓ) CR-1µ-Low(-High) VR(CR)-1γ VR(CR)-1γ-Extended

Event-level NN score > 0.48 - > 0.48 > 0.30
Leading track QCD score < 0.2 (> 0.25) < 0.2 (> 0.25)
Leading track signal score > 0.2 ( - ) > 0.2 ( - )
Second-to-leading track
signal score > 0.2 ( - ) > 0.2 ( - )

Table B.1 – Selection criteria applied across the different categories to define SRs, CRs, and
VRs for ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35 GeV, employed in the calculation and validation of QCD track

transfer factors. Only selections orthogonal to the SRs are listed. The event-level and track-
level preselections are omitted as they are identical across all categories, as presented in Section
6.3.
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B. ADDITIONAL DETAILS ON THE BACKGROUND ESTIMATION STRATEGY

Variable 0ℓ 1µbase 0ℓ + 1µbase

N(ℓbase) = 0 = 1 = 0 OR = 1
N(µbase) = 0 = 1 = 0 OR = 1
mT [GeV] - < 50 < 50 (if muon is selected)

SR-1T (SR-2T) CR-τh CR-τℓ VR-τ

Track pT [GeV] < 10 [10, 20] [10, 20] < 10
Leading track signal score > 0.6 (> 0.2) - - < 0.2

Table B.2 – Selection criteria applied across the 0ℓ and 1µbase categories to define SRs, CRs,
and VRs for ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35 GeV, for the calculation and validation of hadronic and

leptonic τ decay track normalisation factor. Only selections orthogonal to the SRs are listed.
The track-level selection is omitted as it is identical across all categories.
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B. ADDITIONAL DETAILS ON THE BACKGROUND ESTIMATION STRATEGY

B.2 ∆m
(

χ̃±
1 , χ̃0

1

)
= 0.75 GeV

Variable 0ℓ 1µ 1γ

Trigger Emiss
T Emiss

T Single-γ
N(ℓbase) = 0 = 1 -
N(ℓsignal) - = 1 -

N(γbase) = 0 - = 1
N(γsignal) - - = 1

pT(ℓ) [GeV] - > 10 -
pT(γ) [GeV] - - > 200
mT [GeV] - [56, 106] -

One-track SR(CR-0ℓ) CR-1µ-Low(-High) VR(CR)-1γ VR(CR)-1γ-Extended

Event-level NN score > 0.48 - > 0.48 > 0.30
Leading track QCD score < 0.04 (> 0.06) < 0.04 (> 0.06)
Leading track signal score > 0.4 ( - ) > 0.4 ( - )
Second-to-leading track
signal score (if present) < 0.2 < 0.2

Two-tracks SR(CR-0ℓ) CR-1µ-Low(-High) VR(CR)-1γ VR(CR)-1γ-Extended

Event-level NN score > 0.48 - > 0.48 > 0.30
Leading track QCD score < 0.1 (> 0.15) < 0.1 (> 0.15)
Leading track signal score > 0.2 ( - ) > 0.2 ( - )
Second-to-leading track
signal score > 0.2 ( - ) > 0.2 ( - )

Table B.3 – Selection criteria applied across the different categories to define SRs, CRs, and
VRs for ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.75 GeV, employed in the calculation and validation of QCD track

transfer factors. Only selections orthogonal to the SRs are listed. The event-level and track-
level preselections are omitted as they are identical across all categories, as presented in Section
6.3.
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B. ADDITIONAL DETAILS ON THE BACKGROUND ESTIMATION STRATEGY

Variable 0ℓ 1µbase 0ℓ + 1µbase

N(ℓbase) = 0 = 1 = 0 OR = 1
N(µbase) = 0 = 1 = 0 OR = 1
mT [GeV] - < 50 < 50 (if muon is selected)

SR-1T (SR-2T) CR-τh CR-τℓ VR-τ

Track pT [GeV] < 10 [10, 20] [10, 20] < 10
Leading track signal score > 0.4 (> 0.2) - - < 0.2

Table B.4 – Selection criteria applied across the 0ℓ and 1µbase categories to define SRs, CRs,
and VRs for ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.75 GeV, for the calculation and validation of hadronic and

leptonic τ decay track normalisation factor. Only selections orthogonal to the SRs are listed.
The track-level selection is omitted as it is identical across all categories.
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B. ADDITIONAL DETAILS ON THE BACKGROUND ESTIMATION STRATEGY

B.3 ∆m
(

χ̃±
1 , χ̃0

1

)
= 1 GeV

Variable 0ℓ 1µ 1γ

Trigger Emiss
T Emiss

T Single-γ
N(ℓbase) = 0 = 1 -
N(ℓsignal) - = 1 -

N(γbase) = 0 - = 1
N(γsignal) - - = 1

pT(ℓ) [GeV] - > 10 -
pT(γ) [GeV] - - > 200
mT [GeV] - [56, 106] -

One-track SR(CR-0ℓ) CR-1µ-Low(-High) VR(CR)-1γ VR(CR)-1γ-Extended

Event-level NN score > 0.48 - > 0.48 > 0.30
Leading track QCD score < 0.06 (> 0.08) < 0.06 (> 0.08)
Leading track signal score > 0.2 ( - ) > 0.2 ( - )
Second-to-leading track
signal score (if present) < 0.2 < 0.2

Two-tracks SR(CR-0ℓ) CR-1µ-Low(-High) VR(CR)-1γ VR(CR)-1γ-Extended

Event-level NN score > 0.48 - > 0.48 > 0.30
Leading track QCD score < 0.1 (> 0.15) < 0.1 (> 0.15)
Leading track signal score > 0.2 ( - ) > 0.2 ( - )
Second-to-leading track
signal score > 0.2 ( - ) > 0.2 ( - )

Table B.5 – Selection criteria applied across the different categories to define SRs, CRs, and VRs
for ∆m

(
χ̃±

1 , χ̃0
1
)
= 1 GeV, employed in the calculation and validation of QCD track transfer

factors. Only selections orthogonal to the SRs are listed. The event-level and track-level
preselections are omitted as they are identical across all categories, as presented in Section 6.3.
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B. ADDITIONAL DETAILS ON THE BACKGROUND ESTIMATION STRATEGY

Variable 0ℓ 1µbase 0ℓ + 1µbase

N(ℓbase) = 0 = 1 = 0 OR = 1
N(µbase) = 0 = 1 = 0 OR = 1
mT [GeV] - < 50 < 50 (if muon is selected)

SR-1T (SR-2T) CR-τh CR-τℓ VR-τ

Track pT [GeV] < 10 [10, 20] [10, 20] < 10
Leading track signal score > 0.2 (> 0.2) - - < 0.2

Table B.6 – Selection criteria applied across the 0ℓ and 1µbase categories to define SRs, CRs,
and VRs for ∆m

(
χ̃±

1 , χ̃0
1
)
= 1 GeV, for the calculation and validation of hadronic and leptonic

τ decay track normalisation factor. Only selections orthogonal to the SRs are listed. The
track-level selection is omitted as it is identical across all categories.
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Additional background-only
fit results C

This Appendix provides a schematic overview of the background-only fit results in the
Signal Regions (SRs), Control Regions (CRs), and Validation Regions (VRs) for mass
splitting hypotheses other than ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.5 GeV, for both the one-track (1T) and

two-tracks (2T) selections.
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C. ADDITIONAL BACKGROUND-ONLY FIT RESULTS

C.1 ∆m
(

χ̃±
1 , χ̃0

1

)
= 0.35 GeV

SR-1T SR-2T

Observed data - -

SM prediction 36 ± 4 29 ± 3

QCD track 32.9 ± 3.5 26.7 ± 3.4
W(→ τhν)+ jets 0.8 ± 0.3 0.3 ± 0.1
W(→ τℓν)+ jets 1.4 ± 0.5 0.6 ± 0.3
Other 1.4 ± 0.3 1.1 ± 0.7

SR-1T SR-2T

Observed data - -

SM prediction 51 ± 4 56 ± 5

QCD track 44 ± 3 54 ± 5
W(→ τhν)+ jets 2.6 ± 0.8 0.7 ± 0.2
W(→ τℓν)+ jets 1.9 ± 0.4 0.5 ± 0.3
Other 2.6 ± 0.4 1.6 ± 0.6

Table C.1 – Number of expected and observed data events from the background-only fit in
Run 2 (top) and Run 3 (bottom) ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35 GeV SRs. The “Other” category includes

contributions from minor background processes including Z(→ ττ)+ jets, tt̄, single top, and
di-boson. The individual uncertainties can be correlated and do not necessarily sum up in
quadrature to the total uncertainty. The uncertainty associated with the expected number of
events includes both the systematic and the statistical uncertainties.
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C. ADDITIONAL BACKGROUND-ONLY FIT RESULTS

CR-0ℓ-1T CR-0ℓ-2T CR-1µ-High-1T CR-1µ-High-2T CR-1µ-Low-1T CR-1µ-Low-2T CR-τℓ CR-τh

Observed data 284 88 3728 1289 462 416 67 48

SM prediction 284 ± 16 88 ± 8 3730 ± 60 1290 ± 40 462 ± 21 416 ± 20 66 ± 7 49 ± 6

QCD track 270 ± 16 83 ± 9 3310 ± 60 1170 ± 40 403 ± 21 376 ± 20 4.7 ± 1.0 1.2 ± 0.5
W(→ τhν)+ jets 1.1 ± 1.0 < 1 < 1 - < 1 - 46 ± 5 < 1
W(→ τℓν)+ jets 0.9 ± 0.5 1.4 ± 0.7 < 1 - - - 8.1 ± 2.1 42 ± 6
Other 11.7 ± 1.3 3.1 ± 1.1 416 ± 14 119 ± 6 59 ± 4 40 ± 4 7.5 ± 1.8 5.2 ± 1.0

CR-0ℓ-1T CR-0ℓ-2T CR-1µ-High-1T CR-1µ-High-2T CR-1µ-Low-1T CR-1µ-Low-2T CR-τℓ CR-τh

Observed data 444 200 5403 2441 585 696 92 58

SM prediction 444 ± 20 200 ± 15 5400 ± 70 2440 ± 50 585 ± 23 696 ± 26 86 ± 9 63 ± 6

QCD track 425 ± 21 191 ± 15 4810 ± 110 2220 ± 60 504 ± 26 622 ± 28 3.9 ± 1.6 1.4 ± 1.5
W(→ τhν)+ jets 1.9 ± 0.5 < 1 - - < 1 - 63 ± 7 < 1
W(→ τℓν)+ jets 1.9 ± 0.9 1.4 ± 0.7 < 1 - - - 12.5 ± 2.9 56 ± 7
Other 15.2 ± 3.2 5.9 ± 1.3 590 ± 80 222 ± 30 81 ± 11 74 ± 11 7.5 ± 2.5 5.6 ± 1.7

Table C.2 – Number of expected and observed data events from the background-only fit in
Run 2 (top) and Run 3 (bottom) ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35 GeV CRs. The “Other” category includes

contributions from minor background processes including Z(→ ττ)+ jets, tt̄, single top, and
di-boson. The individual uncertainties can be correlated and do not necessarily sum up in
quadrature to the total uncertainty. The uncertainty associated with the expected number of
events includes both the systematic and the statistical uncertainties.
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VR-1γ-1T VR-1γ-Extended-1T VR-1γ-2T VR-1γ-Extended-2T

Observed data 98 990 57 636

SM prediction 75 ± 9 889 ± 102 46 ± 7 576 ± 69

QCD track 75 ± 9 889 ± 102 46 ± 5 576 ± 69
W(→ τhν)+ jets - - - -
W(→ τℓν)+ jets - - - -
Other - - - -

VR-1γ-1T VR-1γ-Extended-1T VR-1γ-2T VR-1γ-Extended-2T

Observed data 131 1393 121 1232

SM prediction 101 ± 8 1108 ± 79 93 ± 8 996 ± 71

QCD track 101 ± 8 1108 ± 79 93 ± 8 996 ± 71
W(→ τhν)+ jets - - - -
W(→ τℓν)+ jets - - - -
Other - - - -

Table C.3 – Number of expected and observed data events in Run 2 (top) and Run 3 (bottom)
∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35 GeV 1γ VRs for both the 1T and 2T selections. The “Other” category

includes contributions from Z(→ ττ)+ jets, tt̄, single top, and di-boson production. The
individual uncertainties can be correlated and do not necessarily sum up in quadrature to
the total uncertainty, which includes contribution from the systematic uncertainty and the
statistical uncertainty due to the limited statistics of the CRs.

Run 2 VR-τ Run 3 VR-τ

Observed data 50 50

SM prediction 46 ± 6 51 ± 11

QCD track 10 ± 2 12 ± 4
W(→ τhν)+ jets 20 ± 3 20 ± 4
W(→ τℓν)+ jets 11 ± 2 15 ± 4
Other 4.9 ± 1.0 3.4 ± 1.3

Table C.4 – Number of expected and observed data events in Run 2 and Run 3 ∆m
(
χ̃±

1 , χ̃0
1
)
=

0.35 GeV τ decay VR. The “Other” category includes contributions from Z(→ ττ)+ jets, tt̄,
single top, and di-boson production. The individual uncertainties can be correlated and do
not necessarily sum up in quadrature to the total uncertainty, which includes contribution
from the systematic uncertainty and the statistical uncertainty due to the limited statistics of
the CRs.
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VR-0ℓ-1T VR-0ℓ-2T

Observed data 271 238

SM prediction 276 ± 29 235 ± 27

QCD track 238 ± 28 217 ± 27
W(→ τhν)+ jets 6.1 ± 4.2 1.3 ± 1.9
W(→ τℓν)+ jets 3.5 ± 1.9 1.8 ± 1.5
Other 28 ± 4 14 ± 2

VR-0ℓ-1T VR-0ℓ-2T

Observed data 405 386

SM prediction 380 ± 25 434 ± 31

QCD track 312 ± 23 403 ± 30
W(→ τhν)+ jets 7.8 ± 4.8 2.5 ± 2.4
W(→ τℓν)+ jets 8.1 ± 6.0 3.9 ± 3.6
Other 52 ± 7 25 ± 5

Table C.5 – Number of expected and observed data events in Run 2 (top) and Run 3 (bottom)
∆m

(
χ̃±

1 , χ̃0
1
)
= 0.35 GeV VR-0ℓ-1T and VR-0ℓ-2T. The “Other” category includes contributions

from Z(→ ττ)+ jets, tt̄, single top, and di-boson production. The individual uncertainties
can be correlated and do not necessarily sum up in quadrature to the total uncertainty, which
includes contribution from the systematic uncertainty and the statistical uncertainty due to
the limited statistics of the CRs.
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C.2 ∆m
(

χ̃±
1 , χ̃0

1

)
= 0.75 GeV

SR-1T SR-2T

Observed data - -

SM prediction 34 ± 6 56 ± 5

QCD track 17.5 ± 2.3 47.7 ± 4.7
W(→ τhν)+ jets 7 ± 6± 2.9 ± 1.0
W(→ τℓν)+ jets 7.3 ± 1.7 2.9 ± 0.9
Other 2.9 ± 1.2 2.1 ± 0.4

SR-1T SR-2T

Observed data - -

SM prediction 49 ± 4 86 ± 5

QCD track 22 ± 2 72 ± 5
W(→ τhν)+ jets 13 ± 2 5.4 ± 1.7
W(→ τℓν)+ jets 11 ± 3 4.9 ± 1.1
Other 2.7 ± 1.3 3.2 ± 1.0

Table C.6 – Number of expected and observed data events from the background-only fit in
Run 2 (top) and Run 3 (bottom) ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.75 GeV SRs. The “Other” category includes

contributions from minor background processes including Z(→ ττ)+ jets, tt̄, single top, and
di-boson. The individual uncertainties can be correlated and do not necessarily sum up in
quadrature to the total uncertainty. The uncertainty associated with the expected number of
events includes both the systematic and the statistical uncertainties.
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CR-0ℓ-1T CR-0ℓ-2T CR-1µ-High-1T CR-1µ-High-2T CR-1µ-Low-1T CR-1µ-Low-2T CR-τℓ CR-τh

Observed data 704 376 9225 4576 263 650 65 47

SM prediction 704 ± 26 376 ± 19 9220 ± 100 4580 ± 70 263 ± 16 650 ± 25 63 ± 7 49 ± 6

QCD track 660 ± 27 356 ± 19 8290 ± 100 4180 ± 70 220 ± 16 559 ± 25 3.9 ± 1.0 1.2 ± 0.3
W(→ τhν)+ jets 8.8 ± 2.1 4.4 ± 2.0 < 1 < 1 - - 44 ± 5 < 1
W(→ τℓν)+ jets 8.1 ± 1.4 2.8 ± 0.8 < 1 - < 1 < 1 8.3 ± 1.8 42 ± 6
Other 27.2 ± 1.8 12.9 ± 2.2 935 ± 28 401 ± 14 43.0 ± 3.2 91 ± 6 7.1 ± 1.8 5.0 ± 0.9

CR-0ℓ-1T CR-0ℓ-2T CR-1µ-High-1T CR-1µ-High-2T CR-1µ-Low-1T CR-1µ-Low-2T CR-τℓ CR-τh

Observed data 1000 537 12471 6128 325 909 89 58

SM prediction 1000 ± 32 537 ± 22 12470 ± 110 6130 ± 80 325 ± 18 909 ± 29 84 ± 8 63 ± 6

QCD track 943 ± 32 510 ± 23 11250 ± 210 5580 ± 110 264 ± 20 787 ± 35 3.0 ± 1.3 1.2 ± 1.3
W(→ τhν)+ jets 11.1 ± 2.2 6.2 ± 1.7 < 1 < 1 < 1 < 1 61 ± 7 < 1
W(→ τℓν)+ jets 12.9 ± 2.6 4.3 ± 1.6 < 1 < 1 - - 12.6 ± 3.0 56 ± 7
Other 33 ± 7 16 ± 4 1220 ± 180 550 ± 80 61 ± 10 122 ± 20 7.2 ± 2.4 5.6 ± 1.5

Table C.7 – Number of expected and observed data events from the background-only fit in
Run 2 (top) and Run 3 (bottom) ∆m

(
χ̃±

1 , χ̃0
1
)
= 0.75 GeV CRs. The “Other” category includes

contributions from minor background processes including Z(→ ττ)+ jets, tt̄, single top, and
di-boson. The individual uncertainties can be correlated and do not necessarily sum up in
quadrature to the total uncertainty. The uncertainty associated with the expected number of
events includes both the systematic and the statistical uncertainties.
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VR-1γ-1T VR-1γ-Extended-1T VR-1γ-2T VR-1γ-Extended-2T

Observed data 34 464 81 1066

SM prediction 41 ± 5 467 ± 59 84 ± 10 997 ± 111

QCD track 41 ± 5 467 ± 59 84 ± 10 997 ± 111
W(→ τhν)+ jets - - - -
W(→ τℓν)+ jets - - - -
Other - - - -

VR-1γ-1T VR-1γ-Extended-1T VR-1γ-2T VR-1γ-Extended-2T

Observed data 57 585 135 1435

SM prediction 52 ± 5 568 ± 50 135 ± 10 1383 ± 91

QCD track 52 ± 5 568 ± 50 135 ± 10 1383 ± 91
W(→ τhν)+ jets - - - -
W(→ τℓν)+ jets - - - -
Other - - - -

Table C.8 – Number of expected and observed data events in Run 2 (top) and Run 3 (bottom)
∆m

(
χ̃±

1 , χ̃0
1
)
= 0.75 GeV 1γ VRs for both the 1T and 2T selections. The “Other” category

includes contributions from Z(→ ττ)+ jets, tt̄, single top, and di-boson production. The
individual uncertainties can be correlated and do not necessarily sum up in quadrature to
the total uncertainty, which includes contribution from the systematic uncertainty and the
statistical uncertainty due to the limited statistics of the CRs.

Run 2 VR-τ Run 3 VR-τ

Observed data 38 36

SM prediction 37 ± 7 41 ± 10

QCD track 4.9 ± 1.9 4.2 ± 2.2
W(→ τhν)+ jets 17.5 ± 4.2 21 ± 6
W(→ τℓν)+ jets 10.9 ± 2.2 12 ± 3
Other 3.7 ± 1.2 3.0 ± 0.8

Table C.9 – Number of expected and observed data events in Run 2 and Run 3 ∆m
(
χ̃±

1 , χ̃0
1
)
=

0.75 GeV τ decay VR. The “Other” category includes contributions from Z(→ ττ)+ jets, tt̄,
single top, and di-boson production. The individual uncertainties can be correlated and do
not necessarily sum up in quadrature to the total uncertainty, which includes contribution
from the systematic uncertainty and the statistical uncertainty due to the limited statistics of
the CRs.
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VR-0ℓ-1T VR-0ℓ-2T

Observed data 251 386

SM prediction 240 ± 22 375 ± 36

QCD track 126 ± 16 298 ± 33
W(→ τhν)+ jets 48 ± 12 25 ± 9
W(→ τℓν)+ jets 23 ± 5 15.6 ± 5.0
Other 44 ± 4 36 ± 3

VR-0ℓ-1T VR-0ℓ-2T

Observed data 371 601

SM prediction 342 ± 24 576 ± 35

QCD track 177 ± 18 464 ± 32
W(→ τhν)+ jets 57 ± 11 35 ± 8
W(→ τℓν)+ jets 48 ± 13 29 ± 8
Other 60 ± 11 38 ± 10

Table C.10 – Number of expected and observed data events in Run 2 (top) and Run 3 (bottom)
∆m

(
χ̃±

1 , χ̃0
1
)
= 0.75 GeV VR-0ℓ-1T and VR-0ℓ-2T. The “Other” category includes contributions

from Z(→ ττ)+ jets, tt̄, single top, and di-boson production. The individual uncertainties
can be correlated and do not necessarily sum up in quadrature to the total uncertainty, which
includes contribution from the systematic uncertainty and the statistical uncertainty due to
the limited statistics of the CRs.
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C.3 ∆m
(

χ̃±
1 , χ̃0

1

)
= 1 GeV

SR-1T SR-2T

Observed data - -

SM prediction 113 ± 10 33 ± 3

QCD track 63 ± 7 26.6 ± 3.1
W(→ τhν)+ jets 26 ± 10 3.0 ± 0.9
W(→ τℓν)+ jets 17 ± 3 1.6 ± 0.6
Other 6.7 ± 1.0 1.5 ± 0.3

SR-1T SR-2T

Observed data - -

SM prediction 187 ± 10 65 ± 5

QCD track 88 ± 6 45 ± 5
W(→ τhν)+ jets 49 ± 6 8.5 ± 2.9
W(→ τℓν)+ jets 39 ± 6 7 ± 4
Other 11 ± 3 4.4 ± 2.1

Table C.11 – Number of expected and observed data events from the background-only fit in
Run 2 (top) and Run 3 (bottom) ∆m

(
χ̃±

1 , χ̃0
1
)
= 1 GeV SRs. The “Other” category includes

contributions from minor background processes including Z(→ ττ)+ jets, tt̄, single top, and
di-boson. The individual uncertainties can be correlated and do not necessarily sum up in
quadrature to the total uncertainty. The uncertainty associated with the expected number of
events includes both the systematic and the statistical uncertainties.

176



C. ADDITIONAL BACKGROUND-ONLY FIT RESULTS

CR-0ℓ-1T CR-0ℓ-2T CR-1µ-High-1T CR-1µ-High-2T CR-1µ-Low-1T CR-1µ-Low-2T CR-τℓ CR-τh

Observed data 2333 273 28421 3179 880 351 63 41

SM prediction 2330 ± 50 273 ± 16 28420 ± 170 3180 ± 60 880 ± 30 351 ± 18 60 ± 7 44 ± 5

QCD track 2190 ± 60 258 ± 16 25810 ± 190 2900 ± 60 744 ± 31 299 ± 19 4.0 ± 1.0 1.1 ± 0.4
W(→ τhν)+ jets 25 ± 5 3.1 ± 1.9 < 1 - < 1 - 41 ± 5 < 1
W(→ τℓν)+ jets 19 ± 4 1.9 ± 0.6 < 1 - - - 7.4 ± 1.9 38 ± 5
Other 95 ± 33 10.3 ± 2.0 2610 ± 80 278 ± 12 136 ± 8 52 ± 4 7.2 ± 1.9 4.9 ± 1.0

CR-0ℓ-1T CR-0ℓ-2T CR-1µ-High-1T CR-1µ-High-2T CR-1µ-Low-1T CR-1µ-Low-2T CR-τℓ CR-τh

Observed data 2992 329 34401 3564 1158 422 82 54

SM prediction 2990 ± 50 361 ± 20 34400 ± 190 3530 ± 60 1157 ± 34 457 ± 22 83 ± 8 63 ± 7

QCD track 2820 ± 60 340 ± 20 31300 ± 400 3210 ± 70 980 ± 40 394 ± 25 2.3 ± 0.8 0.6 ± 0.5
W(→ τhν)+ jets 33 ± 4 6.7 ± 1.6 < 1 - < 1 - 60 ± 6 < 1
W(→ τℓν)+ jets 35 ± 6 3.8 ± 1.0 < 1 < 1 - - 14 ± 4 58 ± 7
Other 107 ± 16 11.0 ± 1.7 3080 ± 320 320 ± 40 181 ± 22 63 ± 10 6.7 ± 1.9 4.4 ± 1.0

Table C.12 – Number of expected and observed data events from the background-only fit in
Run 2 (top) and Run 3 (bottom) ∆m

(
χ̃±

1 , χ̃0
1
)
= 1 GeV CRs. The “Other” category includes

contributions from minor background processes including Z(→ ττ)+ jets, tt̄, single top, and
di-boson. The individual uncertainties can be correlated and do not necessarily sum up in
quadrature to the total uncertainty. The uncertainty associated with the expected number of
events includes both the systematic and the statistical uncertainties.
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VR-1γ-1T VR-1γ-Extended-1T VR-1γ-2T VR-1γ-Extended-2T

Observed data 112 1135 54 655

SM prediction 108 ± 12 1216 ± 132 51 ± 7 589 ± 70

QCD track 108 ± 12 1216 ± 132 51 ± 7 589 ± 70
W(→ τhν)+ jets - - - -
W(→ τℓν)+ jets - - - -
Other - - - -

VR-1γ-1T VR-1γ-Extended-1T VR-1γ-2T VR-1γ-Extended-2T

Observed data 131 1622 62 733

SM prediction 149 ± 10 1601 ± 100 67 ± 6 731 ± 60

QCD track 149 ± 10 1601 ± 100 67 ± 6 731 ± 60
W(→ τhν)+ jets - - - -
W(→ τℓν)+ jets - - - -
Other - - - -

Table C.13 – Number of expected and observed data events in Run 2 (top) and Run 3 (bottom)
∆m

(
χ̃±

1 , χ̃0
1
)
= 1 GeV 1γ VRs for both the 1T and 2T selections. The “Other” category includes

contributions from Z(→ ττ)+ jets, tt̄, single top, and di-boson production. The individual
uncertainties can be correlated and do not necessarily sum up in quadrature to the total
uncertainty, which includes contribution from the systematic uncertainty and the statistical
uncertainty due to the limited statistics of the CRs.

Run 2 VR-τ Run 3 VR-τ

Observed data 69 66

SM prediction 63 ± 12 82 ± 14

QCD track 11 ± 2 18 ± 5
W(→ τhν)+ jets 29 ± 8 32 ± 6
W(→ τℓν)+ jets 16 ± 4 25 ± 5
Other 7 ± 1 5.7 ± 1.4

Table C.14 – Number of expected and observed data events in Run 2 and Run 3 ∆m
(
χ̃±

1 , χ̃0
1
)
=

1 GeV τ decay VR. The “Other” category includes contributions from Z(→ ττ)+ jets, tt̄, single
top, and di-boson production. The individual uncertainties can be correlated and do not
necessarily sum up in quadrature to the total uncertainty, which includes contribution from
the systematic uncertainty and the statistical uncertainty due to the limited statistics of the
CRs.
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VR-0ℓ-1T VR-0ℓ-2T

Observed data 579 245

SM prediction 531 ± 39 213 ± 24

QCD track 299 ± 33 155 ± 19
W(→ τhν)+ jets 105 ± 18 29 ± 12
W(→ τℓν)+ jets 44 ± 7 11 ± 4
Other 82 ± 7 19 ± 3

VR-0ℓ-1T VR-0ℓ-2T

Observed data 837 304

SM prediction 848 ± 41 299 ± 25

QCD track 464 ± 33 227 ± 21
W(→ τhν)+ jets 176 ± 22 23 ± 12
W(→ τℓν)+ jets 102 ± 17 19 ± 6
Other 105 ± 13 30 ± 5

Table C.15 – Number of expected and observed data events in Run 2 (top) and Run 3 (bottom)
∆m

(
χ̃±

1 , χ̃0
1
)
= 1 GeV VR-0ℓ-1T and VR-0ℓ-2T. The “Other” category includes contributions

from Z(→ ττ)+ jets, tt̄, single top, and di-boson production. The individual uncertainties
can be correlated and do not necessarily sum up in quadrature to the total uncertainty, which
includes contribution from the systematic uncertainty and the statistical uncertainty due to
the limited statistics of the CRs.
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