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Abstract

The existence of dark matter is strongly supported by numerous cosmological observa-
tions. The Standard Model (SM), as the most complete understanding of elementary particles
to date, cannot predict or explain the nature of dark matter. Unveiling the properties and
interactions of dark matter remains a central question in modern particle physics. Searching
for dark matter at the Large Hadron Collider (LHC), the highest-energy particle collider on
Earth, offers a unique opportunity to address this fundamental mystery.

This thesis focuses on two analyses performed using data from the ATLAS experiment
at the LHC. The first study searches for the dark Higgs boson, exploring whether dark
matter acquires its mass through a Higgs-like mechanism. This search targets low-mass
dark Higgs bosons and utilizes the full Run-2 dataset from the ATLAS experiment. A
novel machine learning-based boosted jet tagging algorithm was developed and applied,
significantly enhancing the sensitivity. Relic density observations were incorporated for
the first time to directly constrain the model’s parameter space, improving the efficiency
of multidimensional parameter scans. The results exclude dark Higgs bosons with masses
between 30 and 150 GeV and heavy mediator particles Z" up to 3.5 TeV at 95% confidence
level. For parameters consistent with relic density observations, stringent exclusions are set,
including Z’ masses up to the perturbative limit for a 70 GeV dark Higgs boson and Majorana
dark fermions below 700 GeV.

The second focus of this thesis is the search for dark photon, which provide a potential
explanation for the extremely weak coupling between dark matter and SM particles. This
coupling is hypothesized to occur exclusively via kinetic mixing between dark photon and
SM photon. The analysis combines ATLAS searches for massless dark photon with Higgs
coupling, establishing the most stringent collider limits. At 95% confidence level, the
branching ratio of SM Higgs bosons decaying into photons and massless dark photons is
less than 1.3%, while massless dark photon with couplings to heavy BSM Higgs bosons and
Higgs masses below 1.5 TeV is excluded.

Additionally, this thesis explores a novel technique for model-independent dark matter

searches. Using self-supervised machine learning-based anomaly detection, dark matter
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signals can be identified as anomalous events deviating from SM expectations. Studies on
simulated datasets demonstrate that this method leverages jet features to enhance sensitivity
to unknown dark matter model. This approach holds significant promise for future dark

matter searches in collider experiments.

Key words: Large Hadron Collider, Dark Matter, Dark Higgs, Dark Photon, Jet Tagging
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Chapter 1 Introduction

The existence of an unknown form of matter, known as dark matter, is strongly supported
by numerous cosmological observations. Dark matter constitutes approximately 26.8% of
the current universe, yet it remains one of the greatest mysteries in modern physics. Despite
the successes of the Standard Model (SM) of particle physics, which represents our best
understanding of the material world, it provides no explanation for dark matter. Searching
for dark matter at the highest energy scales achievable on Earth offers a unique opportunity
to uncover its properties and interactions. These searches not only probe conditions akin to
those of the early universe but also aim to recreate the processes that might have led to the
generation of dark matter.

This thesis focuses on two analyses performed using the data collected by the ATLAS
experiment at the Large Hadron Collider (LHC), the world’s largest particle collider, which
achieves proton-proton collisions at a center-of-mass energy of up to 13 TeV.

A key focus of this work is the search for the so-called dark Higgs boson, which ad-
dresses the fundamental question of why dark matter possesses mass, given its gravitational
interactions. This search, conducted in the low-mass regime, utilizes the full Run-2 dataset
from the ATLAS experiment. A novel machine learning technique, boosted Xbb tagging,
was developed during this study to enhance the analysis sensitivity. Additionally, for the first
time, cosmological constraints from relic density were incorporated into the search, directly
linking collider physics with cosmology. This innovative approach provided non-trivial
constraints on model parameters and improved the efficiency of scanning multidimensional
parameter spaces.

Another central topic of this thesis is the search for the dark photon, which offers a
potential explanation for the weak coupling of dark matter to SM particles. The dark
photon hypothesis posits that dark matter interacts with the SM exclusively through kinetic
mixing between a dark photon and the SM photon via higher-order interactions. This
analysis involves a statistical combination of previous ATLAS results and establishes the
most stringent collider constraints to date on models involving a dark photon with Higgs

coupling.
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Beyond these model-specific searches, this thesis also explores a model-independent
approach to dark matter detection. A novel anomaly detection technique based on self-
supervised machine learning is introduced. Preliminary results on simulated datasets demon-
strate the effectiveness of this method in learning features of jets and improving sensitivity
to unknown physics models. This work represents an important step toward implementing
model-independent dark matter searches at collider experiments in the near future.

The thesis is organized as follows. The theoretical background and unresolved mysteries
surrounding dark matter are discussed in Chapter 2, followed by an introduction to the
experimental techniques used in the ATLAS experiment at the LHC in Chapter 3. Utilizing
the novel boosted double b-jet tagging method introduced in Chapter 4, the search for the
dark Higgs boson decaying into two b-quarks is detailed in Chapter 5. The combination of
dark photon searches with Higgs coupling at ATLAS is described in Chapter 6, while Chapter
7 presents the study of a self-supervised anomaly detection method for model-independent

dark matter searches. The thesis concludes with a summary and outlook in Chapter 8.



b AR I R A A 2R S Chapter 2 The Theory and Mystery

Chapter 2 The Theory and Mystery

2.1 Introduction to Standard Model (SM) Theory
2.1.1 The History

The Standard Model (SM)!!! is the most comprehensive and profound framework for
understanding the current physical world, developed through the efforts of theorists and
experimentalists over more than half a century. It describes the elementary particles that
constitute matter—leptons and quarks. Three of the four fundamental interactions underlying
all observable phenomena—electromagnetic, weak, and strong interactions—are unified
within the SM’s gauge theory framework. These interactions are mediated by gauge bosons,
while the Higgs boson interacts with all particles to generate their masses.

With the discovery of the electron by Thomson, the understanding of atomic structure
by Rutherford and Bohr, the realization of particle spin by Stern and Gerlach, and the
implications of antiparticles proposed by Dirac and confirmed by Anderson, as well as
the precise measurements of atomic fine structure by Lamb and Retherford, significant
experimental and theoretical advancements occurred during the early to mid-1900s. These
efforts culminated in the formal development of Quantum Electrodynamics (QED)!!, the
quantum and relativistically consistent description of electromagnetic interactions. As a
cornerstone of the SM, it describes the interaction between electrically charged particles and
photons in a Lorentz-invariant framework, with foundational contributions by Tomonaga,
Feynman, and Schwinger.

In parallel, efforts to understand the binding of positively charged protons within atomic
nuclei led to Yukawa’s 1935 proposal of the strong interaction'!. He predicted the existence
of mesons and estimated their mass based on the size of strong interaction-bound states
(nuclei). This prediction was experimentally confirmed with the discovery of the pion in
cosmic rays by Powell in 1947, followed by observations of various other mesons. The
terminology introduced during this period persists today: leptons (light particles such as
electrons and muons, the latter discovered alongside pions in cosmic rays), baryons (heavy
particles like protons), and mesons (intermediate-mass particles).

In another line of study focused on weaker interactions, the discovery of the neutron by



Chapter 2 The Theory and Mystery i S B R 2 2 R S

Chadwick in 1932 and the brilliant proposal of the neutrino by Pauli, followed by Fermi’s
theoretical formulation to account for the missing energy in neutron beta decay, laid the
foundation for understanding weak interactions. Subsequent experimental efforts, including
the detection of neutrinos by Cowan and Reines in 1956, identified neutrino interactions and
their types. The astonishing discovery of parity violation in weak interactions, proposed by
Yang and Lee and experimentally confirmed by Wu, further advanced this field. The theory
of beta decay, grounded in weak interactions, was ultimately unified with electromagnetic
interactions by Glashow, Salam, and Weinberg, leading to the Electroweak (EWK)™*! sector
of the Standard Model. This unification also predicted the existence of massive intermediate
vector bosons that mediate weak interactions.

The discovery of "strange" particles put the two interactions together, identified the
particle which could produced by strong interaction while decay with weak interaction and
inspired the theory by first Pais then Gell-mann and Nishijima the to assign particle the
property such as strangeness, which converse only in strong interaction implicting special
symmetry structure of strong interaction and the modern version of "periodic table" of
hadrons (mesons and baryons). This finally become clear with the discovery of a lot of
hadrons and put them firstly in the eightfold way and then the quark model in 1964 by Gell-
mann and Zweig and shortly the color by Greenberg which is proposed to resolve symmetry
issues in the quark model, ensuring consistency with the Pauli exclusion principle in hadrons
composed of identical quarks. The theory finlly formulated as Quantum Chromodynamics
(QCD)P! part of the SM.

On the theoretical side, the modern formulation of the SM theory is founded on Yang-
Mills theory!®, which generalizes gauge theory from an Abelian group as in QED, to a
non-Abelian group as in QCD. With the Higgs mechanisml”, the correct mass terms are
generated within the EWK gauge theory, providing an explanation for the origin of mass for
all elementary particles. This incorporation results in the modern formulation of the SM,
unifying all components into a cohesive theoretical framework.

Subsequently, a series of remarkable advancements in both theory and experiment have
further developed and confirmed the success of the SM. These include the prediction of the
fourth quark (charm) through the GIM mechanism!®!, in addition to the up and down quarks

that form protons and neutrons, and the strange quark responsible for strange particles. The
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charm quark was indirectly confirmed during the "November Revolution" of 1974 with the
discovery of the J /i particle by Ting and Richter. Other milestones include the discovery of
the third lepton, the tau, by Perl et al. in 1975, the subsequent discoveries of the bottom (b)
and top (t) quarks, the identification of the W and Z vector bosons, and finally the discovery
of the Higgs boson in 2012°!11% " Today, all the predicted components of the SM have been

observed, and all the cards are on the table.

2.1.2 Elementary Particle

The SM consists of three generations of fermions, four gauge bosons, and the Higgs
boson, which together form the elementary particles. The spin and charge carried by these
particles dictate their behavior under specific symmetries. The elementary fermions in the
SM have spin—% and obey Fermi-Dirac statistics, which enforce the Pauli exclusion principle,
stating that no two identical fermions can occupy the same quantum state. Fermions, which
constitute the matter in the universe, are divided into two categories: quarks and leptons.

In contrast, bosons carry integer spins and are divided into two types in the SM: gauge
bosons, which have spin-1 (vector bosons), and the Higgs boson, which has spin-0 (scalar
boson). These bosons mediate fundamental forces and provide mass to particles through the

Higgs mechanism. The complete set of SM particles is illustrated in Fig. 2.1".

2.1.3 The Formalism

The quantum field theory (QFT)!'!"'?! provides the theoretical framework within which
the Standard Model (SM) is formulated.!'3!. In this framework, the dynamics and interactions
of particles are encoded in the Lagrangian, and all particles are described as fields that depend
on space-time coordinates. Starting from the Lagrangian in relativistic field theory, free fields
are categorized based on their spin and are described by specific formulations, such as the

Klein-Gordon Lagrangian Eq. 2.1, Dirac Lagrangian Eq. 2.2, and Proca Lagrangian Eq. 2.3:

3 1 I (mc\?> ,
L=30,0)0"9) -3 (%) ¢ @1
L =i(he)gy" o, — (mc*)gy (2.2)

! Figure credits to the author Cush
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I I1 I11
mass =~ =2.16 MeV/c? =~1.273 GeV/c? =172.57 GeV/c? 0 =125.2 GeV/c?
@ |- @ |- @ @ |- H
up charm top gluon I higgs
~4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c? 0
‘' OIF® IF® || @
down strange bottom photon I
~0.511 MeV/c? ~105.66 MeV/c? =1.77693 GeV/c? ~91.188 GeV/c?
@ IF® IF@® || @
electron muon tau Z boson I
<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.3692 GeV/c?
¥ |- | W || W
neutrino | | neatrino | | neutrino | | W boson

Figure 2.1 Elementary Particles of the Standard Model. '

1 1 mc 2
- HAY _ AV AH — _ | — v
L= (0"A" = 9" A")(0,A, - B,A,) + ( ) AYA, (2.3)

By applying the Euler-Lagrange equations, which are derived from the principle of least
action, one can obtain equations describing particles with specific masses and spins. These
include the Klein-Gordon equation Eq. 2.4 for a particle with mass m and spin-0, the Dirac
equation Eq. 2.5 for spin—% particles, and the Proca equation Eq. 2.6 for spin-1 particles,
where F*” is defined as 0*A” — 3V A*. In the case of a massless spin-1 particle, the Proca

equation reduces to Maxwell’s equations.

8,0 + (%)2 ¢ =0 (2.4)
10,0y + (%) J=0 2.5)
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8, FH + (%)2 AY =0 (2.6)

The modern formulation of the Standard Model (SM) interactions is based on gauge
theory. The requirement that the system and its Lagrangian exhibit global invariance, and
that this invariance must hold locally, when applied to the free-field Lagrangian, generates
all interaction dynamics and specifies the current produced by sources.

In more detail, "gauge" refers to the regulation of redundant degrees of freedom in the
theory. If a system remains invariant under gauge transformations belonging to a certain
symmetry group, it is said to exhibit gauge invariance. A global gauge transformation implies
that the transformation parameters are identical at every point in space-time, whereas a local
gauge transformation allows these parameters to vary as functions of space-time coordinates.

The requirement of local gauge invariance under the symmetry group SU(3) x SU(2) x
U(1) forms the theoretical foundation of the Standard Model.

To derive the formalism of QCD, start from the free Dirac Lagrangian describing 3 color

of quarks in Eq. 2.7, assuming the mass is same in different color and 3 color fields are

defined as ¢ = (Y, Y o)
L = ihcyy"d,p — meHpy 2.7)

Requiring local gauge invariance under the SU(3) group introduces the covariant deriva-
tive D, = 0, +ig,G,T", which translates global symmetry into local symmetry. Adding
the free Lagrangian of the gauge field G, known as the gluon, the QCD Lagrangian can be
expressed as Eq. 2.8:

E 1 a v
LQCD = lﬁl’y#DMlﬁ - ZGquZ (2.8)

where ¢ is the quark field, G is the gluon field, D, = 0, +ig,G;T“ is the covariant
derivative, G%, = 8,G% — 0,G% + g, f**G" G is the gluon field strength tensor, g; is the
strong coupling constant and the strcutre constants y# the Dirac matrices, and 7¢ the SU(3)
generators.

After the realization of the possibility of unifying the electromagnetic and weak inter-

actions, the underlying symmetry group of EWK was identified as SU(2); x U(1)y, with
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conservation of weak isospin (753) and weak hypercharge (Yy). Their relationship with

electric charge is expressed as:

1
Q = T3 + EYW (29)

The formalism of EWK theory is then established as Eq. 2.10:

Lewk ZEL_,'W“D#QL]‘ +C,iv" Db

+ ﬁle")/“D#uRj + Ele")/“Dﬂde + ER_ji'}’”DﬂeRj (210)
1 vyra 1 v
— ng W'uv — ZB“ B,,

And D, is the covariant derivative, defined as Eq. 2.11:

Y
D, =0, ~igWiT* ~ig' 5 B, 2.11)

where W are the SU(2),, gauge fields, B, is the U(1)y gauge field, T are the generators
of SU(2)., and Y is the weak hypercharge, and the fields defined as,

* Oy, are the left-handed quark doublets of the three generations, while £ ; are the
left-handed lepton/neutrino doublets. These fields interact with both the weak and
electromagnetic interactions, having non-zero weak hypercharge Yy and weak isospin
T.

* ugrj, dgj, and eg; are the right-handed singlets for up quarks, down quarks, and
charged leptons, respectively, in each generation. These fields interact only with the
electromagnetic interaction and have non-zero weak hypercharge Yy, .

These chiral fermion states are combinations of flavor states, taking into account quark
mixing through the Cabibbo-Kobayashi-Maskawa (CKM) mechanism. Chirality projection
unifies the vectorial and axial natures of the electroweak interaction. Explicitly in Eq. 2.12
and 2.13:

QL= (Zi) t = (Zi) 2.12)

UREMR, DREdR, €R = €R (213)
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The Lagrangian terms consist of the first five kinetic terms, describing fermion dynamics
and their interactions with gauge bosons via the covariant derivative, and the last two terms,
representing gauge boson self-interactions.

The Lagrangian satisfying local gauge invariance only allows the existence of massless
gauge fields, as the A,A” term in Eq. 2.3 is not invariant. This fits well with QCD, where
gluons are massless, but fails in the case of EWK interactions. The gauge bosons associated
with SU(2), xU(1)y must be massive to account for the short-range weak interactions, which
is experimentally verified. The Higgs mechanism is introduced to resolve this difficulty.

The Higgs potential is designed to have non-zero ground states (vacuum), where the
perturbative calculations are performed. The chosen ground state does not share the same
symmetry as the original Lagrangian, causing spontaneous symmetry breaking (SSB). This
process leads to a rewritten Lagrangian expanded around the non-vanishing vacuum expecta-
tion value. The spontaneous breaking of global symmetry typically results in the appearance
of unphysical massless scalar bosons, as demonstrated by the Goldstone theorem!'*!. How-
ever, when local gauge invariance is combined with spontaneous symmetry breaking and the
gauge is fixed properly, the Lagrangian correctly exhibits terms for massive gauge bosons
and one massive scalar particle, the Higgs boson!’!.

In the Standard Model electroweak theory, the Higgs field is described as an SU(2),
doublet complex field: ¢ = (¢*, ¢°)T and the Lagrangian is written as Eq. 2.14:

Ly = (D) (D"¢) - V(9), (2.14)

where D, stands for the covariant derivative (defined in Eq. 2.11), and the potential is

given in Eq. 2.15:

V() = 1o o+ 2 (¢'¢)”. (2.15)

where A > 0 ensures the potential is bounded from below.

The illustration of the shape of the potential for a simplified case where one field with two
degree of freedom and defined in one space is shown in Fig. 2.2! where the symmetry is the
SO(2) rotation between the two degree of freedom, or equally the U(1) with one complex

field representation.

! Figure credits to the author Janosh Riebesell
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. . . . . 2 .
The minimum of Higgs potential is not at zero field but ¢ ¢ = b= V?z, where v is called
. 0 .
the vacuum expectation value (vev). We choose the vacuum state ¢, = % (v)’ breaking the

symmetry, and rewrite the field in Eq. 2.16, just as Eq. 21.38 in!?!;

_ L —i(¢1—ig2)
$= 6 (v + h(x) + i¢3) ’ (2.16)

where ¢, ¢», and ¢5 are the Goldstone bosons. Applying the unitarity gauge!'”!, all three

Goldstone bosons are rotated to zero, leaving the physical field as Eq. 2.17:

1 0
$= @ (v + h(x)) ’ 217
With this spontaneous symmetry breaking, the electroweak symmetry SU(2);, X U(1)y

is broken down to the electromagnetic symmetry U(1).n,. The electroweak Lagrangian, after

symmetry breaking, is formulated as Eq. 2.18:

10
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Lewk = ;?(i@_mf - %H)f

1 1 IV y 1
- ZA”VAW — EW;”W m — 7 w ZH + E(aﬂH)(aﬂH)
1 1
+my, WiW ™ + EmZZZ#Z“ —~ Eml%,H2
em 8 3 -2 em
+€J# A”+m(.]’u—51n Qw.]” )Zﬂ
5 5
8 |- ul=7 | ckm S +
- — |uy Mi' dj+vl-‘y e; W +h.C.
V2 [ 2 2 ’
m2 2,02
_ &My 3_g_§H4 (2.18)
dmyy 32mg,

2
8 2 +117— 1
+ +=H | WWHt — Z,7Z*
(gmHV + ) ( H 2cos? Oy M )
- ig[ (W;VW‘” _ W*ﬂW,;V) (A” sin By — Z” cos B)
+ W, W, (A" sin Oy — Z"” cos Oy) ]

2 2
- gz{ [ZW;W_“ + (A, sinfw — Z,, cos HW)Z]

2
_ [W;W; + Wi W, + (A, sin Oy — Z, cos By) (A, sin By — Z, cos Bw)] }

where the W=, A,,, and Z,, are the physical boson fields, mixed from the massless gauge
bosons W and B before spontaneous symmetry breaking (SSB) as described in Eq. 2.10. The
mixing is described by the Weinberg angle 6y .
The physical interpretation of each term in the Lagrangian, line by line, is as follows:
* The dynamics of fermions, including their propagation, mass terms, and Yukawa
coupling to the Higgs field H which generates fermion masses.
* Kinetic terms of the photon A, charged W* bosons, Z° boson and Higgs boson which
describes their propagations.
 Mass terms for the W*, Z° bosons arising from their interaction with the Higgs field
and Higgs boson mass term due to the potential.
* Neutral current which describes the electromagnetic interaction and the Z° boson in-
teraction with fermions, modified by the Weinberg angle Ow. Ji" = 3,0 f?yﬂ f,
J=2 T;?Ly,l fr, where Q the electric charge and 7} the weak isospin of corre-

11
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sponding fermion state.
* Charged current interactions mediated by W* bosons, including quark mixing via the
CKM matrix M M¥.

* Higgs boson self-interaction terms, describing cubic and quartic Higgs boson cou-

plings.

* Higgs boson interaction with W* and Z° gauge bosons. mpyy = v.

* The rest is other gauge bosons self interactions in the form of 3-point WWV and 4-point

WWVV.
All the parameters in the Lagrangian are determined by experimental measurements.
[

Completing with the discovery of the last missing piece of the SM, the Higgs Boson, in
2012 at the Large Hadron Collider (LHC)®-1, all the predicted particles have been confirmed
by experiments. Furthermore, all observations and measurements of their basic properties,
such as mass, spin, charge, and cross-sections, align with the SM predictions with remarkable
accuracy.

However, despite its great success, the SM faces significant challenges. It fails to account
for all the matter in the universe, particularly the mysterious dark matter, which constitutes a
substantial portion of the universe’s mass-energy density. Understanding the nature of dark
matter remains one of the most compelling questions in modern physics and is the central

topic of this thesis.

2.2 Dark Matter
2.2.1 Dark Matter From Cosmology

One of the open questions of the SM is its inability to predict all the matter constituents
of the universe, as revealed by studies in cosmology. Observations in cosmology indicate
that a large proportion of the universe’s matter is of unknown origin. This unknown matter
is proposed to satisfy a variety of astrophysical and cosmological observations, including the
motion of galaxies!'®, the anisotropies in the cosmic microwave background (CMB) from
the early universe!!”l, X-ray emissions from merging galaxy clusters!'®!, gravitational lensing
effects!'”!, and the formation of large-scale structures in the universe!*"!.

This unknown matter is referred to as "dark matter" due to its electromagnetically neutral

12
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or nearly neutral nature and its classification as non-baryonic. In the most widely accepted
cosmological model, known as the ACDM model, dark matter constitutes approximately
84.4% of the total matter density of the universe. However, the only particle in the SM that
satisfies the non-baryonic, electromagnetically neutral properties of dark matter—neutrinos
—has been found to account for only about 1.6% of the non-baryonic matter in the universe!!l,

This significant discrepancy strongly indicates the existence of physics beyond the Stan-
dard Model (BSM). The search for new physics to account for dark matter is one of the most
active and compelling areas of research in particle physics and cosmology.

The major evidences supporting the existence of dark matter are:

* The motion of galaxies and clusters: Numerous observations of galaxy rotation
curves!'® and velocity dispersions!??! predict a mass distribution significantly different
from that of visible matter. To reconcile these observations, an additional invisible
matter component must be included. For example, the spiral galaxy Messier-33 exhibits
a rotation curve that cannot be explained solely by luminous matter, as shown in Fig.
2.30231,

* The structure formation of the universe!>!: The density perturbations following
the Big Bang are crucial for forming cosmic structures, such as stars and galaxies.
Ordinary matter interacts strongly with radiation, dominating perturbations only during
the early universe. With only baryonic matter, the predicted fluctuation at present is
00b/Pblioday = 1072, far below the observed value 605,/ pp|obs = 1. Dark matter, which
does not interact electromagnetically, is necessary to sustain perturbations over long
periods, enabling the structures we observe today to form.

» The merging galaxy clusters, such as the Bullet Cluster'®>!: Observations of phe-
nomena such as gravitational lensing, galaxy motions, and X-ray emissions provide
compelling evidence for the existence of additional mass from invisible matter. These
observations show a spatial separation between visible matter and the mass inferred
from gravitational lensing, strongly supporting the dark matter hypothesis.

* Other supporting evidence:

— The failure of dark matter-free modified gravity theories to predict the identi-
cal speeds of gravitational waves and light during the gravitational wave event

GW1708171261,

13
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— The anisotropies in the cosmic microwave background (CMB), where perturba-

tions from ordinary and dark matter leave distinct imprints!?”!,

— Type Ia supernova distance measurements, which indicate a flat universe and

provide evidence for the total energy density required, including dark matter!!".

— Precise cosmological parameter measurements combining CMB observations

with baryon acoustic oscillations (BAO) from galaxy redshift surveys®l.

Observations -

-.from starlight Observations from

21 cm:hydrogen

Velocity
S (km st1)

) Expected from
the visible disk

20,000 30,000 40,000

. ‘Distance (light years)

Figure 2.3 Rotation curve of the Messier 33. The observation of rotation from starlight and 21 cm
hydrogen match very well and both are notable different from the prediction from visable matter!>*!,

2.2.2 Lambda-CDM Cosmology Model

The most accepted cosmological model predicting the existence and behavior of dark
matter is the ACDM framework!>”!. In this model, dark matter is considered to be "cold,"
meaning it has very small velocity dispersion, and it constitutes the universe along with
ordinary (baryonic) matter and dark energy governed by the cosmological constant A. The
ACDM model provides an excellent fit to a wide range of observations, including the cosmic
microwave background, large-scale structure formation, and galaxy clustering.

The properties of dark matter are predicted within the ACDM framework based on
cosmological observations. Some important ones are summarized below!*!:

* Abundance: Dark matter constitutes 26.4% of the critical density of the universe and

84.4% of the total matter density.
* Relic density: This is a crucial parameter in the ACDM model that reflects the

14
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evolution of dark matter in the early universe. Dark matter initially tracks thermal
equilibrium until its production and annihilation slow down and eventually stop as the
universe expands and cools. At this point, the abundance "freezes out", becoming
constant until today. An example of this process for a weakly interacting massive
particle (WIMP) dark matter candidate is shown in Fig. 2.4%. The latest measured

relic density is!!":
Q.h* =0.1200 £ 0.0012 (from CMB observations),

Q.h? =0.1193 £ 0.0009 (combined with BAO measurements).

Density: Estimates for local dark matter density range from 0.2 to 0.6 GeV/cm?® based
on global extrapolations of rotation curve measurements, assuming a Galactic halo
shape, and 0.3 to 1.5 GeV/cm® from Gaia satellite measurements.*'!

Velocity: The velocity dispersion of dark matter particles in the Galactic halo is
estimated to be between 218 km/s and 246 km/s based on multiple measurements of
velocities and radial forces?®?..

Self-interaction cross-section: Limits on the self-interaction of dark matter are con-
strained to!*:

O'DM_DM/mDM < 0.84 barn/GeV.

Mass: To account for the observed gravitational effect, the DM mass has lower limit
for different kind. For fermionic dark matter candidates, the mass is constrained
to be m > 70eV**331 obtained from the upper bound of phase-space density due
to Pauli’s principle with the parameters of Fornax dwarf. For bosonic dark matter
candidates, the lower limit is m > 10722 eV which is required to form the correct
small-scale structure and to be consistent with a set of measurements including CMB

and luminosity function!!,

The upper limit on dark matter mass is approximately
5 M, to make the structure of cosmology system immersed in DM halos safe, such as

binary stars and clusters, from tidal disruption/?!!,

Different models explicitly propose candidates for dark matter, and these candidates are

widely searched for using a variety of experimental approaches, beyond cosmological obser-

vations. These approaches include direct detection, indirect detection, and collider searches.

The candidates and their associated detection methods are categorized and illustrated in

Figure 2.5.

15
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Figure 2.4 Demonstration of the relic density of dark matter. The comoving number density
(left), defined as the ratio of WIMP number density to entropy density and resulting thermal relic
density (right) evolute as a function of temperature T (bottom) and time t (top), assuming 100 GeV,
P-wave annihilating WIMP DM candidate. The line of the freezed-out is for an annihilation cross
section yields the correct relic density and the shaded are for a cross-section varied by 100,100,1000
respectively. The dashed line marks the thermal equilibrium.>"!

Among these methods, collider experiments offer a unique opportunity to potentially
generate dark matter on Earth and study it in detail using advanced particle detectors. The
high energies achieved in particle collisions recreate the conditions of the early universe,
enabling the production of massive dark matter particles directly, which can then be analyzed
through their interactions or missing energy signatures. This is the primary method explored

in this thesis to search for dark matter.

2.2.3 Dark Higgs

How does dark matter obtain its mass? The dark Higgs model provide one fancinating
explanation by porting the Higgs mechnism and Yukawa interaction into the dark sector
to account the mass origin. It extends the SM by introducing a hidden sector with its own
spontanously broken U(1) gauge symmetry, leads to a configuration with dark matter fermion

X, massive gauge boson Z’, the dark Higgs field S and the physical dark Higgs s formulated

16



a3 PN L e el VA Chapter 2 The Theory and Mystery

Direct detection -
X . X

o .
' :
w i 1
s | P =
o =
= ! ' o
8 -1
- 1 Dark Matter - 0
g Standard Model -
= - mediators . &
%‘ ' 1 Q
- ! =)
e . =
o '
] 1
' v
Standard Standard
Model states Model states

Figure 2.5 General Idea of Experimental Dark Matter Searches. Direct detection experiments
probe dark matter through interactions with SM particles, typically employing large volumes of de-
tector material to observe rare signals, as demonstrated by experiments like PANDAX and XenonNT.
Indirect detection focuses on anomalies in kinematic distributions and abundances of observed SM
particles, often relying on satellite-based experiments such as AMS and DAMPE. Collider experi-
ments, on the other hand, aim to produce dark matter directly and detect its presence via interactions
with SM particles at the highest achievable energies.

inS = % (w +5) where the w is the vacuum expectation value of the field"*®!. The Lagrangian
interaction terms after SSB is described as fermion interaction
1 =S m, _ - )
L, = —58)(2 XY YuX = 8y =KX + 28, Z"Z,(8gys™ +mys) (2.19)
Z/

where the main parameters are shown in Tab. 2.1.

Table 2.1 Main Parameters of the Dark Higgs Model

Parameter Explain

My mass of Dark Higgs
m, mass of DM
mg mass of heavy mediator
8y coupling in dark sector, between s, y, Z’
84 coupling with SM: q<->Z’, fixed 0.25 as benchmark
6 mixing angle of SM Higgs<->dark Higgs, fixed at 0.01

The experimental constraints and considerations for parameter settings are described in
detail in Section 5.2.

In the most common parameter setting of the dark Higgs model, the dark Higgs is chosen

17
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to be the lightest particle in the dark sector. This configuration allows the annihilation channel
xx — ss — SM, which reduces the dark matter abundance without requiring significant
fine-tuning of the coupling constants. This parameter choice relaxes the cosmological
constraint on the relic density, which is a common issue in standard WIMP models, as they
often predict an overabundance of dark matter. This is discussed further in Section 2.2.2.

In terms of production mechanisms, SM quarks are also charged under the dark Higgs
field, enabling interactions where the Z’ boson couples to SM quarks. This makes production
channels into the dark sector accessible in collider experiments, as illustrated in the Feynman

diagram in Fig. 2.6 and described by the Lagrangian in Eq. 2.20.

Figure 2.6 Feynman Diagrams of Dark Higgs Model. One of the production channels is shown.
The Z’ mediates the interaction between SM and the dark sector.

Ly 72 =-8,2"Gyuq. (2.20)

The dark Higgs mixes with the SM Higgs boson, allowing it to decay into SM particles.
This mixing provides efficient and detectable signatures for the dark Higgs model. The
decay channels of the dark Higgs boson depend on its mass assumptions, leading to a rich
phenomenology. For instance, at high masses, the dominant decay channel is s — V'V (where
V represents SM gauge bosons such as W or Z), while at low masses, the decay channel is

predominantly s — bb. These decay modes are demonstrated in Fig. 2.7.

2.2.4 Dark Photon

The Dark Photon is another extension of the SM that introduces an additional abelian
U(1) gauge symmetry, focusing on kinetic mixing between the SM and the dark sector. This

mechanism is described in the Lagrangian in Eq. 2.21, which includes the kinetic mixing of
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Figure 2.7 Decay Modes of Dark Higgs. Decay branching ratio of dark Higgs to differrent SM
particles depending on the mass. At low mass the dark Higgs boson dominately decay into b quark
pair, while at high mass the decay into vector boson pair and even Di-Higgs is leading.'*"!

the two U(1) gauge fields.®!

Lo= —%Faw,Fc’;’V - %Fb,,VF;)” - gFa,,VF;;V 2.21)

The dark photon, as the gauge boson of the dark U (1) gauge field, can be either massless
or massive, depending on the mechanism of mass generation. These mechanisms include
the SM Higgs mechanism, beyond Standard Model (BSM) Higgs fields (such as the dark
Higgs discussed in the previous section), or the Stueckelberg mechanism!*!. The coupling
between the dark photon and the SM photon leads to a rich phenomenology, which has been
extensively studied in both collider experiments and direct detection experiments!*®!. The
production and decay channels of the dark photon are illustrated in Fig. 2.8.

The two gauge fields can be orthogonally rotated to form the SM photon field and the dark
photon field, which diagonalize the kinetic terms, as Eq. 2.22. This rotation also clarifies the
interactions between the currents (generated by particles carrying charge under one of the

gauge fields) and their corresponding gauge fields.
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The rotation angle determines the interaction between the SM and dark currents with
the SM and dark photon fields. Two extreme cases can be considered. In the first case, the
interaction between the SM photon field and the dark current is rotated to zero. As a result,
the SM photon interacts exclusively with SM particles, while the dark photon interacts with

both dark and SM particles, as described in Eq. 2.23.

e’ ee
J - J
Vice ! Ai-e g

Another case occurs when the dark photon interacts exclusively with dark particles,

L= [ ] A¥ 4 e, A¥ (2.23)

while the SM photon interacts with dark particles through a milli-charge!*”!, where the

normal electric charge is modified by a small coupling constant, as described in Eq. 2.24.

—e’e e
J + J]A“
Vice " ViZe g

For the massless dark photon, the rotation angle is arbitrary. In this scenario, the dark

Ly=eT A"+ (2.24)

photon can mediate long-distance interactions and couples to the SM sector only through
high-dimensional effective operators. Consequently, the direct generation of a massless dark
photon at colliders via quarks or gluons is generally suppressed.

While for the massive dark photon, the rotation angle is fixed as Eq. 2.25,

VI =&
0 = arctan [1——5;] (2.25)
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where 6 = M,/ M,,. The Lagrangian becomes the one shown in Ref!*! as Eq. 2.26,

1 Jy

’ ‘]ﬂ ’ 1 IR
= e &/ (1 = 6€) e + €(6 — ) e | A e [eJ,, — 8¢/ J/,] A",

V1 —26€ + §2 V1 — €2 1-¢2 V1 —26€ + §2
(2.26)

At collider experiments where the Higgs boson can be generated, the interaction between
the Higgs and the dark photon provides a unique probe of the dark photon model*!*#?!. This
production channel for the dark photon is not sensitive to the very high ultraviolet (UV)
energy scales of effective operators but instead operates at the EWK scale, owing to the
non-decoupling nature of the Higgs boson!*?.

To connect the Higgs with the dark sector, a set of messenger-scale fields is introduced in
the model. The Yukawa coupling in this scenario is assumed to be effective and radiatively
induced by the dark sector!*’!, rather than being a fundamental coupling. The interaction is

described in Eq. 2.27.

M; 2
Y=Y, (—) exp (— _"2) (227)
m 3aq;

where @ and g; are the fine structure constant of and dark fermion charge of i flavor under
the U(1)F gauge group. Yy(M;/m) is the loop function of the ratio of dark fermion mass M;
and the universal average mass of messenger fields .

And after electroweak symmetry breaking, this interaction leads to the Higgs boson
decaying into a photon and a dark photon, as illustrated in the diagrams in Fig. 2.914,
Combined with the extensive production channels of Higgs bosons, this enables an efficient

search for dark photons in hadron collider experiments.
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Figure 2.9 Feynman diagrams of dark photon with Higgs coupling. Higgs boson coupled with
photon y and dark photon y;, via mass eigenstates S; of portal messenger scalar fields.!*?!
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Chapter 3 The Large Hadron Collider (LHC) and ATLAS
Experiment

3.1 Overview of LHC

The collider is one of the most important instrumentation to study the elementary particle
at high energy frontier. With head-on colliding, the kinetic energy T of accelerated particle
with mass m is well utilized in the interaction, leads to roughly 27 /m times amplification
of relative kinetic energy in the rest frame!'’! and enable the access to physics at higher
energy compared with fixed-target experiment. The Large Hadron Collider (LHC) is the
biggest particle collider facility in the world with the highest energy proton-proton beam at
7TeV (7 x 10'2eV) of each. Crossing the border between Switzerland and France and being
underground at a depth of more than 100 meter, the main ring of the LHC has a circumference
of 26.7km where two energetic beams of particle circle and collide. And the collisions being
recorded provide valuable data to probe the most fundamental and deepest nature of the
world.

The LHC complex consists of several parts, as illustrated in Fig. 3.1! where the most
notable components are the accelerators and detectors. The linear accelerator, Linac4,
located in the north side of the LHC accelerates first the H~ ion which is basically the proton
surrounded by electrons and obtained from the hydrogen with inductive surface plasma
ignited by radio frequency (RF) electromagnetic wave. Then the circular accelerator Proton
Synchrotron Booster further accelerates the particle to 2GeV and removes the electron,
resulting in the proton beam. With further acceleration by two synchrotrons, the Proton
Synchrotron (PS) and Super Proton Synchrotron (SPS), the beam reaches 450GeV energy
and is injected into the main ring bunch by bunch. In the main ring two proton beams are
finally accelerates up to 7TeV, circle the ring 11245 times per second and collide in the
bunches at a frequency at 40MHz. Characterized in the term of luminosity L, which is
defined in Formula 3.1 which stands for the number of events detected from the collision dN
in a certain period of time dt and of unit cross-section o, The LHC is designed to deliver

very intensive beam at 10**cm=2s~! which is actually doubled in the operation of 2017.

! Figure Credits to CERN
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which are designed to measure the momentum of energy of different type particles.

Overall view of the LHC exerlments.

Figure 3.1 Sketch of the Large Hadron Collider !

Four crossing points where the collision happens are positioned on the LHC ring and
multiple detectors and experiments are located to study different phenomena. ATLAS (A
Toroidal LHC Apparatus) and CMS (Compact Muon Solenoid) are the two general purpose
particle detector experiments lying on the opposite sites on the ring and host variety of
physics programme, including the precise measurements of Standard Model and searches
for the Beyond Standard Model phenomenology. Another experiments includes ALICE (A
Large Ion Collider Experiment) which is designed for the study of quark-gluon plasma,
LHCb (LHC-beauty) experiment focuses on b-physics and more experiments which take full
advantage of the unprecedented energy at LHC facility and probes the fundamental physics
in different aspect.

This thesis is mainly based on the data taken from ATLAS experiment while the prospec-
tive study in the last part covers the phenomenology in the context of general collider

experiment.
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3.2 The ATLAS Detector

With the largest general-purpose detector at the LHC, the ATLAS experiment*!! is
designed to maximize the potential for the discovery of new physics while maintaining the
capability for high-accuracy measurements of the Standard Model. It has a size of 46 meters
in length by 25 meters in diameter and weighs more than 7000 tons. It features the following
subsystems and aims to provide as many signatures and as accurate and precise measurements
as possible in the high-luminosity environment.

« Inner Detector (ID) system!**“®!, surrounded by solenoid magnets!*’, operational at
high luminosity for the measurement of lepton momentum at high pr, identification of
electrons/photons, 7-lepton identification, b-quark tagging, and full event reconstruc-
tion at lower luminosity.

¢ Electromagnetic calorimeter (ECAL) system!*®! for electron/photon identification and
measurement. A complementary hadronic calorimeter (HCAL)"®! with full coverage
designed for measurements of jet and missing transverse energy (EX**) accurately.

e Stand-alone muon system!*! for accurate measurement of muon momentum at the
highest luminosities, utilizing toroid magnets!*”.

* Trigger and Data Acquisition (TDAQ) system!>’!l, integrated with each sub-detector,
providing full azimuthal angle ¢ coverage and large acceptance range of pseudo-
rapidity 7, to measure particles with low-pr thresholds and high efficiency for most
processes.

The quantitative expected performance of detector is list in Tab. 3.152!,

Table 3.1 General performance goals of the ATLAS detector>?l. o denotes the overall absolute
resolution in GeV. (P marks the constant term of uncertainty.

Resolution Coverage in i
for Measurement for Trigger

Tracker /P = 0.05%pr(GeV) & 1% +2.5
ECAL oe/E = 10%+E(GeV) & 0.7% +3.2 +2.5
HCAL

Barrel&Cap 0 /E =50%+E(GeV) ® 3% +3.2 +3.2

Forward oe/E = 1009+E(GeV)® 10% 3.1<|n| <49 3.1<|n <49
Muon Spectrometer 0, /pr = 10% at pr = 1TeV +2.7 +2.4
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The overall layout of ATLAS detector is visualized in Fig. 3.2 and detailed in the

following sections.

44m

Tile calorimeters

\ ' LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

Figure 3.2 Overview layout of ATLAS detector!>*!

3.2.1 Inner Detector (ID)

The Inner Detector (ID) system!>*>*! located closest to the interaction point, plays a
crucial role in achieving precise measurements of the vertex and momentum of charged
particles. It combines silicon-based detectors—the Pixel and Silicon Microstrip Tracker
(SCT)—with the gas-based Transition Radiation Tracker (TRT). These sub-detectors offer
high granularity, enabling accurate measurements in an environment with extremely dense
track multiplicity, where approximately 1000 particles traverse the detector every 25ns. The
entire ID system is immersed in a 2T axial magnetic field, as illustrated in the inner region of
Fig. 3.3'. This magnetic field bends the trajectories of charged particles, facilitating precise
momentum measurements. The overview layout of the ID is illustrated in Fig. 3.4. The barrel
and end-cap structure of detectors provide 1 coverage from -2.5 to +2.5, with the detaild
coverge shown in Fig. 3.5. The main parameters are detailed in Ref.>?!,

At the innermost region, the silicon-based detector is placed to ensure precise tracking
measurements. The pixel detector®*>4, located at the core, comprises three layers of pixel

sensors in the barrel and three disks in each end-cap. The pixel dimensions are 50 x 400um?

! Credit to Rodriguez Vera, Ana Maria; Antunes Pequenao, Joao
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Figure 3.3 Overview layout of Magnet System in ATLAS detector '
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Figure 3.4 Overview layout of ATLAS Inner Detector!?!
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Figure 3.5 Coverge of ATLAS Inner Detector!>*

in the barrel and 50 x 600um? in the end-cap, with a thickness of 250um. Novel oxygenated
n-type wafers are fabricated for use in the sensors, with the readout pixels located on the
n*-implanted side. The Semiconductor Tracker (SCT)!>Y surrounds the pixel detector and
features four layers of silicon microstrip sensors in the barrel and nine disks in each end-cap.
The strip widths are 80um in the barrel and 122um in the end-cap, employing reliable,
cost-effective single-sided p-in-n technology with AC-coupled readout. Together, the pixel
detector and SCT enable highly accurate track and vertex measurements, with resolutions
of 10um and 17um, respectively. Prior to the 2015 data-taking year, the Insertable B-Layer
(IBL)P®! was installed as the innermost layer of the pixel detector, positioned closer to the
beam pipe. The IBL incorporates advanced technologies, including planar n-in-n sensors
with slim edges, 3D sensors, and a new 130nm CMOS front-end readout ASIC. This upgrade
significantly enhances tracking precision, particularly for vertexing and b-tagging, while also
facilitating maintenance of the beam pipe, electronics, and innermost sensors following
exposure to high radiation doses.

At the outermost region, the gas-based Transition Radiation Tracker (TRT)“>%! ensures
continuous tracking and facilitates electron identification while remaining cost-effective. The
TRT consists of polyimide straw tubes with 4mm diameter X 144cm length, constructed from
35um thick multi-layer films. The central anode is made of the gold-plated tungsten wire.
The tubes are filled with a gas mixture (70% Xe, 27% CO,, 3% O,). This xenon-based
gas mixture allows for efficient separation of low-energy transition radiation photons from
minimum-ionizing charged particles, as the former are absorbed, generating a stronger signal.

The TRT achieves a tracking resolution of 130um per straw tube and complements other
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sub-detectors by enhancing electron identification through transition radiation detection.

3.2.2 Calorimeter

The calorimeter system!*®! is designed for the measurement of the energy and position of
particles, primarily electrons, photons, and hadronic particles forming jets. It consists of two
main components: the electromagnetic calorimeter (ECAL) and the hadronic calorimeter
(HCAL), as illustrated in Fig. 3.6. The ECAL, based on liquid-argon technology, is optimized
for precise energy measurements of electrons and photons, offering high granularity and
excellent resolution while covering the pseudorapidity range || < 3.2. In contrast, the
HCAL utilizes scintillator-tile technology for || < 1.7 and liquid-argon technology for
|| > 1.5, and is designed to measure precisely the energy of hadronic particles, such as
jets, and to estimate missing transverse energy (E‘Tniss). The forward liquid-argon calorimeter
extends the coverage to || < 4.9 and functions as both an electromagnetic and hadronic
calorimeter. Both the ECAL and HCAL are sampling calorimeters, specifically designed
to handle the high energy and radiation environment of the LHC. The ECAL has a total
thickness exceeding 22 radiation lengths (X,) in the barrel region and more than 24 X, in
the end-caps, ensuring effective absorption of electromagnetic particles. For the hadronic
component, the thickness is 9.7 interaction lengths (1) in the barrel and 10 A in the end-caps,
which is sufficient to achieve high-resolution measurements for high-energy jets. The total
thickness, including the support materials, reaches 11 A at = 0, significantly reducing the
punch-through of muons into the outer sub-detectors.This design ensures the calorimeter
system’s capability to accurately reconstruct jet energies while minimizing background from
penetrating particles.

The ECAL is a lead-liquid argon (LAr) sampling calorimeter with an accordion geometry
as shown in Fig. 3.7, optimized for measuring the energy and position of electrons and
photons with high precision. Its unique design ensures complete azimuthal coverage without
cracks, enhancing the detector’s ability to accurately reconstruct electromagnetic showers.
The ECAL is divided into three sections along its depth with || < 2.5. In the case
of the end-cap inner wheel (EMEC), it features two depth segments and a comparatively
coarser lateral granularity than the other regions within its coverage. The presampler was
added in the || < 1.8 with 1.1cm thickness LAr in barrel and 0.5cm at end-cap. It

is designed to measure the energy loss of particles before entering the calorimeter. The
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Figure 3.6 Overview layout of ATLAS Calorimeter System'>?!

beam test of barrel module with the material setup before the ECAL module close to the
real detector’®” geives the energy resolution of barrel ECAL is measured to be oz /E =
(10.1 + 0.4)%//E(GeV) @(0.2 + 0.1)% and 0.5% linearity with energy range 20-250
GeV.

The HCAL contains several sections: Tile Calorimeter (TileCal) is built with the steel
(absorber) and scintillating tiles (active material). The barrel covers || < 1.0 and two
extended barrels the range 0.8 < || < 1.7. Azimuthally the TileCal has 64 modules and
radially range from 2.28m to 4.25m. In depth it is segmented in three layers and in total
9.7 A at n = 0. The scintillating tiles are read out from two sides and the scintillation
light is guided by wavelength shifting fibres into two photomultiplier tubes (PMT). The
combined beam test of barrel ECAL and TileCal yields the energy resolution of og/E =
(52.0+ 1.0)%/\/@ P (3.0+0.1)% with 1.6GeV £ 0.1% electronic noise for the hadron
response.

The end-cap HCAL (HEC) consists of two wheels per side, constructed with interleaved
8.5,mm liquid-argon (LAr) gaps and 25mm/50mm copper plates for the front and rear wheels,
respectively, covering the range 1.5 < || < 3.2.

The forward calorimeter (FCal) comprises three modules, also utilizing LAr technology.

The first module, similar to the ECAL, uses copper, while the second and third modules,
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Figure 3.7 Layout of ATLAS ECAL Unit>*

functioning as the HCAL, use tungsten. The FCal covers the range 3.1 < |p| < 4.9 and
provides a total depth of approximately 10 interaction lengths. To handle the extremely high

particle flux in the forward region, the LAr gap is reduced to as small as 0.25mm.

3.2.3 Muon System

The muon spectrometer'*”! is designed for the measurement of the muon momentum in
conjunction with the magnet system, which provides a toroidal magnetic field of 0.5T in the
central region and 1.0T in the end-cap region. The system consists of four main components:
Monitored Drift Tubes (MDT), Cathode Strip Chambers (CSC), Resistive Plate Chambers
(RPC), and Thin Gap Chambers (TGC). The MDTs are used for precise muon tracking, while
the CSCs complement coverage in the large pseudorapidity range of 2 < || < 2.7. The
RPCs and TGCs are primarily employed for triggering at a resolution of 1.5-4ns, covering
|n| < 2.4, with the former used in the barrel region and the latter in the end-cap region. The

RPCs and TGCs also measure the muon coordinates in the orthogonal direction, provide
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bunch-crossing identification, and determine p7 thresholds.

The muon system occupies a large volume, making the alignment of each module, as
well as the measurement of the magnetic field over the entire area, critical to achieving
the required measurement resolution. The MDT and CSC chambers are monitored using
laser sensors precisely installed inside the modules, which are sensitive to deformations of
the module as well as the variations in the relative positions. On a larger scale, the initial
alignment of the system is achieved through precise installation, with tolerances of Smm
and 2mrad. The alignment is then refined using track-based method with high-momentum
muon during data-taking and the targeted 30 um precision is achieved. The magnetic field
is continuously monitored using Hall probes distributed throughout the system.

The layout of the muon system is illustrated in Fig. 3.8 and the design parameters detailed

in Ref.P?!,

Thin-gap chambers (T&C)
Cathode strip chambers (CSC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.8 Overview layout of ATLAS Muon Spectrometer>?!

The four detector in the muon system are all gaseous detectors optimized for different
functions. The Monitored Drift Tubes (MDTs), the primary tracking detectors, consist of
tubes approximately 3 cm in diameter filled with the gas mixture (93% Ar, 7% CO;). MDTs

provide a spatial resolution of 80um in the bending direction but are limited to a maximum
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counting rate of 150Hz/cm?.

The Cathode Strip Chambers (CSCs) are one type of the multiwire proportional chambers
with cathode strip readout and anode wires. They are designed for higher-rate environments,
handling up to 1000H z/cm?, making them suitable for the end-cap regions. CSCs also offer
superior resolution of 60um in the bending direction.

The Resistive Plate Chambers (RPCs) are parallel-plate detectors with resistive plates
separated by a 2mm gas gap. And the Thin Gap Chambers (TGCs) are multiwire proportional
chambers featuring a 1.4mm wire pitch. TGCs utilize a high-field, low-gain gas mixture and

thin gaps to achieve excellent timing resolution.

3.3 Data Acquisition and Simulation

3.3.1 Trigger System

TThe proton-proton bunch crossings at the LHC occur at a design rate of 40 MHz,
far exceeding the data storage and processing capabilities of even today’s technology. The
trigger system is designed to reduce the event rate by selecting events of physics interest for
further processing. There are two levels of trigger system: the Level-1 (L1) trigger and the
High-Level Trigger (HLT).

The L1 trigger is hardware-based and reduces the event rate down to 100 kHz, while
the HLT is software-based and it further reduces the rate to 1 kHz. The L1 trigger uses
the information from calorimeters and muon systems to make quick decisions, whereas the
HLT utilizes full event information to apply more complex selection criteria. The trigger
system is designed to be both flexible and configurable, leveraging programmable hardware
(L1) and software-based logic (HLT). This flexibility enables the selection of diverse physics
signatures and event topologies, such as electrons and photons®®, EMSE muons!®l, p-
jets!®!] and objects with specific patterns, combinations, or topologies!®*¢3!,

The architecture of the ATLAS trigger system is illustrated in Fig. 3.9.

The Level-1 (L1) trigger system is based on custom electronics and FPGAs, designed
to make fast decisions within 2.5 us and reduce the event rate to fit within the data transfer
bandwidth. The L1 trigger system consists of calorimeter trigger, muon trigger and central
trigger processor.

The calorimeter trigger (LL1Calo) utilizes information from the calorimeter system to iden-
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Figure 3.9 Diagram of the Trigger system designed in Run 2. The FTK system was proposed but
was not commissioned during Run 2.[64!

tify high-energy objects, such as electrons, photons, and jets. The muon trigger (L1Muon)
leverages data from the muon system to identify high-momentum muons. The L1Topo
trigger takes kinematic information from input triggers and makes desion based on simple
event topologies and global event quantities, such as mass and E}“iss. The central trigger
processor combines the information from both the calorimeters and muon triggers to make a
final decision. Due to limited processing time and bandwidth, objects at the L1 trigger level
are not fully reconstructed with full precision and granularity. Instead, the system provides
regions of interest (Rols) for further processing at the High-Level Trigger (HLT).

The HLT is a software-based trigger system that operates on a farm of CPUs. It utilizes
full event information to perform more complex selections than the L1 trigger, aiming to
replicate full reconstruction at the analysis level but with a limited procesing time. This
includes identifying specific objects or event topologies. The HLT is designed to reduce the
event rate to around 1 kHz, shared among triggers with different physics interests defined in
the trigger menu. This is limited as the maximum event rate that can be stored to disk. The

stored data are subsequently processed offline for further analysis.
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3.3.2 Event Simulation

One important task for collider experiments is to separate the unknown from the known.
To incorporate the best known knowledge of particle physics, collision events are simulated
and widely used in analyses. Simulated events are essential for detector optimization,
background process estimation, and new physics signal searches.

The known knowledge used in the simulation includes SM theory/phenomenology de-
scribing particle interactions and outcomes derived from perturbative/non-perturbative ap-
proaches, the physics of detectors modelling particle-material interaction and electronics for
decoding and recording detector signals. The process involves two major steps to simulate
realistic data:

Event Generation: Various Monte Carlo (MC) generators are employed to simulate
events starting from matrix element (ME) calculations, parton showering (PS), hadronization,
and immediate decays. Extra effects such as initial- and final-state radiation (ISR/FSR),
multiple parton-parton interactions (MPI), and underlying events (UE) are also included.
The SM theory and empirical knowledge are used to compute cross-sections and kinematic
distributions of particle outcomes. New physics events can also be simulated according
to specific models, such as dark matter production from SM quark interactions. This step
generates the kinematics of free particles, such as leptons and hadrons, which are then passed
to the next step. This information, often referred to as truth information, represents the pure
physics outcomes before detector, allowing direct decoding of the hard-scattering physics.

Detector Simulation and Digitization'¢*':

The particles from event generation are
then passed through a GEANT4-based!®® detector simulation to replicate realistic detector
responses. Particle-material interactions are simulated using models for different energy
scales, such as the QGSP (quark-gluon string model with the Pre-compound model)®”!
for energies up to the TeV scale and parameterized models for lower-energy excitations
down to the keV range. Secondary particles are sampled using MC methods and traced
recursively. The simulation incorporates detailed geometry, material effects, magnetic fields,
and operational conditions (e.g., inactive detector regions due to defects).

The detector simulation produces hits, which represent the response on detector material
before electronic processing. These hits are then passed to the digitization step, where

they are converted into detector signals. Electronics simulations are applied to mimic the
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real detector readout. The output of the digitization process is in a similar format as real
taken data, which serves as input for reconstruction. Additional effects, such as electronic
noise and pile-up, are incorporated at this stage. Pileup arises from additional proton-proton
interactions occurring in the same (in-time pileup) or adjacent bunch crossings (out-of-time
pileup) as the primary interaction and other reasons such as cavern background, beam halo
events and beam gas events!®*l. The pileup effect is added to the simulation following the

procedure illustrated in Fig. 3.10.
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Figure 3.10 Simulation of Pileup Events

3.4 Object Reconstruction
3.4.1 Low-level objects

The tracks of charged particles in the tracker and clusters of energy deposition in the
calorimeter serve as low-level objects used in the reconstruction of physics objects. Their re-
construction relies on a detailed understanding of the detector, its operational conditions, and
sophisticated algorithms designed to address realistic effects such as pileup, noise, quench-
ing, saturation, dynamic range limitations, defects, and the intrinsic physical properties of

the detector. A brief introduction to the reconstruction process is provided below.

3.4.1.1 Tracks!™

* Clusterization: Energy deposits in the pixel and SCT detectors are grouped into
clusters using connected component analysis (CCA)!"! and are then used to create
three-dimensional space-points representing the particle’s path. Closely spaced parti-
cles can produce merged clusters and necessitates precise identification techniques to
maintain reconstruction efficiency.

« Iterative Combinatorial Track Finding: The combinatorial Kalman filter!’?! is used.
Track reconstruction begins with seed formation from three space-points in the inner
detector layers. These seeds are extended outward by adding compatible clusters layer

by layer, forming track candidates. The process iterates, refining the selection by
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removing clusters associated with successful tracks and reprocessing the remaining
data to identify additional tracks.

 Track Candidates and Ambiguity Solving!”’!: Multiple track candidates can share
clusters, leading to ambiguities. An ambiguity solver evaluates these candidates based
on criteria such as the number of shared clusters, track fit quality, and consistency
with the detector model. It assigns scores to each candidate, resolving conflicts by
selecting the most probable tracks while minimizing shared clusters, thus enhancing
reconstruction accuracy.

* Neural-Network Pixel Clustering!”*!: To address merged clusters from closely spaced
particles, neural networks are employed to predict the number of particles contributing
to a cluster and estimate their positions. This method improves the precision of
cluster position and error estimates, particularly in high-density regions, by effectively
distinguishing overlapping signals.

* Track Fit/"": High-resolution fit is applied to the selected track candidates using all
associated clusters. This fitting process refines the track parameters, ensuring accurate
momentum and trajectory determination, which are crucial for subsequent physics

analyses.

3.4.1.2 Topo-Cluster

The energy deposition in the calorimeter is clustered to form candidates used in lepton and
jet reconstruction. The topo-cluster method!”+7>! is employed due to its favorable properties
for reconstructing electromagnetic (EM) and hadronic energy.

For EM energy, the topo-cluster method effectively recovers energy losses caused by
bremsstrahlung photons or photon conversions, utilizing the dynamic supercluster tech-

1761 'With proper calibration!’”), it also achieves excellent linearity and stability, even

nique
in high pile-up environments, comparable to the performance of previous fixed-size clus-
tering methods!’®!. For hadronic energy, the method efficiently suppresses noise, providing
significant improvements to jet and EX* reconstruction.

The topo-clustering process is recursive, beginning with proto-clusters, where the cell
energy exceeds four times the noise level (determined by electronic noise and pile-up noise
estimated from the expected instantaneous luminosity). The cluster grows to include neigh-

boring cells if their energy exceeds two times the noise level. This condition applies to the
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absolute value of energy, allowing negative energy to be included if it meets the threshold.
Finally, clusters are merged if adjacent cells are selected, and they are split if multiple local
minima are identified. A local minimum is defined as a cell with energy exceeding 500 MeV

and surrounded by at least four neighboring cells with lower energy.

3.4.2 Electron and Photon

The electron and photon reconstruction procedures are summarized in Fig. 3.11 and

illustrated schematically for electrons in Fig. 3.12.

Select topo-clusters
Refit tracks loosely
matched to clusters

Match tracks vertices
to topo—clusters Match conversion
vertices to topo-clusters

Prepare tracks and clusters

Seed electron superclusters
from track-matched
topo-clusters
T

Seed photon superclusters
from topo-clusters

[ Add secondary clusters } Add secondary clusters ] > Build superclusters
Apply calibrations/ Apply calibrations/
corrections corrections
I T
Match tracks to electron Match conversion vertices J
superclusters to photon superclusters

~, D

Ambiguity-resolve electron
and photon superclusters

I
Build and calibrate analysis > Build analysis objects
electrons and photons
I

Figure 3.11 Reconstruction of Electron and Photon in ATLAS Run2.U"%

Calculate discriminating variables,
particle identification

Starting from the track and topo-clustering information discussed earlier, superclusters
are created using the method illustrated in Fig. 3.13. Initial corrections and calibrations are
then applied, as detailed in Ref.””), and electron tracks or photon conversion vertices are
matched to the corresponding supercluster.

To reconstruct unique electron or photon candidates, ambiguities are resolved using the
algorithm illustrated in Fig. 3.14. A set of identification and isolation!”®! criteria, named
"identification working points" and "isolation working points", are calculated based on
variables derived from the supercluster and track information. These criteria enable different

analyses to select purer and more isolated objects tailored for specific physics goals. Finally,
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Figure 3.12 Electron hits in Detector used in Reconstruction!”!

calibrations!’®7’! are performed, and systematic uncertainties are assigned to the resulting

objects.
+ . .
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vertex matched as the seed cluster. the conversion vertex matched to the seed cluster.
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Na? N
Figure 3.13 Super-cluster for Electron and Photon Reconstruction in Run2.!¢!
3.4.3 Muon

Muons are first independently reconstructed using the inner detector (ID) tracks, as
described in Section 3.4.1.1, and the muon spectrometer (MS). The combined muons are
then used for physics analysis. The reconstruction of muons from the MS and takes full

advantage of the components of the MS, as introduced in Section 3.2.3. Initially, segments
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Figure 3.14  Algorithm for Resolving Ambiguities Between Electron and Photon Reconstruction!”!

are formed from MDT, RPC, and TGC, as well as the CSC for the high-n region.

The combined muon is formed using information from the ID and MS, employing
various algorithms'®”! and with assistance from the calorimeter data. Four kinds of muons
are reconstructed as detailed in Ref 1!,

* Combined (CB) muon: from global refit of the hits from both Inner Detector and

Muon Spectrometer

* Segment-tagged (ST) muon: track in Inner Detector and extrapolated to at least 1

local track segment in the MDT or CSC subdector at Muon Spectrometer

* Calorimeter-tagged (CT) muons: track in Inner Detector and matched to minimum-

ionizing particle (mip) in calorimeter

* Extrapolated (ME) muons: reconstructed with the Muon Spectrometer track only

Several muon identification and isolation criteria®!, similar to those for electrons and
photons, are defined. The identification is mainly designed to suppress the muons from
the in-flight kaon and pion decay and is defined using the fit quality and the agreement of
independent measurements with the ID and MS. This defines Medium, Loose, Tight,
and High-pT muons to be used in different analyses, as the requirements for efficiency and
purity vary. The isolation is based on track-based and calorimeter-based variables. These
criteria essentially measure the activity, such as track pt or calorimeter energy, within a cone
around the muon. The goal is to distinguish muons from particle decays, such as those from
W, Z, or Higgs bosons, from muons embedded within jets.

Calibrations are applied to the muon objects to correct their energy and momentum scales

as well as resolutions, and systematic uncertainties are assigned accordingly.®!!

40



AT K AR S Chapter 3 The Large Hadron Collider (LHC) and ATLAS Experiment

3.44 Tau

Tau leptons decay either leptonically (into one lepton and two neutrinos) or hadroni-
cally (into several hadrons and one neutrino), typically before reaching the detector. Tau
reconstruction can be performed as a composite object identified from several signatures,
particularly in the leptonic decay channel. Specific algorithms have been developed to iden-
tify and calibrate hadronic taus, as their response in different detector components is more
interconnected and can overlap with jets originating from quarks or other particles!®?!,

In the physics topics discussed in this thesis, taus are often treated as a background
for standard jets. Consequently, tau veto requirements are typically applied, involving both
object- and event-level selections. Taus also represent a non-negligible source of background
in zero-lepton regions due to the low identification efficiency. To estimate this contribution,
dedicated control regions are defined. Leveraging lepton universality, tau contributions are
constrained using control regions defined for other leptons, such as muons and electrons.

This process is discussed in detail, for example, in Section 5.

3.4.5 Jet and Missing Momentum
3.4.5.1 Jet defination

As we know, confinement prevents quarks and gluons from existing freely in space,
and the only detectable signatures in the detector come from the showered and hadronized
particles. These particles leave footprints in the tracker, calorimeter, and sometimes the
muon spectrometer. A jet is defined as a collection of particles clustered together in the
detector, resulting from such as the hadronization of quarks and gluons.

ATLAS mainly uses two types of jets with different radii. The small-R jet aims to
capture particles originating from a single quark or gluon, while the large-R jet clusters the
hadronic decay products of massive particles, such as W, Z, Higgs bosons, and top quarks.
The separation between the decay products, roughly the radius of the jet, is approximately
AR = 2m/pt, where m is the mass of the particle.

Jet reconstruction!®! starts with inputs from the calorimeter and tracker. The topo-
clusters!”*! from the calorimeter, as described in Section 3.4.1.2, are the primary inputs for
jet reconstruction in ATLAS. These clusters define the EM jet or the local cell weighting
(LCW) jet based on different calibration scales. At the EM scale, the cell energies of the

41



Chapter 3 The Large Hadron Collider (LHC) and ATLAS Experiment nbia b PN L el VAT

topo-cluster are summed to form the cluster energy, and EM jets are mainly used for small-R
jets. The LCW scale accounts for the differences between electromagnetic and hadronic
interactions, correcting the topo-cluster to the hadronic energy scale on average. This makes
the LCW scale more suitable for large-R jets, where more hadronic interactions are clustered.

A new jet reconstruction method developed in ATLAS combines track information, as
described in Section 3.4.1.1, with calorimeter data to form the PFlow jet!®¥, improving the
resolution of jet reconstruction. The steps involved in forming the PFlow jet are summarized

in Fig. 3.15.

electe
rac|
Tracks < 3lSelect Tracks |— ] Match Track t—3{ comnoute E/p [~ Shower Ser————— Cell
/rncks VVVVV > P Subtraction [ =S
A | atched 4 +Remnant |
A H uster i
I Modified,
Clusters

Removal
Unmatched Clusters
Clusters

>| l—;l
Clusters e 'IAdd Clusters p—— Compute E/pl
ssters H

Clusters

Figure 3.15 Reconstruction of Particle Flow Jet!3!

Pile-up activity is the primary source of noise affecting the inputs for jet clustering.
There are two types of pile-up: in-time pile-up, which occurs when many interactions
happen simultaneously in the same bunch crossing as the hard-scattering collision we study,
and out-of-time pile-up, which arises from interactions in previous or subsequent bunch
crossings due to the detector’s processing time.

Topo-cluster-based jets have intrinsic pile-up suppression, as noise cells are excluded
from clustering if their energy is below a specific threshold determined based on the average
pile-up level and electronic noise. The impact of pile-up is further mitigated using various
techniques!®!, along with jet calibration and grooming methods.

The jet grooming procedure for large-R jets is designed to mitigate the pile-up effects
that are clustered into the jet. A series of algorithms have been developed®®®!, with
trimming®’! being the technique typically used in ATLAS. Trimming is performed with
parameters f.,, = 5% and Ry,;, = 0.2. In this procedure, the k, algorithm!®” is applied to
the constituents of the original jet with a sub-jet radius Ry,;. Constituents are removed if
they are clustered into a k, sub-jet with p7 less than f,, of the large-R jet.

Once the clusters are prepared, a standard jet clustering algorithm is applied to form the
jets. The anti-k, algorithm!!! is the most widely used algorithm in ATLAS. It is a sequential

recombination algorithm with the distance metric defined as:
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(3.2)

11 )AR}
dl']' = min ( ) !

AN

where k;; is the transverse momentum of particle i, AR;; is the distance between two
particles in the 1-¢ plane, and R is the jet radius parameter. The anti-k, algorithm effectively
forms jets dominated by high-k, particles due to the inverse-k? weighting in the distance
metric, associating lower-k, particles with these jets as the clustering proceeds. The anti-k,
algorithm typically produces more cone-like jet shapes and is robust to the addition of soft

radiation due to the suppression by k.2, as illustrated in Fig. 3.16.
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Figure 3.16 Demonstration of the jet shape from Anti-k, and other Algorithms®"

The typical parameter R used in ATLAS is 0.4 for small-R jets and 1.0 for large-R jets.

There are also other types of jets defined in ATLAS, such as track jets, which are formed
solely from the tracks in the tracker and are particularly useful for b-tagging and studying the
substructure of jets. Another type is the reclustering jet, which is typically used to reconstruct
jets outside the phase space supported by standard jet definitions and calibrations, such as
low-mass large-R jets. These jet types differ only in their inputs, as the standard jet clustering
algorithm is still applied. Various radii are also used for specific purposes, such as R = 0.2

or variable radii determined by the jet pr.

43



Chapter 3 The Large Hadron Collider (LHC) and ATLAS Experiment nbia b PN L el VAT

3.4.5.2 Jet calibration

The jet must be calibrated to correct for various effects from the detector and the recon-
struction process. The calibration process is divided into several steps, which are summarized

in Fig. 3.17.
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Figure 3.17 Calibration workflow of the Jet object designed for ATLAS Run233

The workflow starts from the pile-up suppression. For large-R jets, jet grooming
techniques, as discussed earlier, are employed to remove clustered pile-up particles (topo-
clusters). For small-R jets, pile-up suppression relies primarily on energy subtraction and
corrections applied on average. The jet origin is first corrected to the primary vertex. Then,
the pile-up energy density p within || < 2.0, the number of primary vertices per event
Npy, and the average number of interactions per bunch crossing u are obtained to apply the

correction. The corrected transverse momentum is calculated using the formula:

pr" = pr — pHie — a(Npv — 1) = Bp,

where Aj is the jet area obtained for each jet, and the residual factors @ and § are
derived from a specific dataset. Jets originating directly from pile-up can be removed in later
analyses using the (Forward) Jet Vertex Tagger (fJVT/JVT)P>931,

The MC-based calibration®*! uses well-defined MC samples to correct the jet energy scale
(JES), accounting for the large fraction of invisible energy in hadronic activity. The small-
R jet is further refined with Global Sequential Calibration®!, which considers additional
properties of jet response, such as flavor differences, and narrows the jet energy resolution
(JER). For large-R jets, the mass (JMS/JIMR) is also calibrated using MC samples.

The MC-based calibrations are further corrected to data using in-situ methods!**?6-71,
where well-understood objects are used to calibrate other jets in the same event. For example,

the forward jet can be calibrated with the central jet in pr-balanced dijet events. Track-based
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objects are also used for large-R jet mass in-situ calibration when statistics are limited for
other methods.

These methods yield well-calibrated performance for both small-R jets®", achieving JES
uncertainty at or below the 1% level for central jets over a wide p; range of 100 GeV to
1 TeV, and for large-R jets!®!, with JES uncertainty at 1-2% for a p; range of 200 GeV to
2TeV, as shown in Fig. 3.18 and JMS uncertainty at 2-10% as shown Fig. 3.19.
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Figure 3.18 EM+JES calibration: Jet response ratio in data to that in the nominal MC event
generator as a function of jet pT for Z+jet, y+jet, and multijet in situ calibrations. Statistical unc.
is shown with inner horizontal ticks and total unc. (stat. unc. and syst. unc. summed in square) in
outer. The final correction and its statistical and total unc. bands are also shown.”¥

3.4.5.3 Em reconstruction!®®!

Missing transverse energy (EX*) reconstruction involves subtracting the transverse en-
ergy contributions from all reconstructed objects to recover the missing component. Compli-
cated handling is required to address overlaps or duplications in the original detector signals
that are used by different object reconstruction algorithms. The general composition of E

is described in 3.3.
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Figure 3.19 LCW+]JES+JMS calibratio of Anti-kt R=1.0 jets.

Up: Data/MC ratio of average jet pT response.

The X-axis shows the large-R jet pT. In situ

techniques are used including the balance method of Z+jets, y+jet and multijet, shown in open
squares, closed triangles and open triangles respectively.
Down: Data/MC ratio of average jet mass response. The X-axis shows the large-R jet pT. In situ
techniques are combined to provide the correction including Rtrk and forward-folding approaches.
The W mass window (50-120 GeV) is used for the large-R jet mass fitting.
For both plots, the statistical error is shown in the inner error bars and total uncertainty in the
outer, summed up the stat. and syst unc. in square. Smoothing is applied with a sliding Gaussian

kernel.’!
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(3.3)

The hard term in the E;niss calculation generally consists of well-calibrated objects and
can be selected based on the specific analysis requirements. For instance, in the analysis this
thesis describes, a "lepton-invisible" E’TniSS is defined, where the lepton is treated as invisible,
aiming to estimate the contribution from missing reconstructed lepton.

The soft terms represent low-level signals that are not associated with reconstructed
objects. These can be calculated either from the calorimeter or from tracks. The track-
based approach, while excluding neutral soft particles, often performs better in high-pileup
environments due to its reliance on ID-tracks associated with the hard-scatter vertex.

From the E’TniSS vector, the magnitude of E‘TniSS and its azimuthal angle can be obtained as:

2
miss iss mi 2 miss
pr = 1pr IZ\/(px %) +(py ) (3.4)
' miss
™ = tan™! pryniss : (3.5)

The scalar sum of all E%liss components is another important observable. While distinct
from the EI™* magnitude, it reflects the overall "hardness" of the process.

A signal ambiguity resolution procedure is employed to address cases where the same
detector signals are used by different object reconstruction algorithms, which can distort the
E%‘iss calculation. This procedure involves associating reconstructed objects with low-level
tracks, topo-clusters, or PFlow objects to determine their relationships. Ambiguities are
resolved through a sequential process, as described in'®!, which considers overlaps between
different objects. Ultimately, this leads to the construction of object-based E;“iss using
mutually exclusive detector signals.

The absolute scale of E‘Tniss can be evaluated using the p% distribution in Z — £€ events,
where the true E?iss is expected to be zero. The systematic uncertainty of ETmiSS reconstruction

arises from both the hard-term and soft-term contributions. Hard-term uncertainties are
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propagated from the uncertainties of individual objects selected in the analysis, while soft-
term uncertainties are derived from calibration procedures using leptonic Z decay events.

In addition, the EI* significance (S)"* is defined to quantify the likelihood that the
reconstructed E;“iss originates from genuine sources, such as neutrinos or invisible BSM par-
ticles. This is especially critical for analyses relying on E**, such as dark matter searches
and supersymmetry (SUSY) particle searches, where the primary signature is missing detec-
tor response. Both event-based and object-based E%‘iss significance measures are used, with
the latter offering superior performance as it adheres to the same object selection criteria as
the object-based E%liss calculation.

The evaluation of EI** significance relies on the resolution of reconstructed hadronic
activity or other objects, as well as their correlations. Detailed procedures and methodologies

for calculating EI"™* significance are well documented in'*®l.

3.4.5.4 Jet flavor®!

Jet flavor tagging is a crucial technique for distinguishing heavy-flavor jets, originating
from b-quarks, from light-flavor jets. This is particularly important for analyses in hadronic
channels, such as those involving bb final states originating from Higgs boson decays or
beyond-the-Standard-Model (BSM) heavy particles.

Jet flavor identification relies on tracks from charged particles, primary vertices (PVs), and
the jets themselves. A key characteristic of heavy-flavor jets is the presence of displaced tracks
and the secondary vertices (SV), as illustrated in Fig. 3.20. Several algorithms developed
within ATLAS aim to tag jet flavor using these low-level features. Examples include impact-
parameter-based (IP-based) algorithms, for example, IP2D and IP3D!'% the track-based
recurrent neural network tagger RNNIPU!!| secondary-vertex-tagging algorithms SV 1102
and SVKine!®!, and the topological multi-vertex finding algorithm JetFitter!!%!,

High-level algorithms, such as DL1r®! combine information from these lower-level
features using deep neural networks. More recently, graph network-based taggers (GN1/GN2)
and transformer-based taggers have been developed, targeting enhanced performance in future
data-taking periods.

The detailed information utilized by flavor tagging algorithms is summarized in Tab. 3.2,
taken from Ref.[*”!. The significance improvements achieved through these advancements,

driven by over a decade of technological development, are highlighted in Fig. 3.21. This
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Figure 3.20 Principle of Jet Flavor Tagging!¢!!
figure demonstrates the remarkable progress and success of the continuous evolution in
experimental techniques.

Building upon small-R jet tagging, the tagging of composite large-R jets becomes fea-
sible by associating sub-jets with well-defined flavor information. However, for the boosted
jet with high-pr, where sub-jets are highly merged, the reconstruction and single jet flavor
tagging of sub-jet become extremely challenging. This difficulty has led to the development
of a new concept: boosted flavor tagging, or double-b tagging, which overlaps with tech-
niques originally developed for W/Z /Top tagging as part of the large-R jet reconstruction
algorithm!'%81,

The development and performance of boosted double-b tagging are critical to the primary
physics topic of this thesis: the search for dark matter associated with bb final states. The
study and improvement of this algorithm have been a central focus throughout my PhD. These

efforts are documented in detail in Chapter 4, as part of my PhD research contributions.
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Table 3.2 Input variables used by the SVKine, JFKine, DL1 and DL1r algorithms.’!

N L e A9

Input Variable Description SVKine JFKine DL Llr
. . pr Jet pr v v v v
Kinematics n Jet |n| v v v v
log(Py/ Pright) Likelihood ratio (LR) of hypotheses: the b-jet to light-flavour jet v v
IP2D, IP3D log(Py/P.) LR of hypotheses: the b-jet to c-jet v v
log(P./ Piign) LR of hypotheses: the c-jet to light-flavour jet v v
P, b-jet probability v
RNNIP P, c-jet probability v
Piigne light-flavour jet probability v
m Invariant mass of tracks at the secondary vertex (SV) (assuming v v v
pion mass)
fE Jet energy fraction of the tracks which associated with the SV v v v
svi Nrkavix No. of the tracks used in the SV v v v
NoTavix No. of the two-track vertex candidates v v v
Ly, Transverse distance between the primary vertex (PV) and SV v N v
Lyy- Distance between the PV and SV v v v
vz Distance between the PV and SV divided by its uncertainty v v v
AR (Piet, Pux) AR between the jet axis and the direction of the SV relative to the v N v
PV.
m Invariant mass of the tracks from displaced vertices v v v
& Jet energy fraction of the tracks associated with displaced vertices v v v
AR( ﬁjel, Pux) AR between the jet axis and the vectorial sum of momenta of all v v v
JetFitter tracks attached to displaced vertices
Sixyz Significance of the average distance between PV and displaced v v v
vertices
Nrgawvix No. of tracks from multi-prong displaced vertices v N v
NoTivix No. of two-track vertex candidates (prior to decay chain fit) v v v
Ni-uk vertices No. of single-prong displaced vertices v v v
Ns2-uk vertices No. of multi-prong displaced vertices v N v
Lyy. (2) Distance of 2" vertex (SV) from PV v v v
L,y (2™) Transverse displacement of the SV v v v
My (2) Invariant mass of the tracks associated with the SV v N v
E(2") Energy of the tracks associated with the SV v v v
fe(2M) Jet energy fraction of the tracks associated with the SV v v v
Nreavex (27) No. of tracks associated with the SV v v v
minmaxavg (ond) - Min., max. and avg. pseudorapidity of tracks at the SV v v v

trk
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Figure 3.21 Evolution of the improvement of flavour tagging algorithms. The filled bar represents
the expected performance, the background rejections (defined as the inverse of the mistagging
rates of c- and light-jets), computed on the ttbar MC sample corresponding to a 70% jet expected
efficiency. Data points show the performance measured by the calibration analyses with their
uncertainties, using events for b-jets!'*!, c-jets!!%! and light-jets!!’!. The number on the bar denotes
the relative improvement in the measured rejections of light- and c- jet with respect to ones from

the DL1 tagger.['"”]
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Chapter 4 Study of Novel Boosted Jet Tagging Algorithm

The identification of particles such as the Higgs boson decaying into pairs of b-quarks is
crucial in many physics analyses.

In analyses such as searching for large missing momentum or high-mass BSM particles
decaying into Higgs bosons, the resulting high-momentum particles create a highly boosted
topology. In such cases, the jet constituents are highly collimated and merged, posing a
challenge for jet flavor identification using conventional algorithms, as described in Section
3.4.5.4. Boosted jet tagging is therefore of great importance.

In the specific scenarios such as SM measurements of boosted Higgs boson!!%-11% and

(H1-1151 "the decay

BSM searchs for heavy particles decaying into Higgs bosons with high pr
products are produced highly collimated and this results in the large-radius (large-R) jet
reconstructed. New techniqus are needed to analyze the large-R jet. A neural network
(NN)-based X — bb tagging algorithm named DXbb!''®! has been developed in ATLAS
and it extends the jet flavor identification to the large-R jet level. With the help of machine
learning, this algorithm efficienctly combines the information from the kinematics of the
large-R jet and the tagging variables of subjets (variable-radius track-jets) and achieves
notable improvement in performance.

In this chapter, the development and calibration of the novel X — bb tagging algorithm

are presented, with a focus on mistagging efficiency calibration, which is the main area of

my study.

4.1 Introduction to Algorithm

The DXbb algorithm combines the inputs of kinematic variables of the large-R jet,
including p7, n, and the flavor information of up to three subjets. The neural network is
trained to discriminate jets using MC-simulated H — bb, top quark, and QCD multijet
samples, and outputs three probability values for the jet. The architecture of the tagger is
illustrated in Figure 4.1.

The three probability values are combined to define a single discriminant, as described

in Eq. 4.1, in the form of a log-likelihood ratio. This method is proven to be optimal for
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Figure 4.1 Architecture of the DXbb algorithm for boosted jet tagging. The inputs are shown at
the top, and the output at the bottom. This algorithm takes at most three sub-jets and the large-R
jet kinematic information as inputs and trains the neural network maximizing the discrimination
between three categories.

constructing the discriminant, assuming a proper top fraction f;,, is set close to that of the

testing sample, according to the Neyman-Pearson lemmal!'!"!,

PHiggs
ftop * Ptop + (1 - ftop) ' pmultijet’
An important principle of the tagger is to ensure that the output is decorrelated from

DXbb =In (41)

sensitive single variables such as mass and py. This is crucial to avoid the so-called
sculpting effect, where the tagger preferentially selects events with specific mass or pr
values regardless of other information, thereby biasing the results and distorting the mass
shape. Such distortions could hinder further analyses relying on the jet mass.

The mass-agnostic property is achieved through the design of the tagger and its training
strategy. Several methods were tested, including adversarial training!!'®!, DisCo loss!!''!, and
feature engineering. The final solution involves selecting a small set of inputs with minimal
mass dependence and reweighting the pr distribution to be flat across all samples during
training. This approach results in the final design described above and exhibits excellent
mass decorrelation performance, as shown in Figure 4.2. The mass spectrum of multijet
events shows minimal distortion after tagging, comparable to the performance of the single
b-jet tagger (DL1r).

The performance of DXbb is shown in Figure 4.3, compared with other single b-tagging

methods. The X-axis represents the signal efficiency, while the Y-axis corresponds to the
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Figure4.2 Mass decorrelation feature of Dxbb tagger. The mass spectrum of multijet events shows
little change before and after tagging, comparable to the one with single b-jet tagger (DL1r) which
is believed to be mass-decorrelated.!'%!

background rejection, defined as the inverse of the background efficiency and higher values

indicate better performance. Four tagging algorithms are compared: two variants of the MV2

algorithm, which represent the first generation of multivariate tagging method developed in

ATLAS, as well as DL1r as mentioned before and the DXbb algorithm demonstrates a clear

improvement.
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Figure 4.3 DXbb tagger performance measured in simuated samples. At the same signal efficiency,
the DXbb shows significant improvement of the QCD multijet rejection compared with single b-

tagging.!!16]
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4.2 Signal Tagging Efficiency Calibration

The tagging efficiency on signal events such as Higgs boson decaying to bb is calibrated
using the Z — bb events where the topology and tagger performance is believed to be similar
due to the mass-agnostic property of the DXbb tagger!' . Two type of events are used in the
calibration: the Z(— bb) + y events and the Z(— bb) + jets events in different pr range.
For the event with jet pr in 200-450GeV, Z(— bb) + y events are used where the photon
trigger is efficienct. For events with a jet pp greater than 450GeV, Z(— bb) + jets events
are used due to the high statistics and the clear signature, where the Z-jet and recoiled jet are
back-to-back, forming two high-pt boosted jets.

The Zbb calibration is based on the formula shown in Equation 4.2 where the number
of events passing or failing the tagger are linked using the tagging efficiency. The scale
factor defined as the correction between MC efficiency and the data efficiency, can be
derived from the two data/MC ratio before and after passing the tagger. This enables the
calibration performed in to two steps, measuring the data/MC ratio without tagging from
the pure modelling difference, and measuring of number of events difference passing tagger
in data and MC. The former is named pp._ measurement and due to the overwheeming
background, the proxy Z — Il are measured instead of Z — bb while measured in a same
phase space. The later is named pip05—gmeasurement and the Z — bb events are used. The

diagrams of the events are illustrated in Figure 4.4

data data
d Npassed Npassed
ata a MC
SF = € _ Nw?:j‘ _ passed ,upost—tag (4 2)
- _MC ~ ayMC T data . '
€ N, passed M Mpre—tag
NMC MC

total total

The selection of the calibration using Z + vy and Z + jet are described in Table 4.1 and
4.2.

In the ppre—ngmeasurement, only the event yield is measured and both signal and back-
ground are well modelled with MC, while in the ppoq—ngmeasurement, the Zbb mass shape
is necessary to extract the correction and the dominant background y + jets (or multijets in
high pr calibration) do not have good modelling. Data-driven methods are used to estimate
the contribution and mutiple techniqus and intensive validations are performed!!!¢.

The final results are shown in Figure 4.5 as well as the Table 4.3 with the systematic

uncertainty listed.

56



a3 PN L e el VA Chapter 4 Study of Novel Boosted Jet Tagging Algorithm

7 ] et(R = 10)
b
b
. Z +
y/jet l
I~
Figure 4.4 Diagrams of the Z + y/jet events used in the calibration. The upper plot shows the

Z(— bb) + y/jet events which are used to measure the 11,,,,_,,, While the lower plot shows the
Z(— 1) +y/jet events used in 1), 4, Study.

Table 4.1 Selections for Z + y Calibration

Mpost—tag Mpre—tag

Photon Single photon trigger, pt >200 GeV

200 GeV < pt < 450 GeV
> 2 track jets with pr > 7 GeV 2 same flavor leptons with pt > 20 GeV

Z-candidate 50 GeV < my < 150 GeV 70 GeV < my; < 110 GeV
AR; ,>1.0 opposite sign (muon channel)
2my/pr<1.0 lepton pt balance
Topology Apz, >m/2

Table 4.2 Selections for Z + jet Calibration

Mpost—tag Mpre—tag

Trigger single large-R jet single lepton

450 GeV < pt < 100 GeV
Z-candidate > 2 track jets with pr > 7 GeV 2 ee/uu with pp > 25(27) GeV

50 GeV < my < 150 GeV 66 GeV < mj; < 116 GeV
Apl? <015, pl. A <0.15% ph)
Balance Ayy ;<12 Aypy <12

] 66 GeV < Aph! < 0.8 pl.

Extra - P¥ > P%
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Figure 4.5 Calibration scale factor of the DXbb signal efficiency. The X-axis shows the large-R
jet pr. The color band denotes the total uncertainty and the vertical line indicates the statistical

uncerainty.!'1%!

Table 4.3 Scale factors and the uncertainties of the Zbb calibration. The parameters of interest,
Hpre—tag@Nd Lposi—ag@re shown for each py bin at 60% efficiency working point.'16!

Calibration Z(— bb)y Z(— bb) +jets
pr [GeV ] 200 — 450 450 - 500 | 500 - 600 | 600 — 1000
r— 133 132 110 051
Horetag 0.92 1.01 0.94 0.93
SF 1.45 1.30 1.17 0.55
Uncertainties (x0)
Statistical +0.37 +0.18 +0.13 +0.09
Z-boson modelling o - - -
Z + jets modelling - e +0.15 +0.18
Fit model 0.14 0.39 0.22 0.16
Spurious signal +0.26 +0.11 +0.07 +0.07
Other background modelling +0.05 +0.03 +0.02 +0.01
Lepton & Photon related +0.02 w0 w008 +0.03
Jet mass scale +0.05 oo +0.01 oo
Jet mass resolution 00 T 000 o0
Jet energy scale .06 +0.09 +0.09 +0.05
Others o +0.01 < +0.01 < +0.01
ToTuncertainty i I A A
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4.3 Background Mis-tagging Efficiency Calibration

This section introduces the calibration of mis-tagging rate using ¢7 events and the text is
modified from the section from ATLAS public note!!'®! where I contributed as the author of

the calibration.

4.3.0.1 Methodology

The top-jet mis-tag efficiency, which measures the probability of misidentifying a top-
quark jet as an X — bb signal jet, is determined using semileptonic 7 events. In these events,
one of the W bosons decays into a charged lepton and a neutrino, while the other W boson
undergoes a hadronic decay. The leptonically decaying W boson, together with the b-quark
originating from the same top quark, creates a distinct signature that is easily separable from
other SM processes.

The event is triggered using charged lepton and tagged with the lepton associated b-jet
and E. The hadronically decaying W boson, along with the neighboring b-quark, forms
a characteristic top jet.

The scale factor of calibration is defined as the tagging efficiency on MC to the one on
data is the target delieverable of the calibration. It is linked to the event number both passing
or failing the tagger. The number of semileptonic ¢7 events in MC, which contains a top jet

passing a given X — bb tagger requirement (Ng,‘;?fc), can be written as:

tt,data

tt,data __ total tt,MC  __ L frt tt, MC
Npassed = SF Ntf,MC Npassed =SF-f Npassed’ (43)

total

where N'- (NMCy ig the number of semileptonic #7 events in data (MC) before tagging

and NE;S:‘“ is the number of semileptonic ¢7 events in data after tagging. The ¢f correction
;o N . . - .
factor, ' = N'+i'4c is introduced to account for differences in the total ## normalisation and

total

modelling of the jet pr distributions in data and MC simulation.

The yield N;Zf:‘;g is obtained by subtracting the contribution from the non-t¢ processes,

. . . _iM .
estimated from the simulation (N™"~"*M%) from the data yield (N9 :
passed passed
tt,data _ prdata _ aynon—tt, MC
Npassed - Npassed Npassed : (4‘4)

In order to constrain fY, the events containing the leading top jet failing the X — bb

tagger requirement are studied:
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tt,data _ pardata _ aynon—tt,MC
Nfailed =N failed N, failed ’ (45 )

where N4 (N;Z’i?:;a) is referred to the total number of data (¢ in data) events. And

Nnon—tf,MC

eailed represents the contribution from the non-¢f processes, estimated from the MC

simulation. Given

Nt‘f,data — Ntf,data _ Ntf,data — ftf . Ntf,MC _ ftf .SF - Ntf,MC — ftf . Ntf,MC . (1 _ GMC . SF),

failed total passed total passed total
4.6)
,MC t,MC 1 i,MC t,MC Ve

i, _agth, . tt, At .

Ntotal - Nfailed 1— GMC’ Npassed - Nfailed 1= 6.MC’ (47)
the number of fail-tag events of the data and the simulation is linked as :
: 1-eMC.SF i
data __ gtt . tt, MC non—tt, MC

Nigiiea = £ | — eMC Nited + Nigitea - (4.8)

The £ normalization factor and the top jet mis-tag efficiency scale factor SF are measured
in bins of the top jet pr. Four bins are defined to ensure a sufficient data statistics: 300 <

pr < 400 GeV, 400 < pr < 500 GeV, 500 < pr < 600 GeV and 600 < pr < 1000 GeV.
4.3.0.2 Data and MC Samples

The mis-tagging efficiency calibration is performed using the /s = 13 TeV pp collision
data from 2015-2018 data-taking period, collected by the ATLAS experiment. This dataset
corresponds to an integrated luminosity of 139.0 +2.4 fb~!. It is recorded under stable beam
conditions with all relevant ATLAS detector subsystems fully operational.

The simulated samples used for this calibration include semi-leptonic ttbar, t-channel and
s-channel single top, tW production single top, W/Z+jets, diboson and ttV. The technical
details are documented in the Table A.1 in Appendix A.1.

4.3.0.3 Object Selection

The objects reconstruction is described in Sec 3.4 and the object selections are described

here,

Electrons Electron candidates are required to match an ID track and pass the tight identi-
fication as described in Ref.l”). Electron candidates in the calibration are required to satisfy
pr > 28 GeV.
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Muons Muon candidates are required to satisfy pp > 28 GeV and || < 2.5, and pass the
medium identification as in Ref.3!!,

The lepton isolation criterion is implemented following the procedure outlined in Section
3.4.2. To reduce the mis-reconstructed leptons such as hadrons, converted electron or
non-prompt leptons the t ight isolation working point is applied. Furthermore, electron
candidates are subjected to an additional criterion requiring that the transverse energy sum
of topo-clusters is less than 6% if positioned within a cone of AR = 0.2 surrounding the
electron.

Besides these conditions, electron and muon candidates are required to match the primary
vertex by ensuring the longitudinal impact parameter z sin @ fulfills |zosin8] < 0.5 mm,
where 6 represents the track’s polar angle. For transverse impact parameter significance
do/o4,, calculated relative to the beam line position, the criteria are |dy/oy,| < 5 for
electrons and |dy/o,| < 3 for muons, with o, denoting the uncertainty in dj.

Efficiencies for lepton reconstruction, identification, trigger, and isolation in simulated

events are adjusted to match the measurements obtained from data.

Small-R jets Small-R particle flow (PFlow) jets are reconstructed using the anti-ky algo-

rithm®!

with aradius parameter R = 0.4. The energy of these jets is calibrated!>”! to account
for pile-up effects. Jets are required to meet the conditions pt > 25 GeV and |n| < 2.5.
To suppress jets not originating from the hard-scatter process, the Jet Vertex Tagger (JVT)
discriminant!'?! is applied for jets with pr < 60 GeV and || < 2.4, leveraging tracking and
vertexing information. The selected working point ensures approximately 96% efficiency for
selecting hard-scatter jets. Any discrepancies in efficiency between simulation and data are
corrected using scale factors.

Small-R jets are identified as b-jets (originating from b-quarks) using the DL 1r algorithm,
as detailed in Section 3.4.5.4. Corrections for differences between data and simulation

are applied to account for the mis-tagging efficiency of non-b-jets passing the b-tagging

algorithm.

Large-R jets Large-R jets are reconstructed using topological clusters calibrated with
the LCW scheme (LCTopo)", clustered via the anti-k; algorithm with a radius parameter

R = 1.0. Trimming, as outlined in Section 3.4.5.1, is applied. For this analysis, only trimmed

61



Chapter 4 Study of Novel Boosted Jet Tagging Algorithm i S B R 2 2 R S

large-R jets with pr > 300 GeV and || < 2.0 are included.

Variable-Radius (VR) track-jets Track-jets in this study are reconstructed from inner
detector tracks, clustered using the variable-radius (VR) anti-k; algorithm!'??!. In contrast to
fixed-radius jets, the VR jet radius is inversely related to track-jet p, governed by a constant
parameter p = 30 GeV, optimized to improve matching efficiency between the b-hadron
direction and the jet axis'?*!. The radius is constrained to a minimum of R,,;, = 0.02 and
a maximum of R,,,, = 0.4. VR track-jets are ghost-associated'?*! to the large-R jet and
are required to meet pr > 7 GeV, |n| < 2.5, and have a minimum of two track constituents.
These associated VR track-jets, referred to as subjets, are used for truth labeling of large-R

jets to determine their flavor composition when applying the DXbb algorithm.

Overlap Removal To prevent double-counting and minimize the influence of non-prompt
objects, overlaps among candidate objects are sequentially resolved. Initially, electron can-
didates located within AR = 0.01 of a muon candidate are excluded to reduce contributions
from muon bremsstrahlung. Subsequently, overlaps between electron and jet candidates are
handled: if the axis of a jet lies within AR = 0.2 of an electron, the jet is removed to prevent
electrons from being double-counted as jets. If the electron is found within AR = 0.4 of any
remaining jet, the electron is removed, and the jet is retained.

For muons, overlaps with jets are resolved using the condition AR(u,jet) < 0.04 +
10 GeV/pr(u). If the jet has at least three tracks originating from the primary vertex, the

muon is discarded; otherwise, the jet is removed, and the muon is retained.

4.3.0.4 Event Selection

Events are required to contain exactly one trigger-matched electron or muon with
pt > 70 GeV. To select a sample enriched in semileptonic 7 events, the selection cri-
teria summarized in Figure 4.6 are applied. The event must have Ef™ > 70 GeV, at least
one small-R jet with pr > 25 GeV, and at least one large-R jet with pr > 300 GeV.

To enhance the purity of the 77 events, a tag-and-probe method is employed. Among all
small-R jets in the event, the jet closest to the lepton must be tagged by the DL1r algorithm at
the 77% signal efficiency working point. This jet is referred to as the tag-jet. The leading-pr

large-R jet in the event is defined as the probe-jet. The absolute value of the azimuthal angle
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difference, |A¢|, between the tag-jet and the probe-jet is required to be greater than 1.0.
Additionally, the invariant mass of the tag-jet and the lepton, denoted as my;, must be less
than 150 GeV, as this selection is designed to target top-quark decays.

Only events containing both a tag-jet and a probe-jet are retained, defining the pre-tag
event sample.

As shown in Figure 4.7a, tf events dominate the sample before applying the X — bb
requirement (pre-tag). A decreasing slope in the data-over-simulation ratio is observed along
the pr spectrum, attributed to mis-modeling of 77 events in the MC simulation. This effect has
[125]

also been observed in other ATLAS measurements with comparable ¢7 event selection

It is considered by introducing . as described in Section 4.3.0.1.

ml]- < 150 GeV

R=0.4]et
pr > 25 GeV
DL1r 77% WP

Probe-side Tag-side

[Adh|
f Tight Lepton |
' ‘~~‘~ ='-‘,‘.. pT > 70 GeV ".,-"E

R=1.0]Jet ) E-[miSSZ 70 GeV
pr > 300 GeV

VR Track — jet
pr > 7 GeV

Figure 4.6 Summary of the event selection for the semileptonic /7 calibration.

With the X — bb tagger signal efficiency working point (WP) of 60%, the pre-tag events

WP

are further categorised into "Passed Signal Region" (SR,

), if the probe-jet passes the

. . . m . . . " WP
chosen WP. Otherwise the events are categorised into "Failed Signal Region" (SR;;,.)-

4.3.0.5 Semileptonic ¢ calibration uncertainties

Two types of systematic uncertainties are evaluated: the theoritical process modelling
and experimental detector-related uncertainties.

Theoretical uncertainties are evaluated by comparing nominal and alternative samples
generated using different generators, showering models, or parameter settings, as described
in Section 4.3.0.2. These uncertainties are assessed for 7z, tW-single-top, and W+jets event

samples, with effects ranging from 4% to 15%. The detailed procedures are outlined below:
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Figure 4.7 Data and MC simulated distributions of pt (a) and mass of the probe jet (b) for the
pre-tag selection. The ratio panel shows the data-to-MC ratio. The uncertainty band includes MC
statistical and systematic uncertainties.

For the #f process, the dominant sources of systematic uncertainty arise from matrix
element generation, hadronization, and QCD initial-state-radiation (ISR) and final-state-
radiation (FSR). These are identified as the key contributors to modelling uncertainties.

Matrix Element (ME) and Parton Shower (PS): Assessed by comparing nominal with the
alternative samples. Differences in tagging efficiency between these simulations result in an
acceptance correction (MC/MC factor), while shape variations contribute less than 0.5% to
the measured scale factor.

ISR: Estimated by varying the hg.mp, parameter, the u, and py scales, and the Var3c
up/down variations of the A14 tune!'?®!. ISR effects introduce variations of 3—10% in the
scale factor, primarily due to changes in the flavor composition of the ¢7 simulation.

FSR: Evaluated by modifying the renormalization scale u, for parton-shower emissions
by a factor of two in either direction. The impact on the scale factor is similar to that of ISR.

For the tW-single-top process, the primary uncertainty originates from the MC sim-
ulation’s interference-removal scheme. Comparisons between diagram-subtraction (DR)
and diagram-removal (DS) methods result in uncertainties ranging from 0.5-1.5%. Other

sources, such as generator and QCD radiation variations, contribute minimally.
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For the W+jets process, uncertainties due to higher-order QCD corrections are evaluated
using generator-provided reweighting. Uncertainties from missing higher-order contributions
are assessed by varying u, and p s scales by a factor of two, with the maximum variation
taken as the uncertainty. These effects are typically below 0.5%.

Other process-modelling uncertainties, such as PDF choices and cross-section correc-
tions, are also considered. Using the PDF4LHC recipe!'?”!, the t7 PDF uncertainty is
approximately 1-2%, while for other processes, the impact is negligible.

Experimental uncertainties are from the reconstruction of objects (such as electrons,
muons, jets and E%‘iss), the b-tagging misidentification (e.g. c¢-, 7-, or light-flavor jets
incorrectly tagged as b-jets), and modelling of the pile-up effect.

Jet uncertainties: Large-R jet energy and mass scale (JES, JMS) and resolution (JMR)
uncertainties®® contribute about 1.5%. Small-R jet uncertainties!*"! add 1-2% to the scale
factor.

Flavor tagging: Variations in b-tagging efficiency correction factors!'>'?! for b, ¢, 7,
and light jets are included, but their impact on the scale factor is negligible.

Lepton and E?'™: Electron and muon uncertainties’®*!! include variations in energy/-
momentum scale, resolution, reconstruction, identification, and isolation efficiencies. ETmiss
uncertainties due to the soft term energy scale and resolution!'*"! are also included. Together
with pile-up and luminosity uncertainties, these effects result in a scale factor uncertainty
below 1%.

probe

All uncertainties are treated as independent and uncorrelated across the calibrated p-;

bins. Each systematic source’s effect is quantified by replacing nominal samples with
systematically varied samples, rerunning the analysis, and computing the difference. The
relative deviation from the nominal value is taken as the uncertainty, with the total uncertainty

calculated as the quadrature sum of individual contributions.

4.3.0.6 Semileptonic ¢7 Calibration Results

The modelling correction f' and scale factor SF are extracted using a binned likelihood
fitl?!! performed simultaneously in the SR;Y and SRy} regions. To enhance discriminating
power, the fit is carried out on the probe-jet mass distribution. The binning of the mass is
adapted for different regions and is detailed in Table 4.4.

Figures 4.8 and 4.9 show the post-fit distribution of the large-R jet mass in SR\ and

pass
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Table 4.4 Summary of the binning used in different p2™** region.

Region  pT Region [GeV] Observable Binning [GeV]
300 < p%mbe <400 50-75-100 - 120 - 140 - 160 - 180 - 200 - 300
400 < pP™* <500

SRpaSS arce-
500 < pP™* < 600 MR 502752100 - 120 - 140 - 160 - 180 - 200 - 240 - 300
600 < pP™* < 1000
300 < pi°™ < 400 50 - 75 - 100 - 120 - 140 - 160 - 180 - 300
) probe _ - - -
gREl 400 <ppt<s00 o 50 - 100 - 140 - 180 - 300

500 < pP™* < 600
600 < pP™* < 1000

50-120-190 - 300

SR}\Y regions, respectively. Good agreement is obtained between data and simulation after
fitting.

The SF corresponding to a given systematic variation is determined by performing a fit
to data, replacing the nominal sample (referred to as the nominal fit) with the alternative
sample or alternative settings corresponding to the systematic variation (referred to as the
alternative fit). The uncertainty is then evaluated as the difference between the SF obtained
from the alternative fit and the nominal SF.

In the alternative fit, the large-R jet mass distribution is replaced by the alternative
distribution, while the €M parameter in Eq. 4.8 is fixed to its nominal value. As a result, the
difference between the nominal value of €M and its value in the alternative fit is propagated
to the measured SF. This procedure is applied to all modelling uncertainties except for parton
shower (PS) and hadronisation model systematics.

For PS and hadronisation model systematics, the alternative fit sets €M to the value
obtained from the alternative sample. Since PS and hadronisation models depend on the
generator used in the analysis where the calibration will be applied, this dependency is
accounted for during calibration application through the use of generator-dependent MC-to-
MC SFs.

The measured mis-tag efficiency, €g4.,, are compared to the efficiency predicted by the
simulation, ey, in Figure 4.10a. The scale factors are visualised in Figure 4.10b. They are
compatible with unity within statistical uncertainties in each pt bin.

The uncertainties on the SF are summarized in Table 4.5 and 4.6. The measurement
achieves a precision of approximately 5% in the first p?** bin (300-400 GeV) and less than

16% in the last p%mbe bin. The calibration is primarily limited by systematic uncertainties,
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Figure 4.8 Post-fit distribution of the large-R jet mass in SRggj;’ used for calibration of the top

jet mis-tag efficiency with X — bb tagger at 60% efficiency WP for 300 < p%“’be < 400 GeV (a);
400 < pP°™ < 500 GeV (b); 500 < p2°™ < 600 GeV (c) and 600 < p2°™ < 1000 GeV (d). The

uncertainty band represents the systematic uncertainty.
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Figure 4.9 Post-fit distribution of the large-R jet mass in SRg?if’“ used for calibration of the top

jet mis-tag efficiency with X — bb tagger at 60% efficiency WP for 300 < p2™®™ < 400 GeV (a);

400 < pP°™ < 500 GeV (b); 500 < p2°™ < 600 GeV (c) and 600 < p2°™ < 1000 GeV (d). The

uncertainty band represents the systematic uncertainty.
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Figure 4.10 (a) The top jet mis-tag efficiency measured in data (full circles) and simulation (open
circles), corresponding to the 60% signal jet tagging efficiency WP, as a function of jet py. The
error bars correspond to total uncertainties for data and statistical uncertainties for simulation,
respectively. (b) Data-to-simulation mis-tag efficiency scale factors as a function of the jet py. The
statistical uncertainties and the total uncertainties are shown as error bars and shaded region,
respectively.

particularly those arising from theory modeling, with 77 modeling being the dominant source.

probe

T bins, from

In comparison, the statistical uncertainties range from 2% to 7% across the p
low to high p%r()be.

This reflects the fact that the advanced machine learning-based b-tagging captures the
underlying differences between theory models and generators, which are not inherent features
of physical data. The MC/MC factor recipe, as described earlier, has already corrected for
the major part of this effect arising from different central values of efficiency, though residual
effects are still notable.

To address this, two major efforts are being developed for future applications. The first
approach is to incorporate the uncertainty in the machine learning model to better capture and
control this uncertainty in statistical applications, such as more refined treatment of related
NPs. The uncertainty-aware machine learning!'*!! is one promising effort in this direction.
The second approach aims to reduce the dependence on MC in the training process, which

inspires unsupervised training methods ultimately targeting training-on-data to fully mitigate

theory uncertainties. This latter approach is also closely related to the ongoing study of
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self-supervised learning, as introduced in Sec. 7.2.
The fitted f* values as a function of pr are shown in Figure 4.11. After applying these
corrections in each pr bin, as shown in Figure 4.7a, the discrepancy between data and

simulation is mitigated, as demonstrated in Figure 4.12.

I::2.5\||||\||\|||||||‘||\|||||| TTT T[T T T[T

| ATLAS Preliminary
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TN BRI |
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Figure 4.11 The fit values of normalisation correction f" in every pr bin. The dark green area
shows the systematic uncertainty and light green for total unc. respectively for left plot.

3
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W W+ijets
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Large-R jet pT [GeV]

Figure 4.12 The post-fit 2 distribution with pre-tag events. The shaded area shows the total
uncertainty for MC samples.
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Table 4.5 Uncertainties affecting the ttbar calibration in each p2™ bin. 60% efficiency working

point of the DXbb tagging is studied and the contributions from differernt uncerainty components
are summed in quadrature. Total uncertainty and the theory uncertainty are shown in this part of
table.

pr [GeV] ‘ 300-400  400-500  500-600  600-1000
Total Uncertainty ‘ 4.5% 10.0% 10.5% 15.7%
Stat Uncertainty ‘ 1.8% 2.9% 4.6% 6.0%
Syst. Uncertainty ‘ 4.1% 9.5% 9.5% 14.5%
t7 Theory Unc. ‘ 3.9% 9.4% 8.8% 14.2%
parton shower (Pythia8 v.s. Herwig7) <0.1% 0.2% 0.3% 0.2%
FSR var. 2.2% 7.5% 3.6% 9.3%
ISR var. 3.1% 5.5% 7.8% 10.5%
generator (Powheg v.s. aMC@NLO) <0.1% <0.1% <0.1% <0.1%
PD.F. 1.0% 1.5% 1.9% 2.2%
cross-section - <0.1% <0.1% <0.1%
Single-top Theory Unc. 0.7% 0.9% 2.0% 2.3%
Wt DR v.s. DS 0.5% 0.7% 1.4% 1.5%
parton shower (Pythia8 v.s. Herwig7) <0.1% 0.2% 0.7% 1.5%
generator (Powheg v.s. aMC@NLO) 0.4% - 1.1% 0.2%
cross-section 0.3% 0.2% 0.3% 0.3%
Whijets scale variations 0.4% 0.3% 0.4% 0.5%
Wijets cross-section <0.1% <0.1% 0.1% 0.1%
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Table 4.6 Uncertainties affecting the ttbar calibration in each p2 bin. 60% efficiency working

point of the DXbb tagging is studied and the contributions from differernt uncerainty components
are summed in quadrature. Detector related experimental uncertainty are shown in this part of
table.

pr [GeV] ‘ 300-400  400-500 500-600  600-1000
Small-R JetUnc. | 08%  11%  22% 1.6%
JES (Detector) <0.1% <0.1% <0.1% <0.1%
JES (Flavour) 0.3% 0.5% 0.7% 0.2%
JER 0.3% 0.4% 1.7% 0.7%
JvT <0.1% 0.2% 0.3% 0.1%
others <0.1% <0.1% <0.1% <0.1%
JES (Modelling) <0.1% 0.1% 0.1% 0.1%
BJES <0.1% <0.1% 0.1% 0.2%
JES (Mixed) 0.1% 0.1% 0.2% 0.1%
JES (Statistics) <0.1% 0.1% <0.1% 0.2%
JES (1 intercalib) 0.4% 0.6% 1.0% 0.9%
Large-R Jet Unc. 0.4% 0.8% 1.4% 0.8%
JMS/IMR 0.3% 0.5% 1.2% 0.3%
JES (Modelling) 0.2% 0.5% 0.5% 0.4%
JES (Statistics) <0.1% 0.3% 0.4% 0.2%
JES (Mixed) <0.1% 0.3% 0.4% 0.5%
JES (Detector) <0.1% 0.1% 0.2% <0.1%
Flavour Tagging Unc. 0.1% 0.1% 0.1% 0.2%
b-mistagging <0.1% <0.1% <0.1% <0.1%
c-mistagging <0.1% <0.1% <0.1% <0.1%
light-mistagging <0.1% <0.1% <0.1% 0.1%
Flavour tagging extrapolations <0.1% <0.1% <0.1% <0.1%
Others 0.3% 0.4% 0.4% 0.6%
Lepton uncertainties 0.1% 0.1% 0.2% 0.3%
EMiss soft term <0.1% 0.1% <0.1% 0.3%
Pile-up modelling 0.2% 0.4% 0.3% 0.5%
Luminosity <0.1% <0.1% 0.1% 0.1%
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Chapter S Search for Dark Higgs with ATLLAS Full Run2 Data

5.1 Overview

Multiple astrophysical observations!!”13?!, discussed in Section 2.2, provide strong evi-
dence for the existence of dark matter (DM). Efforts to identify potential DM candidates are
actively ongoing across direct and indirect detection experiments, as well as within collider
experiments! 33131,

If DM particles interact weakly with Standard Model (SM) matter, they could be produced
at the Large Hadron Collider (LHC), where their presence would manifest as a missing
transverse momentum signal, E7*"**. Since DM particles are not directly observable, their
detection relies on identifying an additional visible object, X, produced alongside the DM
particles. This visible object may result from initial-state QCD, weak, or electromagnetic
radiation, giving rise to signatures such as mono-jet!!**1%2] mono-Z/W!4-1%31 " and mono-
photon!!46-1481 final states. Additionally, the visible object could be a SM Higgs boson,
leading to a mono-Higgs signature!'4°-1301,

The origin of dark matter mass necessitates a mechanism, with theoretical models offering
compelling targets for collider-based searches. This analysis explores final states with b-
jets and missing transverse energy (E;“iss) to investigate the production of DM candidates
alongside a dark Higgs boson, using the model described in Section 2.2.3. In the signal,
E‘Tniss correlates with the transverse momentum of the dark Higgs boson. At lower E‘Tmss,
the b-jets from the Higgs decay are well-separated and reconstructed as small-radius jets.
As EM increases, the dark Higgs acquires a higher Lorentz boost, causing the b-jets to
merge into a single jet, necessitating reconstruction using a large-radius jet. To address this,
the analysis employs both "resolved" and "merged" reconstruction methods, applying the
resolved approach for EI"™* < 500 GeV and the merged approach for EX™ > 500 GeV.

The strategy for this analysis builds on the robust framework established by ATLAS!1,
with significant modifications to optimize the search for a low-mass dark Higgs boson.
These enhancements include improvements in jet reconstruction and tagging, background
estimation, signal modeling, event selection, and systematic uncertainty evaluation. The

study focuses on the O-lepton channel, while the 1- and 2-lepton channels serve as control
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regions to constrain dominant backgrounds, such as top-pair production (¢f) and W, Z bosons
associated with jets. Specifically, the analysis incorporates three channels: 0, 1, and 2 leptons.
The O-lepton channel defines the primary "Signal Region" (OL), while the 1- and 2-lepton
regions (’Control Regions’, 1L and 2L) are used to constrain the main backgrounds. Detailed
descriptions of the analysis, along with additional technical information, are provided in

subsequent sections and the appendix.

5.2 Signal Model

The dark Higgs model incorporates six parameters that vary, as outlined in Table 2.1 and
Section 2.2.3, resulting in different scenarios under the applied constraints of this analysis.
Four parameters are treated as free: the three mass parameters my, m,, and mz/, along with
the coupling parameter g,. Meanwhile, the coupling constant g, is fixed at 0.25, and the
mixing angle 6 is set to 0.01. The value of g, is based on recommendation from the LHC Dark
Matter Benchmark study!!*!, while the choice of  aligns with theoretical recommendations
provided in Ref %%,

The mixing angle between the dark Higgs boson and the SM Higgs boson is not treated
as a free parameter, as its specific value does not influence the relevant phenomenology. It
is assumed that 8 = 0.01 is sufficiently large to ensure that the dark Higgs boson undergoes
prompt decay, consistent with Ref.*®,

In the low-mass region for the dark Higgs boson (m; < 160 GeV), the primary decay
mode is s — bb. This decay channel, combined with the E%‘iss signature from DM particles,
is the focus of this analysis.

The parameter space is constrained by relic density requirements, as specific parameter
combinations reproduce the DM freeze-out relic density!!*?, aligning with cosmological

observations!'”,

Within this framework, it is hypothesized that the yy — s§ interaction
would have ceased once the Universe reached thermal equilibrium. Following the rapid
inflationary phase, dark matter would have dispersed sufficiently to halt further interactions.

To explore the full phase space defined by the four free parameters, three interpretations
are proposed for the mono-s (bb) analysis. These interpretations are summarized in Table
5.1, with further details provided below.

The first interpretation, Schemel, explores scenarios with varying dark Higgs mass, m,
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(a) (b)

Figure 5.1 Processes leading to a dark Higgs signal with EX'™* due to DM particles y and decay of
the dark Higgs to bh-quarks’¢,

Table 5.1 Dark Higgs Signal Interpretation Schemes. In Scheme 1, the observed DM relic abun-
dance will only be reproduced for specific values of the three masses. While in Scheme 2 and 3, the
coupling g, is set to the specific value to reproduce the observed DM relic abundance for each mass
combination. ROI means Range Of Interest.

my/GeV  mz/GeV  m,/GeV 8y
Scheme 1 ROI ROI 200 1
Scheme 2 ROI ROI 900 relic-coherent
Scheme 3 70 ROI ROI relic-coherent

and Z’ mass, my/, while keeping the DM mass and the coupling parameter g, fixed. This
interpretation complements the mono-S(VV) analyses!!>*15* which focuse on higher dark
Higgs masses. The phenomenology of the model is not strongly dependent on the DM mass,
provided that the relevant interactions are kinematically accessible and the mass hierarchy
remains similar, i.e., my < m, < mgz . Since Scheme 1 serves as the benchmark for all search
channels targeting the dark Higgs boson, the DM mass is set to 200 GeV, consistent with the
other mono-S studies. The signal points associated with Schemel are summarized in Fig.
5.2.

The other two interpretations focus on the coupling parameter g, , which is adjusted to
ensure compatibility with the observed relic density as described in Section 2.2.2, rather than
being fixed at 1. In these interpretations, each signal point satisfies the cosmological relic
density constraint QA% = 0.1200 + 0.0012!7,

The second interpretation, Scheme?2, examines the m; —mz plane with a fixed DM mass
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Figure 5.2 The signal points for scheme 1. The x axis stands for the m, with the unit of GeV. The

y axis stands for the m; with the unit of GeV.

of 900 GeV. This parameter choice, while extending beyond the range explored in Schemel,

remains within the perturbative limit. For each signal point, g, is scanned to compute relic

density-compatible values using madDM!'**!. The values of g, and the corresponding cross-

sections are shown in Fig. 5.3. The specific signal points used in Scheme2 are summarized

in Fig. 5.4, with these points strategically located around the predicted exclusion region, as

depicted in the middle panel of Fig. 5.7.
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Figure 5.4 The signal points for scheme 2. The x axis stands for the m; with the unit of GeV. The
y axis stands for the m, with the unit of GeV. The m, is fixed to 900 GeV, and g, is compatible with
relic density.

The third interpretation, Scheme 3, explores the m,-my parameter space to provide
another intersection of the multi-dimensional parameter space, aiming to fully explore the
model. The dark Higgs mass is fixed at 70 GeV, a value found to have good sensitivity
in the exclusion of m  in the pre-study of Scheme2, and serves as a benchmark point. In
this scenario, g, is adjusted at each signal point to ensure relic density compatibility. The
resulting g, values and their corresponding cross-sections are shown in Fig. 5.5. The signal
points used in Scheme3 are detailed in Fig. 5.6, focusing on regions near the exclusion curve,
as illustrated in the rightmost panel of Fig. 5.7.

A fast analysis is conducted to estimate signal limits and guide the signal request strategy.
Signals are generated using MadGraph and interfaced with Pythia for parton showering and
hadronization. MadAnalysis Simplified Fast Simulation!'>®! is utilized to simulate detector
effects, apply analysis selections, and compute acceptance. Background estimation is based
on the mono-4(bb) analysis using the full ATLAS analysis chain'*’!. The results are

summarized in Fig. 5.7.
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Figure 5.5 Relic density coherent g, values (left) and cross-section (right) of the signal points for
interpretation scheme 3. The g, value should be smaller than V47 to ensure the perturbative limit.
The g, value in the blank area will violate such a requirement.
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Figure 5.6 The signal points for scheme 3. The x axis stands for the m; with the unit of GeV. The
y axis stands for the m, with the unit of GeV. The m; is fixed to 70 GeV, and g, is compatible with

relic density.
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Figure 5.7 Exclusion curve for scheme 1 (left), 2 (middle) and 3 (right). The blue dotted line
represents the Z’-DM coupling perturbative limit.

5.3 Data and MC
5.3.1 Data Samples

In the analysis, the full Run-2 dataset of pp collisions at a centre-of-mass energy of 13
TeV, collected during the 2015-2018 data-taking period, is used. The Good-Run-List (GRL)
and the corresponding luminosities are summarized in Appendix A.2. The total integrated
luminosity amounts to 140.0 fb~'11571,

Lowest un-prescaled EI"** triggers are used for analysis regions where targeting events 0
lepton or 1 muon, while un-prescaled single lepton triggers are used for 2-lepton regions.

Detailed options for the triggers used are provided in Appendix A.3. During the 2018
data-taking period, the lowest E%‘iss trigger, HLT_xel10_pufit_xe65_L1XES0, was only
available for part of the year (from period C5 onward). To simplify the analysis, the trigger
named HLT_xel10_pufit_xe70_L1XES50 was used for the entire 2018 dataset. The E;“i“
trigger efficiency calibration is based on the analysis performed in a similar E%‘i“ phase

space!'*!, and the same efficiency scale factors and associated systematic uncertainties are

applied in this analysis.

5.3.2 Simulated Samples

The simulated samples (MC) is summarized in Table 5.2.

5.3.2.1 Dark Higgs Signal

The signal samples are generated by calculating the hard scattering process at leading
order (LO) using MADGRAPH5_aMC@NLO 2.9.3.atlas!"*®!, based on the UFO model
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Table 5.2 Samples used for the evaluation of the top-pair theory uncertainties.

Process Generator Systematic effect
Nominal
PowHEG + PyTHIA 8 K> > PDF
ttbar FSR
ISR up
AMCcATNLO + PyTHIA 8 Matrix element (matching)
PownEeG + HErwiG 7 Parton shower
PowHEG + PyTHIA 8 .
. Nominal
Diagram Removal
sinele to AMCATNLO + PyTHIA 8 ME (matching)
& P PowHEG + HERWIG 7 PS, hadron., UE
POWHEG + PyTHiA 8 tz-single top interf.
Diagram Subtraction glefop '
Nominal
) SHERPA 2.2.11 . MR, 1r, PDF
Viets 0,1,2) @ NLO + 3,4,5] @LO  NLO merging (CKKW)
] Resummation (QSF)
MaADGrAPH + PyTHIA 8 FXFx ME/merging/
N, -sliced, 0-4j @LO Parton shower
Nominal
V+jets MR, UF, PDF
T-Channel Suerpa 2.2.11 NLO merging (CKKW)
Resummation (QSF)
SHERPA 2.2.11 gg — VV Nominal
0,1 @ NLO +2,3j @ LO (with ug, ur, PDF)
Diboson SHERPA 2.2.2 gg —> VV
0,15 @ LO
PowHEG + PyTHIA 8 hadron./UE/
Parton shower
PowHEG + HERWIG++ CKKW/QSF
Nominal
VH PowHEG + PyTHIA 8 (k. fi, PDF
PowHeG + HErRWIG 7 Parton shower
monoSbb MADGRAPH + PyTHIA 8 Nominal
{ig, jt, PDF
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described in Ref.*®!. These samples are interfaced with PYTHIA 8.245p3.lhcb7!%%! to
simulate parton showers and the underlying event. The generation allows one additional jet,
with the CKKW-L merging scheme!'*’! employed to prevent overlaps between the matrix
element and parton shower. The merging procedure uses a matching scale of 40 GeV.

The NNPDF3.0 parton distribution function (PDF) set with g = 0.13 (NNPDF30_nlo_as_0118)!!6!!
and the A14 tune for PYTHIA (A14tune)!'%% are applied. Renormalization and factorization
scales follow the default settings of MADGRAPHS_aMC@NLO. Bottom and charm quark
decays are modeled using EVTGEN v1.7.0!1%3,

To simulate multiple p p interactions within a bunch crossing, as well as those occurring
before or after the hard scattering process, inelastic p p collisions are generated with PYTHIA
8 using the A3 tune and the NNPDF2.3LO PDF set!!%, These interactions are overlaid with
the signal samples. A pile-up reweighting factor, based on the observed average number of
interactions per bunch crossing in the data, is applied. All events are processed using the

ATLAS detector simulation, based on Geant4!!631,

5.3.2.2 V+jets SHERPA v2.2.11

QCD V+jets processes, illustrated in the left and middle panels of Fig. 5.8, are simulated
using SHERPA v2.2.11[16-167] Matrix elements are computed at NLO for up to 2 jets and
at LO for up to 5 jets, using Comix!'®! and OpenLoops!!®®!7!| These are matched with the
SHERPA parton shower!! ! following the MEPS @NLO prescription!!7*176 with SHERPA-
tuned parameters. The generation uses the NNPDF3.0NNLO PDF set!!®!l, incorporating
NLO virtual EW corrections!!’*!"!]| The nominal prediction includes both NLO EW and
QCD corrections.

Additional EW contributions from t-channel V+jets processes!!””), simulated with SHERPA
v2.2.11 and computed at LO for 2 or 3 jets, are also included in the analysis. These contri-

butions are significant primarily in the highest EX"* regions.

5323 1t

Top-pair production, depicted in the right panel of Fig. 5.8, is simulated using the
POWHEGBOX!!781821 y2 generator at the NLO precision with NNPDF3.0NLO PDF set.
The hgamp parameter is set to 1.5m,['®], and renormalization and factorization scales are
defined as /mtzop + p%. Parton showers and hadronization are simulated using PYTHIA
8.230 with the A14 tune, while EVTGEN v1.6.0 models bottom and charm hadron decays.
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Figure 5.8 Diagrams for W+jets, Z+jets, and 77 processes.

The tf production cross-section at NLO is corrected to NNLO in QCD, including NNLL
soft-gluon resummation, using TOP++ 2.0!'341, PDF and s uncertainties are evaluated with
PDF4LHC!"#1, MSTW2008 NNLO!3¢-1871 /CT10 NNLO!88-1891 'and NNPDF2.3 5f FFN!!01,
with scale uncertainties combined in quadrature.

All-hadronic #7 events are negligible due to the high EI"** selection. Non-all-hadronic 17
samples, including dileptonic and semi-leptonic decays, are used. Inclusive and E**-filtered
samples are combined to improve statistics in high—E‘T]rliss regions. Events with E%liss < 100
GeV come from inclusive samples, while those with E%“iss > 200 GeV are drawn from filtered

samples. For E;“i“ between 100 and 200 GeV, both sources are used with halved weights.

5.3.2.4 Single top

The single-top tW process is simulated using POWHEGBOX v2 at NLO in the five-flavor
scheme with NNPDF3.0NLO PDF set. Renormalization and factorization scales are set to
Myop, and interference with 77 is managed using the diagram removal scheme!"”!l. Parton
showers, hadronization, and hadron decays are modeled similarly to the tW process.

Inclusive cross-section corrections for t-channel and s-channel single-top production use

the same methods, with consistent details across both processes.

5.3.2.5 Diboson

Diboson production is simulated with SHERPA v2.2.11 for gg-initiated processes and
SHERPA v2.2.2 for loop-induced gg processes. Matrix elements and additional jets are
matched with the SHERPA parton shower using the MEPS @ NLO method!!%!1721,

5.3.2.6 Standard Model VA(bb)

Production of gg — Wh/Zh is modeled using POWHEGBOX v2 at the NLO precision

with the relevant PDF sets and showering models. Cross-sections are calculated with NLO
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and NNLO corrections.

5.4 Physics Object

The general description of the reconstruction and calibration are detiled in Secrion 3.4
and this section focus on analysis specific setup.

Electrons and muons are classified as either baseline or signal leptons. Baseline objects
are selected using looser criteria compared to signal objects, resulting in higher acceptance.
This selection is particularly advantageous for computing the missing transverse momentum,
ETmiSS, and ensures a high efficiency for lepton vetoes within the signal region. Conversely,
signal objects are defined with stricter selection criteria, providing higher purity than baseline
objects. As a result, signal objects are employed to identify leptons in the single-muon and

dilepton control regions.

5.4.1 Electrons

The same pseudo-rapidity requirement is applied for baseline and signal electrons, |n| <
2.47, while the p thresholds are 7 GeV and 27 GeV, respectively. Both baseline and signal
electrons share the same track-to-vertex association requirement of |dj"(o)| < 5. The
LooseAndBLayerLLH identification and FCLoose isolation criteria are applied for both
types of electrons. For signal electrons with pr > 200 GeV, the FCHighPtCaloOnly

isolation criterion is applied instead.

5.4.2 Muons

Baseline muons are required to meet the Loose selection and FCLoose isolation
criteria, while signal muons must satisfy the Medium selection and Tight TrackOnly—
VarRad isolation criteria. Common requirements for both baseline and signal muons
include || < 2.5, dy/o(dy) < 3, and |zpsin 6| < 0.5 mm. Signal muons have two different
pr thresholds: the leading signal muon must have pt > 25 GeV, while the sub-leading signal

muon must have pr > 7 GeV.

5.4.3 Tau-leptons

In all signal and control regions the 7-leptons are vetoed. And the very 1oose working

point is used for their reconstruction.
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The impact of these selections on the mono-s(bb) signal is detailed in Appendix A.4.
This selection, combined with the extended T veto described in Sec. 5.5.2, removes less than

3% of signal events.

Table 5.3 Tau selection criteria.

Feature Requirement
Charge 0] =1
Asso. Track 1 or 3 tracks

Transverse momentum  pr > 20 GeV
7 energy scale (TES) MVA TES

Pseudorapidity 7| < 2.5

Electron rejection BDT-based algo.

Muon rejection Overlap removal in AR < 0.2 and pp > 2GeV. No Calo-tagged Muons.
Jet rejection RNN-based (veryLoose) algo.

5.4.4 Small-R jets

Small-R jets are categorized as central or forward jets based on their pseudorapidity (17)
range. Central jets are defined by || < 2.5 and are exclusively used to reconstruct the two
candidate jets originating from the s — bb decay in the resolved region as described in
Sec. 5.5.2.1. To eliminate jets resulting from pileup interactions, the jet-vertex-tagger (JVT)
algorithms!!'?! are applied. Forward jets, on the other hand, are defined as those within the
range 2.5 < |n| < 4.5.

The calibration and reconstruction of small-R jets employ the anti-k, algorithm with a
radius parameter R = 0.4, and Particle Flow (PFlow) inputs are used as constituents. The

detailed settings of the small-R jets are summarized in Table 5.4.
5.4.5 LCTopo Large-R jets

Large-radius jets are utilized to reconstruct the boosted s — bb decays. The settings of

the large-R jets used in the analysis are summarized in Table 5.5.

5.4.6 Re-clustered (RC) large-R jets

In this analysis, low-mass large-R jets (mass < 50 GeV) are investigated, where LCTopo/UFO

large-R jet calibrations are not yet available. Jet re-clustering provides a versatile method

for constructing large-R jets from calibrated small-R jets. This approach inherently propa-
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Table 5.4 Reconstruction criteria for small-R jets.

Feature Requirement
Input constituent PFlow

Algo. Anti-k, (R=0.4)
CalibArea tag 00-04-82

Calibration config.
Calibration sequence (MC)

JES_JMS_MCl6Recommendation_Consolidated_PFlow_July2019_Rel21
JetArea_Residual_ EtaJES_GSC

Selection requirements

Observable Requirement

DT > 20 GeV (central) / > 30 GeV (forward)

i < 2.5 (central) / 2.5 < || < 4.5 (forward)

VT Tight working point, only applied to central jets with 20 < pr < 60 GeV and || < 2.4
Table 5.5 Large-R jet reconstruction criteria.

Feature Requirement

Input constituent LCTopo

Algo. anti-k; (R=1.0)

Grooming algo. Trimming

Rtrim 0.2

Trimmed sub-jets pr fraction  0.05

CalibArea tag

00-04-82

Calibration config. for data JES_MClérecommendation_FatJet_Trimmed_ JMS_comb_3April2019
Calibration sequence (Data) EtaJES_JMS_Insitu_InsituCombinedMass

Calibration config. for MC
Calibration sequence (MC)

JES_MClo6recommendation_FatJet_Trimmed_JMS_comb_170ct2018
EtaJES_JMS

Selection requirements

Observable Requirement
pr > 200 GeV
I <2
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gates calibrations and uncertainties from small-R jets to large-R jets, allowing analyses to
tailor them for specific purposes. By utilizing jet re-clustering, ATLAS enhances large-R jet
calibrations using the well-understood small-R jets and their systematic uncertainties, while
also providing greater flexibility for analysis.

The inputs for re-clustering are small-R jets with R = 0.4, constructed using the anti-k,
algorithm™®!! applied to EM-scale topological clusters’*! and tracks from the hard-scatter
primary vertex, processed with the FastJet algorithm!93-194],

The workflow for reclustered jets involves reclustering small-R jets using the anti-k,
algorithm with R = 1.0 to form large-R jets, which are then trimmed. All systematic

uncertainties from AntiKt4EMPFlow jets, including jet mass scale (JMS) uncertainties, are

propagated to the reclustered large-R jets.

Table 5.6 Re-clustered Large-R jet configuration

property configuration
Inputlet AntiKt4EMPFlow
InputJetPtMin 20.0 GeV
Algorithm anti-k,
Radius 1.0
GroomingAlg trim
TrimPtFrac 0.05
TrimSubjetRadius 0.2
SoftDropZCut 0.1
SoftDropBeta 0.0
SoftDropR0O 1.0

5.4.7 Variable-radius track jets

The Variable Radius (VR) track jets are reconstructed from the tracks in ID using the anti-
k. algorithm. These tracks are required to meet stricter quality criteria compared to standard
tracking. To mitigate pileup jets, only tracks with pt > 0.5 GeV and |z sin #| < 3 mm are used
as jet inputs!'?*. Here, z, represents the longitudinal impact parameter, evaluated relative to
the primary vertex. To address mismodelling effects, simulated events are reweighted based
on a comparison between data and simulation in dileptonic 7 events!!%!1%3],

The pr dependent jet radius!'??! is used for the VR track jets:

30GeV

Pt

R(pr) =

(5.1
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The parameters, R, = 0.02 and R,,.x = 0.4, define the minimum and maximum effective

123]

size of the track jets, respectively!'?*!. As the radius decreases with increasing track jet pr,

VR track jets achieve improved reconstruction efficiency for boosted decays compared to

[19] " To determine the flavour composition of the

fixed-radius jet as demonstrated in Ref.
calibrated large-R jet, VR track jets are associated with the initial ungroomed large-R jet

using the ghost-association algorithm!!?41%7],

5.4.8 B-tagging strategy

The baseline tagging strategy in the resolved and merged regions is summarised in Fig.
5.9. This strategy combines the best available b-tagging algorithms in ATLAS for both single
and double b-jets, leveraging the advantages of novel techniques such as DXbb, developed

and detailed in Section 4.

Xbb tagger only supports

META[GeV] LCTopo with mass > 50 GeV
DL1r @ 77% on Xbbv3 @ 50% on
2 AntiKtVR30Rmax4Rmin02TrackJets| AntiKt10LCTopoTrimmedPtFrac5SmallR20Jets
(ghost associated to RC) (mass > 50 GeV, dR matched to RC)

500

o 0

0 DL1r @ 77% on

s)

w

& 2 AntiKt4EMTopoJets
150

>
20 50 mjj or mJ(RC) [GeV]

Figure 5.9 The tagging strategy is divided by the resolved region (E‘TIliss < 500 GeV) and merged
region(Ef"™ > 500 GeV) and the merged region is further divided by the RC large-R jet mass
my(RC) = 50 GeV. The tagger, working point and the tagging objects are listed.

5.4.8.1 Single b-tagging

In the resolved region, the b-tagging is performed on the central jets (Ant 1Kt 4EMPF 1ow).
In the merged region, where m; < 50 GeV and large-R b-tagging is not available, single-b
tagging is performed using the leading two associated VR track jets. Each jet is assigned a

classification of 0, 1, or 2 b-tags. For both jet collections, the DL1r discriminant with the
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77% b-tagging efficiency working point is employed!!!.

The b-tagging settings used in the analysis are summarized in Table 5.7.

Table 5.7 b-tagging selection criteria.

Feature Requirement

Jet defination AntiKt4EMPFlow / AntiKtVR30Rmax4Rmin02
Algo. DL1lr

Working Point (WP) Fixed Eff = 77%

CDI(Calib.) 2020-21-12TeV-MC16-CDI-2021-04-16_v1

Jet defination AntiKt10LCTopoTrimmedPtFrac5SmallR20Jets
Algo. DXbb

Working Point (WP) Fixed Eff = 50%

CDI(Calib.) Customized. See Sec. 4.2 and Sec. 4.3

5.4.8.2 Double b-tagging

Large-radius (large-R) jets are reconstructed to capture the entire scalar boson decay,
while smaller-radius track-based jets (sub-jets) are used to resolve and identify the individual
b-hadrons. At high pr, the two jets become highly merged, making the reconstruction of
sub-jets and single-b tagging challenging.

The novel DXbb tagger is utilized in most of the merged-region phase space, as described
in Chapter 4. The tagger is trained using LCTopo large-R jets with masses above 50 GeV,
50 < pr < 3000 GeV, and || < 2.0. In this analysis, a different large-R jet definition, the

reclustered large-R jet (RC-jet), is used to access both the low-mass (m;%lcling <50 GeV) and

high-mass (m, "™ > 50 GeV) ranges. Tagging information is attached to the RC-jet using

DXbb, with the dR-matched LCTopo large-R jet as input when m}eading > 50 GeV. Otherwise,
the fallback single-b tagging method, as described in the previous section, is employed.

The matching and mis-matching efficiencies are carefully studied under various jet kine-
matics. The dR distribution is shown in Fig. 5.10. The experimental systematic uncertainties
affecting dR, primarily arises from jet reconstruction, are summed in quadrature for the most
conservative estimate, as shown by the dahsed lines in the figure. For inclusive and accurate
matching, the dR is required to be within 1.0.

The matching efficiency, defined as the fraction of events where at least one LCTopo jet

is matched to the leading RC-jet, is shown in Fig. 5.11 with the uncertainty impact shown by

the dahsed lines.
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Figure 5.10 dR between leading RC jet and closet/sub-closet LCTopo jet. Reconstruction-related
uncertainties are propagated and summed in quadrature, with the impact shown by the red and

blue dashed lines.
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Figure 5.11 dR matching efficincy studied with the events passing analysis selections of
SR+CR1+CR2, except the requirement of tagging. Reconstruction-related uncertainties are prop-
agated and summed in quadrature, with the impact shown by the red and blue dashed lines.
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To study the uncertainty of dR matching acceptance, the experimental uncertainties are
propgated and the kinematics distrubition of dR-match jet is compared. As illustrated in Fig.
5.12, the propgated uncertainties are summed in quadrature and the variation of jet mass
and pr is shown in dashed lines. The study concludes that the effect is negligible and no

additional uncertainty is added in the analysis.
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Figure 5.12 Distribution of the mass and pt of dR-matched jet in signal(mixed of all mass) and
background(total) samples. Reconstruction-related uncertainties are propagated and summed in
quadrature, with the impact shown by the red and blue dashed lines. The variation are pure
acceptance effect.
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To summarize, the dR-matching demonstrates consistently high efficiency and accuracy,

enabling the effective utilization of the powerful DXbb tagger in this analysis.

5.4.9 Missing transverse momentum

Missing transverse momentum (EI"™) is reconstructed using the Track-based Soft Term
(TST) approach, as described in Section 3.4.5.3. Neither 7-leptons nor photons are included
in the ETmiSS calculation for this analysis. Jets with || > 2.4 are required to have pr > 30 GeV,

corresponding to the criteria of the t ight EI* working point.

5.4.9.1 Choice of EI* proxy

In the signal region, a direct EI** cut is applied, while in the control regions, E{‘iﬁfp s,
is used as a proxy. In the 1-lepton muon control region (CR1mu), which consists of events
containing exactly one muon and no electrons, the leading signal muon is treated as invisible,
and the EI™ value is recalculated excluding the muon’s contribution. In the 2-lepton
channels, contributions from the two signal electrons or muons are excluded from the E‘TIliss
calculation. Specifically, in the 2-lepton muon control region, consisting of events with
exactly two muons and no electrons, the leading two signal muons are treated as invisible.
Similarly, in the 2-lepton electron control region, which contains events with exactly two
electrons and no muons, the leading two signal electrons are treated as invisible.

The use of E%ifsp‘ ivis, Provides the advantage of aligning the kinematics of the 2-lepton

control regions more closely with those of the signal region. Additionally, E‘Tmlsg b, invis, ACCOUNLS

for potential EI** contributions arising from resolution effects and mis-reconstructions.

5.4.10 Object-based EX™ significance S

The object-based ETmiSS significance (S), as described in Section 3.4.5.3, is employed to
distinguish events with real EI**, arising from neutrinos or weakly interacting exotic particles,
from events where E‘Tniss originates due to measurement limitations and resolution effects.
This variable is particularly effective at suppressing QCD backgrounds, as demonstrated in
Ref [, The calculation of S incorporates the expected resolutions of all objects contributing
to the E%‘iss reconstruction and their directional correlations. In the 1-lepton and 2-lepton
control regions, the ETmiSS significance is computed using the same lepton treatment as

ErTrjilfp. o> as outlined in Section 5.4.9.1.
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5.4.11 Overlap removal

The reconstruction of the same energy deposits in the detector as multiple objects is

resolved using the standard overlap removal procedure as,

Table 5.8 Overlap removal

Remove Against Criteria

Electron Electron pr; < pra, shared track
Tau Electron AR <0.2

Tau Muon AR < 0.2

Muon Electron Calo-Muon, shared ID track
Electron Muon Shared ID track

Jet Electron AR < 0.2

Electron Jet AR < min(0.4,0.04 + 10GeV/pr(e))

Jet Muon ghost-associated or AR < 0.2 N_Track <3
Muon Jet AR < min(0.4,0.04 + 10GeV/pr(u))

Jet Tau AR < 0.2

Fat-jet Electron AR < 1.0

AR is computed using rapidity. Table 5.8 summarizes the priority order applied to resolve

the identities of overlapping objects.

5.5 Event Selection and Categorization

As introduced in the Overview section 5.1 multiple regions are defined in the analysis
and they are further divided accoring to the E;“i“, to achieve better reconstruction of signal
with different topology and control of background with different composition, so that better
analysis sensitivity. The signal topology with different E‘TIliSS 1s summarized in Fig. 5.13 and
the final categorization used in analysis is summarized in Fig. 5.14. The event selections, in

each region, are described in the following.

5.5.1 Event Cleaning for Data

The event cleaning is performed for all the data taken from the detector in all the analysis
regions. Data events must be part of the runs listed in the GRLs as described in Section 5.3.
The veto is designed to remove the bad or corrupted events such as LAr noise burst, data
corruption, tile corrupted events, SCT recovery procedure for single event upsets, incomplete

events, events with cosmic muons or with badly measured muons.
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Figure 5.13 Two small-R jets or one large-R jet are used to reconstruct the S — bb decay in the
resolved regions (left) and merged regions (right) respectively.

SR/CR SR 1 muon CR 2LCR

MET / METproxy
[GeV]

Fitted variable mjj / mJ muon charge Yield

Figure 5.14 Defination of Analysis Regions

Events must include a primary vertex with a minimum of two associated tracks. The
primary vertex is identified as the one with the highest p2, where the sum considers all

tracks with transverse momentum pr > 0.5 GeV that are linked to the vertex.

5.5.2 Common Selections for Signal and Control Regions

The common selections are designed based on the previous study!*”! and are listed below
and the first rows in Table 5.9.
Loose/Bad jet veto: to remove non-collisional backgrounds
EY™ proxy > 150GeV: EF™ or Ef's | . is used in signal or control regions
Tau veto: Event with baseline 7-lepton are rejected. And extended selection is applied
to further suppresses W+jets, single-top, and ¢7 backgrounds. The calculation uses

reconstructed jets as input, employing small-R jets in the resolved region or reclustered

large-R jets in the merged region. A jet is identified as a tau candidate if it meets both
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of the following criteria:
1. Track multiplicity within the jet cone satisfies 1 < Ny < 4.
2. Angular separation between the jet and E"* satisfies A¢ < 22.5°.
min;e (123 Ag(EPS, j) > 20°: the EF™ vector often aligns with a jet in fake £ in multijet
events. To mitigate this background, events failing to satisfy min A®(EMS, j) > 20°,

calculated over the three leading jets, are rejected.
E{‘niss

pr

0.7 <

< 1.3: back to back topology and reduces contributions from ¢ and W+jets
events.

The selections which are specific to resolved and merged regions are described below.

5.5.2.1 Selections in Resolved Region

In the resolved region, the dominant background process is ¢7 production. To suppress this

background, the variables m2™" and m2"™ are utilized with the requirements m2™" > 170

GeV and m?’max > 200 GeV. These variables are defined as:

I =\ s s (1 cos (™™, Epi) 52)

b,min b,max

where p7 and p™ represent the pr of the b-jet that is nearest to (denoted as min)
or farthest from (denoted as max) E‘%ﬁss in ¢, respectively.

In the signal region, resolved event selections include an additional requirement on the
object-based EM* significance, imposing S > 12 to further reduce multi-jet background
contributions. For EM* and S (bb) recoil, events must satisfy 0.7 < EMs/pr(jj) < 1.3, as
introduced in Sec. 5.5.2.

The number of small-R jets in the event also helps discriminate between signal and 7
background. To this end, a cut of N(central small-R jets) < 4 is applied.

The invariant mass of the scalar candidate jets, m;;, reconstructed from the two b-tagged
small-R jets, serves as the final discriminating variable in the fit. The fit range is defined as
20 GeV <mj; <270 GeV.

In practice, no events survive below m;; = 35, 40, and 50 GeV for low ([150,200] GeV),
medium ([200,350] GeV), and high ([350,500] GeV) E%““ bins, respectively. Consequently,
the fit ranges are adjusted to my,;, € [35, 270], [40, 270], and [50, 270] GeV.

For both m;; and pr(;;), the muon-in-jet correction described in Ref. [1612.01656] is
applied.

95



Chapter 5 Search for Dark Higgs with ATLAS Full Run2 Data nbla b PN [ el VAT

A summary of some variables used for event selection is shown in Fig. 5.15 and clear

seperation between various signals and background is observed.
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Figure 5.15 The distribution of a) small-R jets multiplicity, b) EX"*/p1(jj), ¢) m{ ™" and d) my’

in the resolved region without apply these cuts. For each variable, the selected signal distributions
are compared with the one for either 77 or all backgrounds. The blue dashed line stands for the cut
value on the variable.

5.5.2.2 Selections in Merged Region

In the merged region at least one central RC large radius jet is required and the highest pr
large radius jet is treated as the reconstructed Higgs candidate. To ensure that the majority
of the decay products are contained in the RC large radius jet, a 2m;/pt(J) < 0.6 cut is
applied for the merged topology. For E;ni“ and S(bb) recoil, the events are required to have
0.7 < E‘TniSS /pr(J) < 1.3. The impact of these two cuts on one selected signal and Z+bb are

shown in Fig. 5.17. Some of variables used for event selection, and their justification, has
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been summarised in the Fig. 5.16
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Figure 5.16 The distribution of a) 2m,/pr(J) and b) EF*/py(J) in the merged region without
appling these cuts, for either variable, the selected signal distributions are compared with the one
for all backgrounds. The blue dashed line stands for the cut value on the variable.

The final discriminant variable in the fit is the reconstructed mass of the dark Higgs

candidate, the m ;. Events are required to be within 20 GeV < m; < 270 GeV for the fit.
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Figure5.17 Theimpactfrom2m;/pt(J) < 0.6and 0.7 < E;‘iss/pT(J) < 1.3 on monoSbb mZ’=3000
GeV, mX=200 GeV, ms=150 GeV (left) and Z+bb in 0 lepton 500 < E;‘iss < 750 GeV; These two cuts
remove 16% singal meanwhile 36% Z-+bb.

Events containing any additional b-tagged VR track jet not associated with the RC large-R
jet are vetoed in this region to suppress contributions from top-quark events.

The selections of the resolved and merged region are summarized in Table 5.9.
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Table 5.9 Event selections in the signal and control regions. The resolved and merged topologies are displayed in separate columns, with

some selections shared between them.

Cut

Resolved Merged

Trigger

0/1-lepton SR/CR: unprescaled Ef™ trig. w/ lowest threshold
2-lepton CR: unprescaled single-lepton trig. w/ lowest threshold

Lepton multiplicity

0-lepton SR: veto event with baseline electron or muon
1-lepton CR: event with exactly one signal u
2-lepton CR: 2 baseline e or y, exactly 2 signal e or ¢ with opposite sign

Z mass window

2-lepton CR only: |mz — my,| < 10 GeV

T vetoes veto on baseline 7 leptons & extended 7-veto
min;e( 2,3y AG(ERS, j) > 20°
Jet multiplicity 2< Newd <4 Nivaeok jos = 1
b-tag multiplicity Zmﬂhmﬂﬂ& =2 leading _mmmW-w_.oH Dxpp-tagged (m;>50GeV)
Ziom_mwmﬁf.% =2 (m;<50GeV)
Non-associated b-jet veto - N, woﬂmmmwm.,%ﬁi% =0
O-lepton SR: S > 12
EM™ significance 1-lepton CR: Siep invis. > 12 —
2-lepton CR: Sjepinvis. > 12& S <5
Top-mass proxy SW:M: > 170Gev —
mp™ > 200 GeV
E™ and S(bb) recoil 0.7 < E™ /pr(jj) < 1.3 0.7 < EP™/pr(J) <13
Boosted decay - 2m,/pr(J) <0.6
Emis 150 < EM < 500 GeV EP'S > 500 GeV
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5.5.3 Dedicated selection in Control regions

Control regions are defined to constrain various background contributions. These control
regions are orthogonal to the signal regions and target W/Z+jets and tf processes which
constitute the dominant backgrounds in the signal regions. The orthogonality is ensured by

inverting the lepton veto.

5.5.3.1 1-lepton channel (1L)

The W+jets background in the SR is from the leptonic decay and the ¢f background is
from the semileptonic one. For both background, events enter the signal region if the leptons
fail to be identified or be outside from the detector acceptance. They are mainly contributed
from the T decay channel.

The 1-muon control region is designed to constrain these backgrounds using data. Using
muons instead of electrons or 7-leptons has the advantage that the signal region kinematics
can be imitated very well, as single-muon events can be selected using the same EX™ triggers
as for the signal region, since muons passing through the inner detector deposit little energy
in the calorimeters. This leads to the muon’s momentum contributing to the trigger level
calculation of EM*, which is entirely calorimeter based. Events in this control region are
required to have exactly one signal muon and no additional baseline leptons. To mimic events
in the signal region, in which the muon is not detected, E{ﬂfgp. vis. 18 used in the 1-muon
region instead of Ef™. Also all other EI* dependent variables, like the EI** significance

bomin/max e calculated with EMSS . Apart from that the same event selection as

and m T T, lep. invis.

in the signal region is used, as described above.

The 1-electron control region is studied by assuming it has same statistics as 1-muon
control region, and the relative fraction is same for each component. The improvement on
the limit and error of the signal strength is marginal. Considering the 1-electron region will

suffer the multi-jet backgrounds, this region is not considered for this round.

5.5.3.2 2-lepton channel (2L)

The 2-lepton control region is designed to estimate the Z+jets background. Within the
signal region, the production of Z(— vv) + jets contributes significantly to the background,
as it shares the same decay topology as Z(— ¢¢) + jets. This similarity arises because the Z

boson’s momentum is independent of its decay products. Consequently, the normalization
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of Z(— vv) + jets events can be inferred using a Z(— ¢£) + jets control region.

The lowest unprescaled single lepton triggers are used as described in Appendix A.3.
Exactly 2 electrons or 2 muons are required. Events with further baseline leptons of any
flavor are discarded. Two leptons must satisfy the signal lepton requirements. The trigger
matching is required. At least one of the lepton must have a sufficiently high pt to fire the
trigger.

The signal muons are required to have pr > 25GeV and signal electrons need to have
pr > 27GeV. The second lepton does not need to be a signal lepton in order to increase
the acceptance of Zjets events. The selected leptons are required to be of opposite charge
and to have an invariant mass fulfilling |mz — m,,| < 10 GeV. This suppresses backgrounds
without a resonant lepton-pair around the Z-boson mass, such as 77 events.

The ErTIliSS significance S is used as a powerful variable to distinguish events with genuine
ETmiSS, from events with "fake" ETmiSS originating from such as mis-identifed object or imprecise
reconstruction, as described in Section 5.4. In Z(— uu) + jets events no real EM is
expected, while for 77 events real EITIliss is present in the event due to the two escaping
neutrinos. Therefore, to further reduce the ¢7 background a cut of S < 5 is applied.

For the remaining event selection the same cuts as in the signal region are applied, with
the only difference that in the cuts on EM** and all EF"** dependent variables Ef' is

T, lep. invis.

used. Thereby the kinematics of Z(— vv) + jets events can be imitated.

5.6 Systematic Uncertainty

The analysis considers both the theoretical and experimental systematics.

Systematic uncertainties are mainly from the reconstruction of different physics objects,
predictions for signal and background processes. These uncertainties influence the yields of
signal or background within designated regions and affect the shape of the fit discriminant,

my.
5.6.1 Experimental Systematics

The E‘Tniss trigger response in simulations is subject to uncertainties, which are quantified
through a specific calibration procedure detailed in Ref.!'”®!. Two types of uncertainties are

identified: METTrigStat and METTrigSyst. The former represents the 1o statistical
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uncertainty from the trigger scale factor fit, while the latter accounts for uncertainties arising
from the background composition.

Uncertainties for electrons, muons, jets, E‘Tniss, and lepton triggers are determined based
on performance studies, as described in Section 3.4.

To address uncertainties in the jet energy scale (JES) and jet energy resolution (JER)
for small-R jets, the CategoryReduction_SimpleJER scheme is utilized. This ap-
proach employs 29 nuisance parameters for JES and 8 for JER. b-tagging uncertainties are
parameterized using eigenvector variations under the medium reduction scheme, leading to
4, 3, and 6 eigenvector variation nuisance parameters for b-jets, c-jets, and light-flavor jets,
respectively.

The CategoryReduction_SimpleJER scheme is used to estimate the uncertainty
from AntiKt4EMPFlow jet which is the input for large-R jet reclustering, which includes the
one from jet energy scale (JES), resolution (JER) and JMS (Rtrk based).

The uncertainty from the DL1r VR algorithm which is used for low mass (m; < 50GeV)
large-R jet tagging is derived based on the recommendations!'.

The uncertainty of data/MC scale factor of Xbb tagging in merged region for high mass
(m; > 50GeV) large-R jet is derived from the calibrations introduced in Section 4, according

to the formula 5.6.

K= €data (53)
EmcC
@ = MC (5.4)
Emc’
€data = EMC * K = €y’ ¥ K* (5.5)
0(€qata 0
(edara) _ 3(K) 56
€data K

The € denotes the Xbb tagging efficiency and M C denotes the Monte Carlo simulation
with specific generator and parton showering. « is the data/MC scale factor which calibrates
the tagging efficiency of MC to data. The value and uncertainty of « is taken from the
calibrations. Different calibrations are applied based on the physics process and flavor
composition of large-R jet. For signal, V+jets, VHbb, Diboson process, the scale factor
from Zbb calibration as introduced in Section 4.2 is applied when the leading large-R jet

contains two b-quark. For the ttbar and single top process, the scale factor is taken from
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ttbar calibration as introduced in Section 4.3. The difference of MC efficiency between the
samples used in analysis and calibration is corrected with MC/MC scale factor @, mainly

originating from the different parton showering used.

5.6.2 Theory Systematics

* Missing higher orders calculation of matrix elements (ME): estimated by varying
the renormalisation and factorisation scales (ug and ug) independently by a factor of
2. Variations such as (ug, ur) = (%, 2) and (ug, ur) = (2, %) X Meenwral are excluded to
avoid large logarithmic corrections.

* Choice of PDFs and «: Estimated following the PDF4LHC prescription!'?"!.

* Merging-scale uncertainties: evaluated by varying the scale up and down by a factor
of 2 for the samples with different jet multiplicity in ME such as V+1,2,... jets

* Resummation scale uncertainties: an additional uncertainty associated with the
energy cut-off in the parton shower (PS)!'*"! for SHERPA samples.

* Matching uncertainties: uncertainties related to the matrix element/parton shower
(ME/PS) matching procedure and are assessed by comparing Pownec and MG5aMC
samples.

* Parton shower/hadronisation uncertainties: evaluated by comparing samples gen-
erated with different generators, such as PytHia 8 and HErwiG 7.

+ Eigentune uncertainties: related to the ATLAS tuning programme!!?!,

5.7 Statistical Study
5.7.1 Likelihood definition

The binned likelihood function is constructed as the product of following Poisson prob-
ability terms,
> . =, g 1 _p2
L(1.0.7) = | ] Pois(Nlus: (@) +yibi(@) x [ | Z=e™"x [ | Gauss(ilvipio Vi)
iebins gcg YT iebins

(5.7)

where ¢ parameter is the signal strength and s;(b;) the expected signal(background) yield
in bin 7.

The systematic uncertainties are implemntated with the nuisance parameters (NP) 6,
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which change the prediction of the signal and background in each bin, according to different
source. They are parameterized by Gaussian priors.

The limited MC statictics causes the fluctuation and it is modelled with y-parameters
and the yield of each bin could be modified by bi(é) — yibi(g) during the fitting. vy itself
follows the Gaussian and gB; = 1/ 0'r2el where 0 is the relative statistical uncertainty of the
expected (MC simulated) total background yield.

The maximize likelihood method is used to obtain the u and o, with respect to all
parameters. And the test statistic could be built to measure the compatibility between the

background-only model and the observed data, with the defination as log-likelihood ratio,

L, 0,7)
n|———

=, (5.8)
L(42,0.7)

qu =21

A

where [i and g are the parameters that maximise the likelihood at the same time, and g
are the values of nuisance parameter that maximise the likelihood for a given u. The test

statistic could also be used to derive exclusion intervals with CL; method?*"!

5.7.2 Fit variables and event categories

The maximum likelihood fitting of data and MC templates (histograms) is performed
across all the regions, including the 0/1/2 lepton regions and the different E™ bins.

The defination of signal regions and control regions are described in Fig. 5.14 and Sec.
5.5.3.

In the resolved and merged regions within the 1L and 2L channels, E%jifsp' ivis, DINNING
is employed instead of the ET"* binning used in the O-lepton channels and a single merged
region is defined for 1L and 2L channels with E%ifjp. avis. > 900 GeV due to limited statistics.
This mimics the kinematics of semileptonic ¢ and W+jets events in the OL region, where
one lepton is undetected. The Z+jets background is constrained by fitting the event yield in
a region containing exactly two electrons or muons (CR 2L).

In the SR the fitting is performed on the invariant mass of the dark Higgs-boson candidate
(my). In the resolved regions this variable is constructed from the two leading b-jets and in

merged regions from the mass of the leading large-R jet. The binning chosen for my;,/m;

is detailed in Table 5.10. These choices are based on, and updated from, the previous study
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presented in Ref !4,

To distinguish between W+jets and #7 contributions, a separation based on the muon
charge is applied. In 77 events, the muon charge is generally distributed equally, whereas the
production of W+jets is biased towards positively charged W-bosons due to the LHC being
a pp collider. Therefore for the 1L channel, the muon charge is employed as the fit variable.
As a result, each E%‘iss bin is divided into two bins based on the muon charge (positive and
negative).

In the 2L channel, a single bin yield is used for each ErTrjiﬁ:p. imvis, DI This coarse binning
enhances the robustness of the fitting procedure while maintaining sensitivity. With this

binning, the control regions effectively constrain the background normalization without

significant loss of precision.

Table 5.10 Binning of the final fitting observable in SR.

E™ bin [GeV | m;; or m, binning
150-200 [35,40,45,...,270] (5 GeV/bin)
200-350 [40,45,50,...,270] (5 GeV/bin)
350-500 [50,60,70,...,270] (10 GeV/bin)
500-750 [20, 50, 70, 90, 110, 130, 150, 180, 270]
750-inf [20, 50, 90, 180, 270]

5.7.3 Merging of fit templates

Some of the background MC templates have low statistics, making it difficult for the fit
to constrain them individually. To address this, templates corresponding to similar physical
processes (e.g., Zbb, Zbc, etc.) are combined into a single template for the fit. The following
templates are utilized:

* Zhf = Z+bb/bc/bl/cc

* Whf = W+bb/bc/bl/cc

* Zcl

o Wel

e 7ZI

s Wi

o 1t

* single top = single-top Wt + ¢-channel + s-channel
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* diboson = WW+WZ+ZZ

» VH(bb) (SM Higgs)

The above merging scheme was inherited from the mono-H(bb)'*°! and also follows
the fit model developed for the SM VH (bb) search®™!!. The merging strategy considers
the similarity of the distribution of different sub-process, as well as modelling of flavor

composition with Sherpa 2.2.1120%1,

5.7.4 Implementation of DXbb Correction

The uncertainties of DXbb tagging on V+hf(heavy flavor) are constrained by the control
region as Zhf from 2 lepton region and Whf from 1 muon region respectively. Two scale
factors in merged region are applied on Whf and Zhf respectively to propagate the correction
from the corresponding CR to the SR. Since the SF includes not only the correction on the
DXbb tagging but also the modelling, so the SF is applied on Whf and Zhf separately as the
fact that the modelling correction could be different for the two.

As the tagging performance is different w.r.t the flavour combination for the large-R jets,
there is a further study on the flavour fraction of the Whf and Zhf in SR and CR respectively
as shown in Fig 5.18. The flavour fractions is almost identical between SR and CR, so one SF
for all flavours is enough. Meanwhile the modelling uncertainty on the relative ratio between
the Z+bb and other heavy flavours (like Z+bc) could provide some freedom to accommodate

this difference.

5.7.5 Nuisance Parameters

The nuisance parameters are set for each systematic source as described in Section 5.6.
For theory uncertainty, three types of implementations are considered according to the impact
from the variation of theory, such as normalization (cross-section of MC samples), shape
of the m,,, distribution and the acceptance where events could be categorized into different
region due to the uncertainty.

Several treatment of the nuisance parameters are performed to stablilize the fitting and
reflect the real effect from the systematic uncertainty source, such as symmetrization, smooth-
ing and pruning. All the processings are not tend to change the real impact of uncertainty thus
through checks and validations are performed to ensure no artifact resulted. One example of

the JET and Flavour Tagging systematics is shown in Fig. 5.19. The smoothing effect can
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Flavour Fraction of Z+jets in OL Merged Region Flavour Fraction of Z+jets in 2L Merged Region

others others

Zcc Zcc

Flavour Fraction of W+jets in OL Merged Region Flavour Fraction of W+jets in 1L Merged Region

others others

Wce

Figure 5.18 The flavour fraction of the large-R jet from Zhf (top) and Whf (bottom) comparison
between SR (left) and 1L or 2L CR (right). Only the agreement for W+cc is not that perfect due to
an insufficient statistics of W+cc in the SR merged regions, which is only 40 events.
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be found from the comparison between the unsmoothed curves (dashed) and the smoothed

curves (solid) and the fluctuation is removed.

Shift [%]

Region_distmBB_J0_L0_T20_DSR_Y2015_incJet1_Fat1_incFat1_BMin500_BMax750

,,,,,,,,,,

SysJET_R02_Pileup_RhoTopoitgy

—Down

monoSbb_zp3500_dm200_dh13hsmoothed
iNormEff =0 %

............................................

,,,,,,,,,,

‘xz{NDIF: l'lp=|0.0‘] 79.D°.=0'?1 6.7 .

50 100

Figure 5.19 The variation in SR of one JET systematics for a signal process (Top). The dashed lines
represent the systematics shape before the smoothing and the solid lines represent the systematic
shape after smoothing.

The NPs as well as other parameters used in the subsequent study are indicated by the

keywords summarized below, with detailed tables provided in Appendix A.S.
Experimental Uncertainty (lepton and photon recon.): "EL"/"EG"/"MUON"/"TAUS";
Experimental Uncertainty (jet and MET recon.): "JET"/"MET";

Experimental Uncertainty (trigger and pileup): "METTrig" and "PRW";

Theory Uncertainty (migration between MET Regions): "Sysmet";

Theory Uncertainty (migration between Lepton regions): "Syslepton";

Theory Uncertainty (variation of histogram shape): "SysZ", "SysW", "Systtbar", etc

("Sys"+process);

Normalization (floating): "norm_" e.g. "norm_Zhf";

Normalization (Gaussian prior): "..Norm" e.g. "VVNorm" and "LUMI"(luminosity);
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5.8 Result and Interpretation

The results are described in this section. The pseudo-data (named Asimov dataset!>*°!)
which is made from the MC samples is firstly used as a final check of the analysis and no
excees or "new physics" is expected to found in with this dataset. And after passing the

check, the real data replace the pseudo-data and the search for dark Higgs is performed in
the real ATLAS detector.

5.8.1 Results on Asimov dataset

5.8.1.1 Asimov fit: Post-fit discriminant

The distribution of the post-fit discriminant is shown for SR, 1-lepton CR and 2-lepton
CR respectively, as shown in Figure 5.20, 5.21, and 5.22. A specific signal point with
mg = 130 GeV, my = 3500 GeV and g, = 1.0 is shown. The signal is scaled in the SR by a

certain factor in each region for visual convenience.
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Figure 5.20 Post-fit mass distributions of Dark Higgs candidates in various E;’iss regions within
the 0-lepton channel. The uncertainty band incorporates both statistical errors and theoretical
systematic uncertainties accounted for in the fit. To enhance visibility on the plot, the signal curve

in each E?iss bin is scaled by a factor specified in the legend. This scaling factor corresponds to the
ratio of signal to background.
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Figure 5.21 Post-fit distributions of the muon charge difference across various proxy E'T‘[liss regions
in the 1-lepton channel. The uncertainty band includes statistical errors and theoretical systematic
uncertainties incorporated in the fit.
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Figure 5.22 Post-fit yields across different proxy EJ" regions in the 2-lepton channel. The uncer-
tainty band represents the statistical errors and theoretical systematic uncertainties accounted for

in the fit.
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5.8.1.2  Asimov fit: Rankings of the NP impact

The rankings of the NP are shown for three signals: 1) my = 130 GeV, m,» = 3500 GeV
and m, = 200, which is the default signal in fit studies 2) m; = 50 GeV, m, = 3000 GeV
and m, = 200 3) my; = 150 GeV, m, = 2500 GeV and m, = 200 in Fig. 5.23, 5.24 and
5.25 respectively. They reflect how large the impact from different uncertainty source (NP)
should be on the parameter of interest (POI), here is the signal strength. Since pseudo-data
is used, all the NPs should be fitted to the expected value and this study also serves as a good
sanity check.

The background uncertainty with different m ; distribution has different impact on signal
mass point. Z+jets process has a wide distribution of m; thus affect almost all the mass
point, while Diboson peaks around 90 GeV and VH around 125 GeV so the signal with close
my 1s highly affected by its uncertainty.

The leading NP (DXbb_Res_2b) is the signal calibration uncertainties of DXbb tagging.
It is directly applied on the signal (m, = 130), Diboson and SM VHbb process as the
leading large-R there are basically originated from similar decay topology. It is followed
by the uncertainties on the main background: W+jets, diboson, VHbb, and Z+jets, also the

experimental systematics of JES.

5.8.1.3 Asimov fit; Pull and constraint of the NP

The NP pulls study checks the how the pull of NP and how the constraint of prior is
prefered by the data. Since the pseudo-data is used, there should be no any pulled NP. The
proess used in the analysis will has constrain power tighter than the prior of some NPs, so the
slightly constrained ones are expected even with the pseudo-data. For example the nominal
MC will perfer the generator it is generated and the uncertainty compared to alternative
generator is generally large and constrained by the fitting.

The NP pulls are shown here in the categories of following and the expected bahavior is
concluded.

* b-tagging as in Fig 5.26;

* relative acceptance as in Fig 5.27;

* small-R jet (top) and input jet for the Re-clustered Large-R jet as in Fig 5.28;

* normalization as in Fig. 5.29;

ttbar and single top processes and the EI* as in Fig 5.30.
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Figure 5.23 NP rankings on the signal strength of a specific signal point with m; = 130 GeV,
mz = 3500 GeV and g, = 1.0 is shown. The floating normalisation is colored in red. Since this is
the asimov fit, the best fitted value of such NPs is 1. Gamma NPs, which account for the limited
statistics of MC events in each histogram bin, are labeled with the suffix ''_bin_n"', with a nominal
value of 1. Yellow band represents the prefit impact.
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Figure 5.24 NP rankings on the signal strength of a specific signal point with m, = 50 GeV,
mz = 3000 GeV and g, = 1.0 is shown. The floating normalisation is colored in red. Since this is
the asimov fit, the best fitted value of such NPs is 1. Gamma NPs, which account for the limited
statistics of MC events in each histogram bin, are labeled with the suffix '"_bin_n"', with a nominal
value of 1. Yellow band represents the prefit impact.
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Figure 5.25 NP rankings on the signal strength of a specific signal point with m; = 150 GeV,
mz = 2500 GeV and g, = 1.0 is shown. The floating normalisation is colored in red. Since this is
the asimov fit, the best fitted value of such NPs is 1. Gamma NPs, which account for the limited
statistics of MC events in each histogram bin, are labeled with the suffix ''_bin_n"', with a nominal
value of 1. Yellow band represents the prefit impact.
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NP pulls for the systematics related to the region migration effect.
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The check of NP correlation is vital to understand the analysis with large

Figure 5.27
The correlation between NPs infers the physics behind the processes and the systematic

5.8.1.4 Asimov fit: correlation of the NP

uncertainties.
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NP pulls for the systematics related to small-R jet (top) and input jet for the Re-

Figure 5.28

clustered Large-R jet (bottom).
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Figure 5.29 NP pulls for the systematics related to floating normalization for Zhf and Whf in
resolved or merged regions and ttbar (top) and normalization of the rest backgrounds (bottom).
For the top plot, they are all NP for floating normalization, no priori sets on them. ''Fat(' and "Fat1"
represent the normalization in resolved or merged regions for W+jets and Z+jets respectively. Value
of 1 means the fit prefers the normalisation from the prediction. Since this is the asimov fit, so the
postfit values are still 1. In the fit model, the priori on the norm. of diboson (VV) and single top
(stop) are conservative, and the processes are sensitive in the fit model given the sizable contribution
to the background, so there are some constrains on them.
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Figure 5.30

EX™ (bottom).

118



b AR I R A A 2R S Chapter 5 Search for Dark Higgs with ATLAS Full Run2 Data

amount of systematic impact and ensnure the consolidation of analysis.

The strong correlation and anti-correlation is found among the systematics applied on the
same process, like the ones related to ttbar, Z+jets and W+jets. And some cross processes
correlation exists between W+jets and single top, ttbar (in 1 lepton regions), W+jets and
Z+jets (in signal regions) due to the indirect impact such as two process are highly correlated
if the sum is constrained by one region. The results are shown in the Fig. 5.31 following with

the detailed study in Appendix A.6
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Figure 5.31 Correlation matrix for high correlation NPs. High correlation means the NP has the
correlation above 0.25 with at least one other NP.

5.8.1.5 Asimov fit: Limits and Contour

The limit setting with the method mentioned in Section 5.7 on the pseudo-data yields the
expected result which reflects the optimal sensitivity assuming the data is well described by
the known SM simulation. The expected limit at 95% C.L. with the uncertainty is obtained
with the available signal samples for all interpretation schemes. The expected limits and
exclusion contours which introplate the tested points are shown as the left figures in Figures
5.32, 5.33 and 5.34 for interpretation schemes 1, 2 and 3 as described in Section 5.2

respectively.
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the search. The left area of the red dashed line is excluded. The pink dashed line corresponds to the
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5.8.2 Results on Data

The result of the search for dark Higgs boson decaying into bb on the real data is presented
as following.

The fitting converge well across all the analysis regions on the data and the distribution
of the post-fit yield and discriminant for SR, 1-lepton CR and 2-lepton CR respectively are
shown in Figure 5.35 and 5.36.

The similar checks as studied for the Asimov dataset are performed, including NP ranking,
pulls, and correlation studies.

The NPs ranking is depicted in Figures 5.37, 5.38, and 5.39, respectively. These signals
span a wide range of cross-sections, so the NP impacts are scaled differently, as indicated on
the top axes of the figures.

Since the background templates exhibit m;-dependent shapes—e.g., Z+jets dominate
across the full range, Diboson contributions peak around 90 GeV, and VH contributions
dominate near 125 GeV—the top-ranking NPs vary with the signal m,. For example, the
third signal is more sensitive to VH backgrounds than the others.

The leading NP (Xbbv3_Res_2b) corresponds to Xbbv3 tagging calibration uncertainties

derived from the Z — bb calibration. This uncertainty directly affects the signal (m, = 130
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Figure 5.35 Data and predicted SM background yields following a simultaneous background-only
fit across each resolved (Res.) and merged (Mer.) SR and CR EJ™ category. The lower panel
displays the ratio of data to the SM expectation, with lines representing the ratios of pre-fit to post-
fit background predictions. The shaded regions indicate the total uncertainty in the background
predictions.

GeV), Diboson, and SM VHbb processes. Following this are uncertainties associated with the
main backgrounds: W+jets, Diboson, VHbb, and Z+jets, as well as experimental systematics,
particularly JES.

The NP pulls are shown in the following figues following same categorization as the
study with Asimov data: Fig. 5.40, 5.41, 5.42, 5.43, 5.44.

The relative importance of impact from different uncertainty source is summarized in
Table 5.11 where clearly the large impact from normalization and modelling of Z+jets
process, tf process and b-tagging are shown, as well as the statistical uncertainty indicating
the search is still limited by the lacking of data expecially in high E2** phase space. The large
impact of the b-tagging acompany its powerful performance and the future development will
further reduce the uncertainty to further boost the search sensitivity for DM.

As no significant excess of data is seen above the predicted yield of SM background
processes, the exclusion contours at 95% confidence level (CL) for the dark Higgs model
with bb final states is set. The results are presented in Fig. 5.47 and dark Higgs boson with
mg below 150 GeV is throughly serched.

In the scenario 1, the m is excluded up to 3.4 TeV with fixed coupling and 200 GeV DM
particle. This well completes the searches for high mass dark Higgs!!33-1>* and extends the

excluded mass range down to 30 GeV as shown in Fig. 5.48. The comparsion is performed
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Figure 5.36 The m,, distributions for data and SM expectations in the different Eg’iss regions for
the resolved (top row) and merged (bottom row) topologies after a background-only simultaneous
fit to data. The shaded area represents the total uncertainty in the predicted yields. Two signal
distributions are overlaid, multiplied in each E}™ region by a scale factor indicated in the legend
for visibility. The lower panels show the ratios of the data to the MC predictions.

with recast a previous analysis with similar phase space!>**! without the novel techniques and
optimization studied in this search and the large improvement is clear to see, as shown in Fig.
5.46.

In scenario 2 and 3, relic density compatible parameters are used as described in Section
5.2 and with 900 GeV DM particle, the my is excluded between 2.5 TeV and 4.5 TeV and the
lower myz is mainly constrained by the relic abundance requirement which leads to a very
small coupling and cross-section to be further excluded at collider. For the most sensitive
case where the dark Higgs mass is 70 GeV, the m is excluded up to pertubative theory limit
with DM particle mass up to 700 GeV which shows again the good sensitity in this search

channel and the advancement from novel methods such the DXbb boosted tagging.
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Figure 5.37 NP rankings for the signal strength of a specific signal point with m; = 130 GeV,
mz = 3500 GeV, and g, = 1.0. The floating normalization parameters are highlighted in red.
Gamma NPs, which account for the limited statistics of MC events in each histogram bin, are
labeled with the suffix '"_bin_n"', with a prefit value of 1. Yellow band represents the prefit impact.
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Figure 5.38 NP rankings for the signal strength of a specific signal point with m, = 50 GeV,
mz = 3000 GeV, and g, = 1.0. The floating normalization parameters are highlighted in red.
Gamma NPs, which account for the limited statistics of MC events in each histogram bin, are
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Figure 5.40 NP pulls for systematics related to b-tagging.
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Figure 5.41 NP pulls for systematics related to relative acceptance.
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Figure 5.42 NP pulls for systematics related to small-R jets (top) and reclustered large-R jets

(bottom).
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Figure 5.45

correlations above 0.25 with at least one other NP.
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Table 5.11 Relative impact of the different sources of uncertainty on three selected signals in
scenario 1: (a) mz = 3000 GeV, my; = 50 GeV, (b) mz = 3000 GeV, m, = 130 GeV and (c)

mz = 2500 GeV, m; = 150 GeV.

Source of uncertainty

Fraction of total uncertainty [%]

(a)

(b)

(©

Signal modeling
Z+jets normalization
W+jets normalization
tf normalization
Z+jets theory

W+jets theory

tf theory

Other background theory
MC statistics

Flavor tagging

Jet energy

Other experimental

0
41
8
1
16
8
3
10
15
18
3
2

1
11
13

7
24
12

8
16
17
47

7

4

0
11
13

8
25

9
11
22
18
37
11

3

Total systematic uncertainty
Data statistical uncertainty
Total uncertainty

57
82
100

66
75
100

63
77
100
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Chapter 6 Constrain the Dark Photon Model with
Combination

6.1 Introdution

The dark matter could be completely neutral under the Standard Model (SM) fields,
allowing it to evade all current intensive detection efforts. This has motivated the proposal
of the dark photon, as discussed in detail in Section 2.2.4.

Several constraints on the dark photon have been provided using Run-2 data from pp
collisions at a center-of-mass energy of 13 TeV by the CMS experiment. These include
searches for Higgs boson events produced in association with a Z boson (ZH) with an
integrated luminosity of 137 fb~'?%* as well as via vector-boson fusion (VBF) production
with 130 fb~!295] A combination of these two searches has also been performed.

The ATLAS experiment has produced competitive results for both associated production
with a Z boson (ZH)?%! and vector-boson fusion (VBF)2"7!. Additionally, a reinterpretation
of the ATLAS mono-photon results has been conducted in the context of searches for heavy
Higgs bosons2%!,

A statistical combination of ATLAS results from different production channels—both
Standard Model Higgs and heavy Higgs decaying into a photon and a massless dark photon
—has been developed. This provides the most stringent constraints on the dark photon using

collider experiment data.

6.2 Signal Model

The signal processes involved in this combination effort include the Standard Model (SM)
Higgs boson and beyond the Standard Model (BSM) processes with a Higgs boson mass
different from 125 GeV, decaying into a photon and an invisible dark photon (y,). Three
production modes are considered: associated production with a Z boson (ZH), where both
qq — ZH and gg — ZH contribute to the total cross-section, gluon-gluon fusion (ggF),
and vector boson fusion (VBF'). The corresponding Feynman diagrams are shown in Figure
6.1 and Figure 6.2.

The signal samples are generated with a consistent setup for all model parameters except
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>

Figure 6.1 Feynman diagrams for gg — ZH (left) and g¢g — ZH (middle and right) production

modes.
4 8 4
__H_ __H_
8
Yd Yd
q

Figure 6.2 Feynman diagrams for H— yvy, for VBF (left) and ggF (right) production modes.

the mass of the Higgs boson. For the SM Higgs, the mass is set to 125 GeV, while for the
BSM Higgs, it is allowed to vary and is coupled to the dark photon. The SM Higgs samples,
along with their cross-section information, are detailed in Table 6.1, and the BSM samples
are provided in Table 6.2 and Table 6.3.

Table 6.1 Configurations of the MC event generation for SM Higgs signal processes. The "ME

Order" specifies the order of the perturbative calculation in the strong coupling constant. The tune
denotes to the underlying-event tune applied to the parton shower.

Process Generator ME Order Parton Shower PDF Tune o (pb)
g8F.H — yya POwWHEG v2 NNLOPS PyTHIA 8.244p3 PDF4LHC15 AZNLO 48.58
VBF,H — yy, PowHEG V2 NLO PyTHIA 8.244p3 CTEQ6L1 AZNLO 3.782
88ZH — yy, POwWHEG V2 NLO PyTHIA 8.245 NNPDF3.0nNnLo  AZNLO 0.761
qq9ZH — yvy4 PowHEG V2 NLO PyTHIA 8.245 NNPDF3.0nnLo  AZNLO.  0.123

6.3 Input Analyses And Orthogonality Check

The input analyses are briefly described in this section and detailed in previous work
published in!'46-206-207] The selections for all three channels are summarized in Table 6.4.
The ZH analysis investigates Higgs production via associated production with a Z boson,

where the Z decays leptonically. Selected events must have one photon with py larger than
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Table 6.2 Configurations of the MC event generation for BSM Higgs signal processes.The "ME
Order" specifies the order of the perturbative calculation in the strong coupling constant. The tune
denotes to the underlying-event tune applied to the parton shower.

Process Generator ME Order Parton Shower PDF Tune
g8k, H — yyq PowHEG v2 NNLOPS Pythia 8.306 CTEQ6L1 AZNLO
VBF,H — yy4 (used PowHEG v2 NLO PytHia 8.306 CTEQ6L1 AZNLO

in Monophoton recast)

VBF,H — yy, (used PowHEG v2 NLO PyTHIA CTEQ6L1 AZNLO
in VBF analysis) 8.244p3

Table 6.3 Signal grid and cross-section o values of BSM Higgs boson for gg F' and V BF processes.

mpy (GeV) 400 600 800 1000 1500 2000 2500 3000

Oger (pb)  9.516  2.006 0.449 0.123 891x107° 1.08x107° 1.78x10™* 3.50x 1073
over (pb) 0.758 0.327 0.162 0.087 2.28x 1072 7.05x 1073 2.36x107% 8.25x10™*

25 GeV, two leptons with a reconstructed mass in the Z mass window (76-116 GeV), no
more than two jets, and missing transverse energy (E**) greater than 600 GeV. The primary
background originates from VVy processes (where V represents W or Z bosons) and fake
E%‘iss, with the latter dominating. The fake E%‘iss background is estimated using a data-driven
method, and its systematic uncertainty is a leading contributor to the overall uncertainty.
The VVvy background is estimated with Monte Carlo (MC) simulations and controlled using
control regions (CRs).

To enhance the separation between real and fake EI", a multivariate technique based on
a boosted decision tree (BDT)?*! is employed, utilizing a combination of variables ranked
by their importance. Among the key variables are E%niss significance (described in Section
3.4.5.3), the transverse mass my (7, E;“iss), which is defined as Eq. 6.1, and the invariant mass

of leptons m,;, the photon transverse momentum p7., and others.

mrp(y, EM) = \/2E¥E¥Ii“ [1 —cos(¢y — ¢E¥1iss) (6.1)

This method shows strong sensitivity in constraining the branching ratio of the SM Higgs
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decaying into a photon and a dark photon, despite being statistically limited.

The VBF analysis targets events characterized by one photon, at least two VBF jets, zero
leptons, and large E‘Tni“. Events are triggered using E‘Tniss triggers. The primary background
sources are Wy, Zvy, and fake photons. The Vy background is estimated and controlled using
CRs, while fake photons, originating from jets or electrons, are estimated using data-driven
methods. The systematic uncertainty from fake photons dominates the total uncertainty. This
analysis is sensitive to a wide range of Higgs masses and dark photon couplings, covering
both the SM Higgs and BSM Higgs scenarios.

The mono-y recast uses results from a mono-photon analysis!'“®! and reinterprets them
in the context of the dark photon model, as the final states are similar. Events are triggered
using a photon trigger with a high threshold of 140 GeV and are required to have no leptons,
at most one jet with pr larger than 30 GeV, and E'Tniss greater than 200 GeV. The main
background contributions come from Vv, vy + jets, and fake photons. The dominant real
photon background, Z(vv)vy, is estimated using MC simulations in conjunction with CRs,
while the fake photon background is determined using data-driven methods, contributing a
significant uncertainty. Due to the high photon energy threshold, this analysis is sensitive

only to BSM Higgs bosons with masses up to 3 TeV.

Table 6.4 Summary of the event selections, discriminating variables and production channel con-

sidered in the input analyses.!*!"!

Channels VBF ZH mono-y
Trigger Emiss Lepton(s) Photon
Photons =1,C,>04 =1 >1
E] [GeV] € (15,max(110,0.733 x my)) > 25 > 150
EMs [GeV] > 150 > 60 > 200
Jets 2or3,m;;, >250GeV, |An; ;| >3 <2 <1

M5 - Mj <0,A¢;;, <2,C; <07
Leptons =0(e, w) =2, SFOC =0(e, u, T)

my € (76, 116) GeV

Disc. variables m;; and my in SR and 4 CRs BDT score and 1 CR E‘Tniss
Reference [207] [206] [146]
Processes considered

VBF, ggF ZH F, VBF
in the combination &8 &8
Combination scenario SM, BSM SM BSM
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The orthogonality of events across the three analyses was verified under different combi-
nation scenarios, as described in Table 6.6. For the combination of the SM Higgs decaying
into a dark photon, the ZH and VBF analyses are involved. The lepton selection is orthogonal
in the ideal case: the ZH analysis selects events with two leptons, while the VBF analysis
vetoes events containing any electrons or muons. A check performed on the data confirmed
this conclusion, with zero events found to overlap in any regions across the analyses.

For the combination of the BSM Higgs analyses, the jet selection criteria for the VBF and
mono-y analyses are, by definition, orthogonal. The VBF analysis requires at least two VBF
jets, while the mono-y analysis allows at most one jet, accounting for initial-state radiation
(ISR). In real data, a small overlap was observed due to differences in jet definitions and

potential fake or missing jet reconstruction. This is illustrated in Figure 6.5.

Table 6.5 Information regarding jet reconstruction and JVT cuts in VBF and MonoPhoton anal-
yses.

VBF analysis mono-y

Jet  AntiKt4PFlow, pr > 25 GeV, |n| < 4.5,JVT > 0.20 AntiKt4EMTopo jets, pr > 30 GeV,
(95% eft. wp) if pr < 60 GeV and || < 2.4. In| < 4.5
Leading two jets must pass fJVT < 0.4,
|JetTiming| < 11 ns.

JVT  IVT > 0.20 (95% eff. wp) if pr < 60 GeV and JVT WP = Medium, JVT > 0.59 for
In| < 2.4 pr <60 GeV and || < 2.4

Both the VBF and mono-y analyses have sensitivity to both the VBF and ggF production
channels. This arises because VBF events with missing jet reconstruction or ggF events with
an ISR jet result in a mixture of event definitions. However, the observed overlap was found
to be negligible and does not impact the combined results.

The good orthogonality of the input analyses ensures maximal improvement in sensitivity

through the statistical combination.

6.4 Combination Technique

The combination is centered on the likelihood function, which is detailed in Section 5.7.1.
Parameters with the same physical meaning are merged in the combined likelihood, and the

function is extended to include all bins and regions from the input analyses, as illustrated in
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Table 6.6 Combination Scenrio

Analysis  Main production channel SM Higgs Comb. BSM Higgs Comb.

ZH ZH v
VBF VBF v v
mono-y ggF v

Figure 6.3.

A specific procedure is required to correlate the parameters, particularly the parameter
of interest (POI) and nuisance parameters (NPs) arising from systematic uncertainty sources
that are not exactly the same but are related. Technically, the POI definitions in the fitting
frameworks of each input analysis vary, as shown in Table 6.7. To unify the analyses under
a single POl—defined as the signal strength under a single dark photon hypothesis—the
likelihood must be reformulated.

For the treatment of NPs, which are based on different physics considerations, a discussion
is presented in the following section.

L(u, 5,}7) = 1_[ Pois(Nl- | usi(é) +y,-b,-(§)) X l—[ée_ez/z X 1—[ GauSS(ﬁ'i | Yiﬁm/ﬁ)
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Figure 6.3 Workflow of the combination analysis with the likelihood formalism defined in Equation
5.7.1.

6.5 Correlation of Systematic NPs

The pulls and constrained nuisance parameters (NPs) observed in the input analyses

during data fitting are well understood by each analysis group. However, in the combination,
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Table 6.7 POI definitions in each channel and rescaling factors for two combination scenarios.

Original POI ZH+VBF  VBF+Monophoton-recast
Rescaling Rescaling
VBF search BR(H — yyp) 1.0 o VBErEEE (m )
ZH search Usig assuming BR = 5% 0.05 -
Monophoton recast o VB € (;m ) x BR(H — yyp) - 1.0

the correlations between these NPs must be carefully examined to determine whether the
impact of a given systematic uncertainty in one phase space or process has a direct or indirect
influence on another.

Incorrectly correlating two systematic NPs, even if they share the same name and defi-
nition, could introduce biases in the combination. For instance, data in one channel might
overly constrain the estimation of an uncertainty in an unrelated phase space, leading to
inaccurate results.

The final determined correlations of experimental uncertainties are summarized in Table

6.8.

Table 6.8 Simplified Overview of uncertainty correlations. @ means correlated, @ means partially
correlated.

‘VBF ZH ggF(monophoton)

LUMI [ [ J o
PRW [ (] [
JES [ D) (D) (D)
JER O @) O
JVT [ D) O O
EG Resolution and scale O (D) (D)
EL ISO/RECO efficiency ® (] [ ]
EL ID efficiency { { L
MET © © (D)
MUON ISO/RECO efficiency () ([ o
MUON ID/MS/SAGITTA/SCALE | @ ) o
Flavor tagging o (] L
MC Stat O O O

The correlation scheme for theoretical uncertainties, particularly in signal and background
modeling, is based on the principle that the signatures considered in different channels are

diverse, and the modeling shares minimal information between the phase spaces of the
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An example check of

As a result, these uncertainties are fully decorrelated, and their impact is
p_PtTerm uncertainty in the VBF analysis, which appears pulled, does not

Furthermore, nuisance parameters (NPs) that are significantly over-constrained (less than

No significant bias is observed with this correlation scheme.

in each input analysis are found to be small, justifying this scheme as it does not introduce

significant differences to the final results while greatly simplifying the combination process.
jet-related systematic NPs is shown in Figure 6.4. The suffixes "VBF" or "ggF" denote
the uncorrelated jet systematic NPs, and consistent behavior is observed before and af-
ter the combination, confirming that no additional bias is introduced. For instance, the
bias the NP of the same name in the mono-y analysis, as the selected jets originate from

determined during the combined likelihood fitting. Additionally, the theoretical uncertainties
70%) or strongly pulled (greater than 50%) are decorrelated to avoid biases, as previously

Chapter 6 Constrain the Dark Photon Model with Combination
substantially different sources in the two analyses.

input analyses.
discussed.
JET_Pileu

49A AouR Gy LI

1dUBIH spPedebuS 130
lidy_®nso|QUONSAIRRY LI
HEEgLOW_wBnowy yound |30

49/ 8L oW ubnaiyrysung 190

114y 9LOW yBnowyLyoung 131
ABojodo oy dneld” 13

J9A WiBLId drend 13

weid ¢najid 130

AdNIBSHC drapd 138

nAIOSHO dnalid 13r

HOB Aousyaiar 130
Elcaliele=lE LTy
49A_6_dNSAIEaNa_yar_Lar

494”8 dNBAIREN I LI

HOB W lissl/ " dNsAIoayT 3 1ar
49A 2 dNsAlkeyq Hb3r 13-

HOBE g _dNaAIoays MIr_LIr

49A 9 dNSASHT M3 LT

HEE 5™ dNSARSHT Wl L0

49479 dNBAeeNa Har 13r

HOB 4 _dNaAIoays “MIr_LIr
4GA"F_dNeAaNa WA L3

HBE £ _dNeAoelI “yar_13r

H49A £ dNSARDSHT Mar 13

HBE 2 _dNaAans M3 _ LI

49A ¢ dNeAlesHT H3r L3ar

HEE L “dNaAoaya " yar _Lar

H49A_L dNSARRSES M3 13
J9A_UB lIsauz], dNSARENT HAr 1dr
497711 dNSARRSNT WA Lar

49A 0L dNBARSYT War Lar
HO5 9L oW _OWsABled _y3ar _Lar
494 910N DWSABIE] HAr 13r

49A 114 _SLOW OWSARIed dar Lar
osuodsey JoAe|4 |3

49/ vomsodwoD oAl 4 LA
uoliseduwoy oA 1 31

49/ IBIgle0 ] uojeigessuierd 138
RIG(RI0L uolesqiesssiuel Lar
e)gsod_a/ns0|QuoN_ Jae 3 Lar
e)g5su” aunso|uUoN ! Jee a3 Lar
ybIy 8INs0|JuUoN U B
484 Buispopy uojed e NE N
Buljjapojy” uoneig esssueld 130
9EINSNEIS_dNOAIDSHT 151
1S_dNSAIRSHT 131

’IIII|II|III‘

Combined
VBF
agF

i

1S_dNRARSHT_L3r

1S_dMeAIosHT_Lar
1S dMeMIOSHT LT
Jleonsiers_ dNeasla Lar
PBUIBPON_dNaAIoRE” Lar
£BullopON_dNeAIosla 130
2BUIISPON dNBAIDSYa L3
J9A |BUIRPON dNRABSNT Lar
[BUISPON JNBAREST 13T
EPSXIN_dNSAROSKa [3r
ZPAXIN dNSARRYT L3r

J9A” LREXIN NRARSHT LA
[PoXIq dNeMPRNT Lar
TR o e
S TE R
mwcc&wmﬁ_ EEE R INE N

o uuuuumumn||||,mun||l|nul

4
2

avi(’e-"o)

is highly pulled in VBF channel but not others. The combined NPs get decorrelated in each channel.
140

Figure 6.4 NP pull check for VBF+mono-photon combination. The JET_Pileup_PtTerm NP is



b AR I R A A 2R S Chapter 6 Constrain the Dark Photon Model with Combination

6.6 Combined Results

The combined profiling likelihood analysis is performed, and the CLs method™" is used
to set the 95% confidence level (CL) limit on the dark photon model. One of my major
contributions to this combination effort was the development of a visualization tool, which
greatly facilitated the interpretation of the results. The combined fitting process is illustrated
in Figure 6.5 for the SM Higgs and 6.6, 6.7 for BSM Higgs, where the coverage of the fit is
thoroughly validated.

At the 95% confidence level, the branching ratio of the Standard Model (SM) Higgs
boson decaying into a photon and a dark photon is constrained to be less than 1.3%, as shown
in Figure 6.8. This result represents the current best collider constraint on the dark photon
model with Higgs coupling. It benefits from the strong sensitivity of the input analyses—
most notably from the VBF analysis—and the statistical combination, which provides a 29%
improvement compared to using the VBF analysis alone.

The systematic impacts are summarized in Table 6.9. The dominant systematic uncer-
tainties arise from background modeling, jet and E%liss reconstruction, fake estimation, and
MC statistical uncertainties. Nevertheless, the analysis remains statistically limited, and the
additional data expected from the ongoing Run-3 data-taking period will likely enhance the
sensitivity of the dark photon search, enabling even stronger constraints.

For the BSM Higgs, the limits on individual channels are shown in Fig. 6.9, validated
against the results of the input analyses for commonly available points. New signal points
are incorporated into the input analyses using the RECAST!*!'!! technique, a portable method
to rerun the original analysis and background estimation with the new signal injected.

To further check the impact of the systematic uncertainty correlation scheme, the com-
bination is tested with and without NP correlations, as shown in Fig. 6.10. The combined
results without correlation represent the most conservative estimation, meaning the combi-
nation does not benefit from the shared detector response across different channels, and each
channel constrains the NPs independently. Negligible impact on the final combined limit
is observed, as the correlation scheme mainly involves jet uncertainties, which are not the
dominant source of systematic uncertainty.

The combined results exclude Higgs masses up to 1.5 TeV, with the strongest sensitivity

achieved by the mono-y analysis, as shown in Figure 6.11. The search extends the mass
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Figure 6.5 Post-fit plots of VBF+ZH combination (SM Higgs). The error band on MC is derived

with ''VisualizeError" funtion in RooFit package.
Poisson fluctuation.
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point is calculated assuming Poisson fluctuation.

region up to 3 TeV, which has not been explored in previous studies.

The systematic impacts are summarized in Table 6.10, showing a similar ranking to
the SM Higgs to dark photon search. However, the data statistical uncertainty increases
significantly, reaching up to 85% for the highest mass point at 3 TeV for the BSM Higgs.
This highlights the potential for further improvements with additional data from future Run3
data-taking periods. The ad-hoc norm. uncertainty, representing the difference observed
between the RECAST results and the original analysis, has a minor impact compared to data

fluctuations.
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Figure 6.8 Observed and expected upper limits at 95% CL on the branching ratio BR(H —
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Figure 6.9 Observed and expected exclusion limits at 95% CL on o X BR(yyp) for my from 400
to 3000 GeV of VBF(a) and vy + E‘T“iss(b) channel. Expected limit is shown in dashed line with 1o
and 20 band. Observed limit is shown in solid line.
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Table 6.9 Uncertainties Au on the best-fit 1 in the VBF-ZH combination search for massless y, with
SM H coupling. The uncertainty from a group of sources is evaluated by fixing the relevant nuisance
parameters to their best-fit values and subtracting in square the resulting total uncertainty from
the original one. The contribution of the statistical uncertainty is assessed by fixing all nuisance
parameters using this procedure. Due to correlations among systematic uncertainties, the total

N L e AT

uncertainty does not equal the quadrature sum of the individual terms in the table.

Uncertainty source Apt [%]
Statistical unc. 66.3
Systematic unc. 74.9
Theory unc. 48.8
Modelling of signal 22
Modelling of background 46.5
Experimental unc. 62.7
Luminosity, pile-up 0.0

Jets, ET. 40.4
Electrons, muons 10.9

Fake Estimation 35.1

MC statistical unc. 35.6

Total unc. 100.0
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Figure 6.10 Observed and expected exclusion limits at 95% CL on o X BR(yyp) for mg from 400
to 3000 GeV without (a) or with (b) correlation of systematics uncertainty NP. Expected limit is
shown in dashed line with 10- and 2 o band. Observed limit is shown in solid line. Combined limit

P IR
1500

e
5500 30
my [GeV]

P IR
2000

00

T
ATLAS Internal
Vs=13TeV, 139 fb-!
Combined

—
—e— Observed limit (95% CL)

-~ Expected limit (95% CL) |
[ Expected limit 10 1
[ Expected limit 20

—— y+EJi
—e— VBF
—e— Combined.

P TR
1000

(b)

is colored in black, VBF channel in red and y + EJ"* channel in blue.

146

P
1500

——5000
my [GeV]

P IR
2000 2500



b AR I R A A 2R S Chapter 6 Constrain the Dark Photon Model with Combination

100 L, S S SO I EN B S S B E R S R E N B R R R R S
—e— QObserved limit (95% CL)
ATLAS Internal ——- Expected limit (95% CL)

vs=13TeV, 139 fo-! [ Expected limit +10
BSM H - yyq4 [ Expected limit +20

B= o with BR=0.05

Ll L 1 11]

10-1

—— VBF channel
—+— ggF channel
—e— Combined

Ll

BR x OggF + VBF [pb]

10-2

INIEEE |

- — ot 1

Ty

e Tt e ks

] 5'00'\20'00' — 2500 3000

my [GeV]
Figure 6.11 Observed and expected exclusion limits at 95% CL on o X BR(yyp) for my from
400 to 3000 GeV. Combined limit is obtained with correlation scheme of systematics uncertainty
NPs as described in Section 6.5. Observed limit is shown in solid line while expected one in dashed
line. Combined limit is colored in black, VBF channel in blue and y + EJ"* channel in violet.
The theoretically predicted cross-section of a heavy Higgs boson produced via ggF and VBF is
superimposed assuming a BR = 0.05.

10-3

I L1
500 1000

147



Chapter 6 Constrain the Dark Photon Model with Combination nbia b N L el VAT

Table 6.10 Uncertainties Ay on the best-fit 4 in the VBF-Monophoton recast combination for
heavy Higgs decaying to yyp. The uncertainty from a group of sources is evaluated by fixing the
relevant nuisance parameters to their best-fit values and subtracting in square the resulting total
uncertainty from the original one. The contribution of the statistical uncertainty is assessed by fixing
all nuisance parameters using this procedure. Due to correlations among systematic uncertainties,
the total uncertainty does not equal the quadrature sum of the individual terms in the table.

mp(GeV) 400 800 1000 2000 3000
Statistical unc. 746 835 870 848 85.6
Systematic unc. 66.6 550 487 53.0 51.6
Theory unc. 30.0 267 276 400 346
Signal modelling 22 4.6 52 6.9 2.0
Background modelling  29.6 265 274 382 342
Experimental unc. 63.6 512 446 374 412
Luminosity, pile-up 4.6 2.6 29 2.8 2.3

Jets, ET. 222 115 107 134 141
Electrons, muons 20.0 22.7 18.1 13.4 14.1

Fake Estimation 524 406 346 253 285

MC statistical unc. 199 17.1 19.1 193 234
Ad-hoc norm. unc. - - - 4.6 0.0
Total unc. 100.0 100.0 100.0 100.0 100.0
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What is the next chapter of dark matter searches at colliders?
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Chapter 7 Hunting the Dark Matter Beyond Model

Most of the studies in this thesis focus on searching for dark matter at colliders within
the framework of specific models. However, like the outcomes of many current searches, no
significant deviations from the Standard Model have been observed. This outcome has led
me to question whether all possible avenues have been explored and whether it is feasible
to search for dark matter without relying on model-dependent assumptions. This section
presents the preliminary results of ongoing studies conducted during the final phase of my
PhD. I believe these efforts will open a new avenue for discovering dark matter, moving

beyond traditional model-dependent approaches.

7.1 Model independent Dark Matter search

Typical dark matter searches in collider experiments begin by identifying a signature
indicative of a specific set of exotic decays or an excess in certain physics variables. The data
are then compared to Monte Carlo (MC) simulations under a specific hypothesis, with any
observed disagreement attributed to either statistical fluctuations, systematic uncertainties,
or the existence of a new signal. Effective field theory (EFT)-based studies!?'?!, which
search for general phenomena arising from high-order EFT operators, are not discussed
here. This is primarily because EFT studies are typically designed to probe new physics
phenomena distinct from the Standard Model (SM), where dark matter is not necessarily the
focus. Additionally, they are constrained by the limited energy scales currently accessible at
colliders.

These searches face intrinsic limitations due to pre-selection criteria, often tied to specific
triggers or phase space assumptions. Individual analyses are generally optimized for narrow
phase spaces and specific dark matter models. However, the number of potential models
far exceeds the data, and while recasting techniques allow existing analyses to constrain
new models, they remain inherently limited by the original analysis setup. A truly model-
independent dark matter search aims to overcome these constraints by exploring the entire
phase space, scanning a broad spectrum of dark matter possibilities, and fully utilizing the

vast datasets already collected during the LHC’s Run-3 and beyond.
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One promising approach to model-independent searches is anomaly detection (AD), a
technique adapted from computer science!>'?!. In high-energy physics (HEP), AD seeks
unusual events—defined as outliers or overdensities in expected distributions—that may
indicate new phenomena. This method has been successfully demonstrated in several stud-
ies?!42191 " Similar to its applications in industry, where AD identifies faults or fraud, it holds
promise for identifying new physics in HEP.

Traditional physics analyses often use discriminants, such as invariant mass or multi-
variate classifiers, to detect anomalies. These methods can be considered specialized AD
approaches, relying on high-level variables and statistical techniques to quantify deviations.
However, they are typically limited by the choice of one-dimensional physics variables or
multivariate variables designed with specific signal models in mind.

Machine learning (ML) offers a powerful alternative for performing AD-based model-
independent searches. As discussed in Section 4, deep neural networks can effectively
combine multiple physics inputs, such as jet transverse momentum (p7) and constituent
particle information, into a single variable for classification tasks. Similarly, ML-based
methods can create variables sensitive to unknown phenomena. Moreover, the output of ML
models can exist in high-dimensional representation spaces'”>”), where anomalies may be
more easily identified compared to traditional variables like pr or mass.

This concept has been explored using various methods, though most rely on supervised
learning approaches that depend heavily on MC-generated datasets. Such methods are in-
herently constrained by the accuracy and scope of the simulations. Recently, self-supervised
approaches have emerged as a promising alternative, enabling models to learn directly from
data without relying on predefined labels or MC-based training. However, these methods
often focus solely on kinematic features and are challenging to extend to include other
important inputs, such as tracking and particle identification (PID) information.

This chapter introduces a proof-of-concept development of a self-supervised method
capable of utilizing the full feature set of particles. Preliminary results are presented for an
anomaly detection model designed to operate independently of MC simulations, demonstrat-

ing the potential for advancing model-independent dark matter searches.
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7.2 Learning of Jet Representation

The architecture of the model, named P-JEPA (Particle Jet Encoder-Predictor Archi-
tecture), is illustrated in Figure 7.1. The model consists of three main components: the
context encoder, the target encoder, and the predictor, inspired by the study in computer
vision field??!". All components are based on the transformer architecture!>??!, inspired by

the Particle Transformer framework!>?*!, as demonstrated in Figure 7.1.

U
)

) =) Predictoroa -%
0

Jet representation

O

O
ads
O
Figure 7.1 Architecture of the P-JEPA Model.

Smooth L1 Loss

The dataset used in this study is JetClass, a widely recognized benchmark in high-
energy physics. It contains 10 classes of large-R jets, originating from processes such as
H — bb, H — c&, QCD multijets, hadronic top decays, and W/Z boson decays. Each
entry in the dataset represents a single jet, including all its constituent particles with detailed
kinematic, tracking, and particle identification (PID) information, all of which are utilized in
the study. The jets are simulated using standard high-energy physics toolsets: MadGraph!??*
for matrix element calculations, Pythial®>! for parton showering, and Delphes??®! for detector
simulation. With 100 million jets per class, this dataset is both large and highly realistic.

The self-supervised learning process operates as follows: each jet, represented by its
constituent particles, undergoes a masking procedure where approximately 30% of the par-
ticles are randomly removed. The remaining particles are passed through a context encoder,
which maps them into a high-dimensional representation called "context." Simultaneously,
the target encoder processes the complete, unmasked jet to produce "target" representations

for the masked particles. The context and target encoders are synchronized using an expo-
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nential moving average!??’!, ensuring that the "context" and "target" representations remain
consistent while representing different partitions of the same jet. A smaller network, the
predictor, takes the "context" representation and attempts to predict the "target," effectively
reconstructing the masked jet in representation space. This approach requires no labels or
supervised training, allowing the model to learn in a fully self-supervised manner.

The representation learned by this model is believed to encapsulate the complete physics
information of the jet, transforming it into a format that is easily interpretable and usable by
other machine learning models. This representation benefits a range of downstream tasks, a

(2281 Potential applications include jet flavor

process known as transfer learning or fine-tuning
tagging, particle mass regression, jet variable reconstruction, and more. Anomaly detection
(AD) is one particularly important application built on this foundation and is described in

the following section.

7.3 Anomaly Detection using Classification-Without-Labels (CWoLa)

The trained model is fine-tuned to perform anomaly detection (AD). This study employs
a widely-used AD method called Simulation Assisted Likelihood-free Anomaly Detection
(SALAD)?!31, along with a state-of-the-art supervised approach from Ref.??°!, These meth-
ods provide a benchmark for performance comparison across a variety of existing studies.
The evaluation follows the methodology outlined in Ref.*?",

The JetClassII-SM dataset!??®!, which was not seen by the self-supervised model during
training, is used to evaluate AD performance. The goal is to determine whether the model
can detect unknown signals. The target encoder component of the machine learning model
generates representations for the two leading jets in each event. These representations are
then combined using two fully connected layers to form an event-level representation.

The dataset is evenly divided into two regions, with a specific amount of signal injected
into one to simulate the signal-enriched region. This setup is achievable under minimal
assumptions in the real physics analysis, such as applying a rough mass cut, with the only
requirement being that the signal density in one region is higher than in the other. Ideal
background estimation for the two regions is applied in current study, where events are
directly taken from the simulated dataset. Future developments aim to model the background

using the generative mode of P-JEPA, which will further expand its applicability with the
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goal of fully eliminating reliance on Monte Carlo simulations.
An AD classifier is subsequently trained to distinguish between events in these two
regions. The classifier is then tested on pure signal events to evaluate its discovery potential.

The entire process is illustrated in Figure 7.2.

Classification Without Label

Mixed Sample 1 Mixed Sample 2 Significance (naive)

D 6161010160) 00000 Cut of classifier output
®O00®®
3 D ; OOee® | | ©00OO
) m) — m) |00000 |eeece
| D 3 @006 | | €006
D o \0 1 /
""""" [ owir ] e

Jet encode

Figure 7.2 Application of Jet Representation in Anomaly Detection for High-Energy Physics Dis-
covery. From left to right, the jet representation output from the model is utilized for label-free
anomaly detection (AD) classification!>*’!, The resulting scores are then employed for event selection,
enhancing the signal-to-background ratio. This improvement enables discoveries with fewer signal
events, increasing sensitivity to discover dark matter with lower production cross-sections.

The BSM triboson process is selected as the unknown signal for testing, as it was not
included during the anomaly detection (AD) model training. The specific signal tested is
W —- Wd - WWW, with a W mass of 3 TeV and a ® mass of 400 GeV, where all W

bosons decay hadronically!?!1[232],

7.4 Preliminary Results

The performance of the anomaly detection (AD) model is characterized by the signif-
icance improvement (SIC), which quantifies the enhancement in signal significance after
applying a cut on the model output score. The significance, approximately given by S/VB
(where S and B represent the signal and background yields, respectively), is used as the
primary metric for evaluation.

The model is compared against other methods, including: "From-scratch" models: These
have the same architecture and number of parameters as the self-supervised model but lack
pretraining. "High-level" models: These rely solely on high-level variables such as jet
kinematics and are benchmarked against results from!*?°!, representing optimal performance

based on traditional physics features.
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The self-supervised model demonstrates a clear improvement over both alternatives. For
the specific signal tested, even with a low signal fraction of approximately 0.7% in the signal-
enriched region, the self-supervised method significantly boosts the discovery potential. It
effectively reduces background contamination, achieving a sensitivity enhancement close to

a 5o discovery threshold under these conditions.
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Figure7.3 Performance of Anomaly Detection using the P-JEPA Algorithm. The X-axis represents
the number of signal events in the signal region, with the corresponding trivial significance shown
on the upper X-axis. The Y-axis indicates the maximum significance improvement achieved after
applying a specific method to isolate the signal. For a given algorithm that assigns a score to events,
the cut point on the score distribution is scanned to optimize the signal-to-background separation.
This process can be performed in a real analysis without prior knowledge of the signal model. The
dashed black line represents the 5o significance threshold, indicating discovery potential if a method
reaches this level, as the signal-to-background ratio after applying the cut is sufficient for a discovery
claim. The red, purple, and green lines correspond to the full P-JEPA model for anomaly detection,
the P-JEPA model without training on the large unlabeled dataset, and a supervised model using
commonly employed physics variables such as mass and 7,**], respectively.

This work is still under active development, and I firmly believe that, in the near future, it
or similar inspired methods will be implemented at the LHC. With continued advancements,
these approaches hold great promise for uncovering something akin to dark matter and

addressing one of the largest missing pieces in our understanding of the standard model of

the universe.
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Chapter 8 Conclusion and Outlook

The searches for dark matter using novel techniques at the Large Hadron Collider (LHC)
are described in this thesis. These include the search for the dark Higgs model with novel
boosted double-tagging, the search for the dark photon through statistical combination tech-
niques, and the preliminary research and development of self-supervised anomaly detection
for model-independent dark matter searches.

The utilization of deep learning-based boosted Xbb tagging has significantly enhanced
sensitivity in the search for the dark Higgs decaying into two b quarks at ATLAS. In the
absence of a significant excess, the analysis excludes mediator masses up to 3.5 TeV. This
work also completes the search for high-mass dark Higgs bosons, excluding benchmark
parameters for dark Higgs masses ranging from 30 GeV to 400 GeV. Furthermore, this
analysis is the first to test relic-density-compatible parameter settings in collider dark matter
searches, probing a larger parameter space, including dark matter masses up to 900 GeV and
my: up to the perturbative theory limit.

A statistical combination of searches for massless dark photons with Higgs coupling was
performed at ATLAS. This combination sets the best collider limits on the Standard Model
(SM) Higgs boson and beyond-the-Standard-Model (BSM) Higgs bosons decaying into a
photon and a dark photon. The analysis involved extensive checks, validations, and technical
developments.

Additionally, a novel self-supervised anomaly detection technique demonstrates its po-
tential for model-independent dark matter searches using small-scale simulated datasets.
Active development is ongoing to implement this approach in a future model-independent
search at the LHC.

I strongly believe that, with the innovative techniques developed and those currently
under development, the detection of dark matter at the world’s largest particle collider will

become a reality one day.
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Appendix A Technical Information for DXbb Tagging and MonoS(bb) Search

Appendix A Technical Information for DXbb Tagging and
MonoS(bb) Search

A.1 Samples for ttbar calibration of DXbb tagger

Table A.1 Summary of the nominal and alternative simulated event samples.

Category Generator+Showering XS precision PDF
t7 semi-lep PowhegBox v2 + Pythia8.230 NNLO+NNLL | NNPDF3.0NLO
MadGraph5_aMC@NLO v2.6.0 + Pythia8.230 NNLO+NNLL | NNPDF3.0NLO
PowhegBox v2 + Herwig7.04 NNLO+NNLL | MMHT2014LO
PowhegBox v2 + Pythia8.230 (hdamp=3.0m,) | NNLO+NNLL | NNPDF2.3LO
Single-top #-chan | PowhegBox v2 + Pythia8.230 NLO NNPDF3.0NLOnf4
MadGraph5_aMC@NLO v2.6.0 + Pythia8.230 | NLO NNPDF3.0NLO
PowhegBox v2 + Herwig7.04 NLO MMHT2014LO
Single-top s-chan | PowhegBox v2 + Pythia8.230 NLO NNPDF3.0NLO
MadGraph5_aMC@NLO v2.6.0 + Pythia8.230 NLO NNPDF3.0NLO
PowhegBox v2 + Herwig7.04 NLO MMHT2014LO
Single-top t W PowhegBox v2 + Pythia8.230 NLO NNPDF3.0NLO
PowhegBox v2 + Pythia8.230 NLO NNPDF3.0NLO
MadGraph5_aMC@NLO v2.6.0 + Pythia8.230 | NLO NNPDF3.0NLO
PowhegBox v2 + Herwig7.04 NLO MMHT2014LO
W + jets Sherpa 2.2.1 NNLO NNPDF3.0NNLO
Z + jets Sherpa 2.2.1 NNLO NNPDF3.0NNLO
Diboson Sherpa 2.2.2/2.2.1(4nu) NLO NNPDF3.0NNLO
ttv aMC@NLO 2.3.3 + Pythia8.210 NLO NNPDF2.3

A.2 Good-Run-List(GRL)

Table A.2 GRL data lists for each year and their corresponding luminosity.

Period GRL Luminosity/ fb~!

2015 datal5_13TeV.periodAll Year_DetStatus-v89-pro21-02_Unknown_ 30
PHYS_StandardGRL_AIl_Good_25ns

2016 datal6_13TeV.periodAll Year_DetStatus-v89-pro21-01_DQDefects-00-02-04_ 3
PHYS_StandardGRL_AIll_Good_25ns

2017 datal7_13TeV.periodAll Year_DetStatus-v99-pro22-01_Unknown_ 443

PHYS_StandardGRL_AIll_Good_25ns_Triggernol7e33prim
2018 datal8_13TeV.periodAll Year_DetStatus-v102-pro22-04_Unknown_ 585

PHYS_StandardGRL_AIl_Good_25ns_Triggernol7e33prim
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A.3 List of Triggers

Table A.3 MET Trigger used in the analysis.

Period Eqiss

2015 HLT_xe70_mbht
2016(A-D3) HLT_xe90_mht_L1XES50
2016(D4-end) HLT_xel110_mht_L1XES50
2017(B-D5) HLT_xe110_pufit_L1XES5
2017(D6-end) HLT_xe110_pufit_L1XE50

2018 HLT_xel10_pufit_xe70_L1XE50

Table A.4 Un-prescaled electron triggers used in the analysis.

Period Lowest un-prescaled Electron
2015(D3-end) HLT e24 lhmedium_L1EM20VH_OR_HLT e60_lhmedium_OR_HLT e120_lhloose
2016(A) HLT e60_lhmedium_nod0_OR_HLT e140 lhloose_nodO
2016(B-D3) HLT e60_lhmedium_nod0_OR_HLT e140_lhloose_nod0O
2016(D4-end) HLT_e26_lhtight_nod0_ivarloose_OR_HLT_e60_lhmedium_nod0_OR_HLT_e140_lhloose_nod0
2017 HLT_e26_lhtight_nod0_ivarloose_OR_HLT_e60_lhmedium_nod0_OR_HLT_e140_lhloose_nod0
2018 HLT_e26_lhtight_nod0_ivarloose_OR_HLT_e60_lhmedium_nod0_OR_HLT_e140_lhloose_nod0

Table A.5 Un-prescaled muon trigger used in the analysis.

Period Lowest un-prescaled Muon
2015(D3-end) HLT_mu20_iloose_L1MU15_OR_HLT_mu40
2016(A) HLT mu24 ivarmedium_OR_HLT mu40

2016(B-D3) HLT_mu24_ivarmedium_OR_HLT_mu50
2016(D4-end) HLT _mu26_ivarmedium_OR_HLT mu50
2017 HLT mu26_ivarmedium_OR_HLT mu50
2018 HLT_mu26_ivarmedium_OR_HLT_mu50

A.4 Cutflow and Selection Efficiency for Signal
A.5 List of NPs

The nuisance parameters are listed in Table A.8, A.9 and A.10.

A.6 Check and study of NP correlation

Correlation with notable value or suspicious behaviour shown in Figure 5.31 is studied

and the details are documented in Table A.11 in this section.
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Table A.6 Cutflow of benchmark signal (zp2000_dm200_dh90) in the resolved region

Initial 30000
PassGRL 30000
passLArTile 30000
Trigger 20814
HasVtx 20814
BadJet 20814
CosmicMuon 20813
BadMuon 20813
PFlow Electron veto 20813
IsMETTrigPassed 20674
0 baseline electrons 20570
0 baseline muons 20519
Tau Veto 20402
Extended Tau Veto (resolved) 19860
(MetTST>150 && MetTST<500) 14366
>=2 jets 12956
<=4 jets 11638
==2 b-tags 5280

mjj_corr >20 5280

mjj_corr <270 5247

[DeltaPhiMin3|>20deg 5060

METSig>12 4873

pt_jj_corr >100000 4690

mT_METclosestBJet >170000 4033

mT_METfurthestBJet >200000 3865
(metptjj <1.30 && metptjj >0.70 ) 3394
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Table A.7 Cutflow of benchmark signal (zp2000_dm200_dh90) in the merged region

Initial 30000
PassGRL 30000
passLArTile 30000
Trigger 20814
HasVitx 20814
BadJet 20814
CosmicMuon 20813
BadMuon 20813
PFlow Electron veto 20813
IsMETTrigPassed 20674
0 baseline electrons 20570
0 baseline muons 20519
Tau Veto 20402
Extended Tau Veto (merged) 19984
MetTST>500 2705
>=] fat-jets 2687
mJ_corr >20 2649
mlJ_corr <270 2550
|DeltaPhiMin3|>20deg 2404
passed_OL_SR_Merged == 1.00 2396
N_associated_Jets02 >= 2.00 2235
Trkjet pass OR 2105
2massoverpt <0.60 1921

( metpt] <1.30 && metpt] >0.70) 1761
BTagging in Merged Region 810
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Table A.8 Nuisance parameters related to experimental/detector systematic uncertainty (affecting
both shape and normalization) and their treatment (S=smoothed, Syml=symmetrised (one-sided
systematic), Sym2=symmetrised (two-sided systematic)). The normalization and shape effects are
decorrelated and are denoted by keywords, as described in Sec. 5.7.5.

NP Name Treatment
EL_EFF_* -
EG_RESOLUTION_* S
EG_SCALE_* S
MUON_EFF_* S, Sym2
MUON_EFF_Trig* -
MUON_SAGITTA_* S, Sym2
MUON_SCALE_ * S
MUON_MS_ * S
MUON_ID_* S
TAUS_TRUEHADTAU_SME_* S, Sym2
JET_EffectiveNP_* S, Sym2
JET_Eta* S, Sym2
JET_JET_Flavor_* S, Sym?2
JET_CombMass_* S, Sym2
JET_JET_LargeR_* S, Sym2
JET_JET_MassRes_* S, Sym?2
JET_Pileup_* S, Sym2
JET_PunchThrough S, Sym2
JET_RelativeNonClosure S, Sym2
JET_BJES_Response S, Sym2
JET_JVT_* S, Sym2
JET_fJVT_* S, Sym2
JET_SingleParticle S, Sym2
JET_JER_* S, Syml
FT_EFF_* S, Sym?2
METTrig_* S

MET SoftTrk_ Scale * S, Syml1
MET_SoftTrk_Reso_* S, Syml1
PRW_DATASF S, Sym2

185



Appendix A Technical Information for DXbb Tagging and MonoS(bb) Search i S B R 2 2 R S

Table A.9 Nuisance parameters related to uncertainties that affect the overall normalisation (event
yield) of the physics process (flat or the 10 prefit unc. of Gaussian prior). Affected samples and
regions are listed and "'all"' denotes the NP is correlated for all relevant.

NP Name Prior ~ Sample Region

norm_Zhf flat Zhf Resolved/Merged decorr.
norm_Whf flat Whf Resolved/Merged decorr.
norm_ttbar flat tr all

stopNorm 40% Wt, s and t-channel top  all

VVNorm 15% WW, WZ, 77 all

VHbbNorm 5% VHbb all

WclNorm 55% Wel all

ATLAS LUMI 0.83% all all

The systematic uncertainty impact of XbbV3_ZBBCALIB_2b (DXbb tagger calibration

of bb flavor) is shown in Figure A.1

XbbV3 ZbbCalib Syst SR 500-750 Total MC XbbV3 ZbbCalib Syst SR 750 Total MC

3 12p 3 1op
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Figure A.1 Impact of Xbb Zbb calibration systematic. Total MC is used since the systematic is
applied on all the process with 2b flavor decay from Higgs or Z boson (VHbb and ZZbb). Blue line
indicates the '""up'' variation where NP=+1 and red for '"down''.

The systematic uncertainty impact of XbbV3_TTBARCALIB_1b (DXbb tagger calibra-
tion of bx flavor) is shown in Figure A.2

The systematic uncertainty impact of lepton_W_MG (transition systematic from gener-
ator of MG) is shown in Figure A.3

The systematic uncertainty impact of Z_MG (generator shape variation of Z+jets) in

resolved region is shown in Figure A.4
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Table A.10 Nuisance parameters related to theory uncertainty (affecting both shape and
normalization) and their treatment (S=smoothed, Syml=symmetrised (one-sided systematic),
Sym2=symmetrised (two-sided systematic)). The normalization and shape effects are decorre-
lated and are denoted by keywords, as described in Sec. 5.7.5. Affected samples are listed and "all"
denotes the NP is correlated for all relevant.

NP Name Treatment Sample
7_MUR_MUF S, Sym2 Zhf, Zcl, Z1
Z_ckkw S, Sym2 Zhf, Zcl, 71
Z_qgst S, Sym2 Zhf, Zcl, 71

7 _PDF S, Sym2 Zhf, Zcl, Z1
Z_PDFalpha$S S, Sym2 Zhf, Zcl, 71

7_MG S, Syml Zhf, Zcl, 71
W_MUR_MUF S, Sym2 Whf, Wcl, W1
W_ckkw S, Sym2 Wh, Wcl, W1
W_qgsf S, Sym2 Whf, Wcl, W1
W_PDF S, Sym2 Whf, Wcl, W1
W_PDFalpha$s S, Sym2 Wh, Wcl, W1
W_MG S, Sym1 Whf, Wcl, W1
ttbar MUR_MUF S,Sym2
ttbar_PDFalphasS S, Sym2 tr

ttbar_PDF S,Sym2

ttbar_ISR S, Sym2 1

ttbar FSR S, Sym2 tr

ttbar_ME S, Syml tf

ttbar_PS S, Syml1 1
stop_MUR_MUF S, Sym2 Wt/s/t-channel top
stop_PDF S, Sym2 Wt/s/t-channel top
stop_ISR S, Sym2 Wt/s/t-channel top
stop_FSR S, Sym2 Wt/s/t-channel top
stop_ME S, Syml1 Wt/s/t-channel top
stop_PS S, Syml Wt/s/t-channel top
stop_DS S, Syml1 Wt-channel top
VV_MUR_MUF S, Sym2 WW, WZ, 77
VV_PDFalpha$S S, Sym2 WW, WZ, 77
VV_PDF S, Sym2 WW, WZ, 77
VV_PS S, Sym2 WW, WZ, 77
VV_PowPy S, Sym2 WW, WZ, 77
VHbb_MUR_MUF S,Sym2  VHbb
VHbb_PDF S, Sym2 VHbb

VHbb_PS S, Syml1 VHbb
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Table A.11 List of notable or suspicious correlations Asimov fit. '"Fat0' denotes resolved region
and ""Fatl" for merged region. "lepton_W_MG'' denotes the transition effect of W+jets generator
systematic uncertainty between different lepton regions.

term term corr reason

XbbV3_ZBBCALIB_2b POI -0.36  Syst increase signal yield
XbbV3_ZBBCALIB_2b norm_Zhf Fatl -0.36  Syst increase VHbb and ZZbb yield in SR
XbbV3_ZBBCALIB_2b norm_Whf_Fatl -0.30 Systincrease VHbb and ZZbb yield in SR
XbbV3_ZBBCALIB_2b Diboson_PowPy 0.17  Opposite impact to ZZbb

XbbV3_TTBARCALIB_1b norm_ttbar 0.02  Dominated by resolved region
XbbV3_TTBARCALIB_1b norm_Whf_Fatl -0.40 Systincrease ttbar/top yield in SR&CR1
lepton_W_MG norm_Zhf Fat0  -0.62 Systincrease W+jets yield in SR
lepton_W_MG norm_Whf_Fat0 0.25  Syst decrease W+jets in CR1
Z_MG norm_Zhf Fat0 -0.24 Syst increase high mass Z+jets in resolved regions
Z_MG norm_Whf_Fat0 0.44  Negatively correlated with Zhf
XbbV3 TtharCalib Syst SR 500-750 Total MC XbbV3 TtbarCalib Syst SR 750 Total MC
1.05 } 1.05

R
I

0.95F 0.95

,A
T[T T[T T[T T[T T T T TT 77T

P S S E R H P S S E RS I
50 100 150 200 250 50 100 150 200 250
Ueading Fatet M_ _ [GeV] Ueading Fatdet M_ [

GeV]

Figure A.2 Impact of Xbb Ttbar calibration systematic. Total MC is used since the systematic is
applied on all the process with 1b flavor decay from top (ttbar and single top). Blue line indicates
the "up" variation where NP=+1 and red for "down''.
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Figure A.3 Transition effect to the yield in different lepton region (SR v.s. CR1) for the W+jets

generator systematic uncertainty
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Figure A.4 Shape effect of the Z+jets generator systematic uncertainty
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Appendix B Summary of ATLAS DM searches in the context
of 2HDM+a

A significant number of dark matter (DM) searches have been conducted in ATLAS, tar-
geting various final states and signatures. A comprehensive summary and combination!?**!
were performed within the framework of the 2HDM+a (Two Higgs Doublet Model plus
pseudo-scalar mediator a)>*! theoretical model to evaluate the sensitivity and complemen-
tarity of these analyses, as well as to establish the most stringent collider constraints on
the parameter space. This section provides a brief overview of Ref.!>** and focuses on the
statistical study to which I contributed. Additionally, it presents the latest combined results

with the aim of guiding future DM searches and emphasizing the importance of pursuing

DM detection in collider experiments by integrating all possible signatures.

B.1 2HDM+a Model

The 2HDM-+a model connects the extended Higgs sector to the dark sector through the
inclusion of an additional pseudoscalar particle, a. The Two Higgs Doublet Model (2HDM)
extends the Standard Model (SM) by introducing a second complex Higgs doublet. It assumes
a CP-conserving potential and a softly broken Z, symmetry®*%. After electroweak (EWK)
spontaneous symmetry breaking, the model predicts the existence of five Higgs bosons,
as summarized in Table B.1. The framework follows the Type-II setup!?*®! of the 2HDM,
assuming the alignment and decoupling limits, where the lighter CP-even Higgs boson is

identified as the SM Higgs boson.

Higgs Boson Description
h Light CP-even Higgs boson (identified as the SM Higgs)
H Heavy CP-even Higgs boson
A CP-odd Higgs boson
H* Charged Higgs boson
H~ Charged Higgs boson (conjugate of H*)

Table B.1 The five Higgs bosons predicted in the 2HDM+a model after electroweak symmetry
breaking.

The additional pseudoscalar (CP-odd) mediator (a) connects the dark sector through
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Yukawa-like couplings to both Standard Model (SM) fermions and dark matter (DM)
fermions y. The mediator mixes with the CP-odd Higgs boson A in the 2HDM sector
via a mixing angle 6, forming a theoretical framework that naturally predicts dark matter in
a UV-complete, gauge-invariant, and renormalizable manner.

The 2HDM+a model exhibits a rich phenomenology and predicts a wide range of sig-
natures, including both invisible decays (such as E‘TniSS +X signatures) and visible mediator
decays (e.g., four-fermion final states). The dominant production channel at the LHC arises
from gg-initiated, with the relevant diagrams illustrated in Figure B.1. Additional contribu-
tions from b b-initiated and W processes are also considered, with their diagrams summarized

in Figures B.2.

g Z/h

L H/A
t --an e
B
g X
(a) (b) (c)
g b/t
b/t/x
g b/t
(d) (e)
g b
f/x
t
g R -
~ N _f/ f/x
b g a\\< I'/x
g 7 f/x
(f) (2)

Figure B.1 Feynman diagrams for the 2HDM-+a model (gg-initiated).
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Figure B.2 Feynman diagrams for the 2HDM-+a model (b b-initiated and tW).
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The model is characterized by 14 parameters that fully define its phenomenology. To
facilitate experimental studies and ensure compatibility with current constraints from mea-

surements and theoretical considerations, a simplified setup with five parameters?*>¥7! is

adopted. This reduced parameter space serves as the LHC Dark Matter Benchmark Model'?*”!
and is employed consistently across multiple experiments. A detailed summary of the full

parameter set and the fixed values used in this context is provided in Table B.2.

Table B.2 Parameters and simplified setup of 2HDM+a model.

Parameter | Description
ma Mass of the CP-odd Higgs boson (A)
mg Mass of the mediator (a)
m, Mass of the dark matter particle (y)
tan 8 Ratio of the VEVs of the two Higgs doublets
0 Mixing angle of the CP-odd weak eigenstates (a-A)
mp, Mass of the light CP-even Higgs boson (4), fixed to SM
v Electroweak vacuum expectation value (VEV), fixed to SM
my Mass of the heavy CP-even Higgs boson (H), fixed to m 4
mey- Mass of the charged Higgs bosons (H*), fixed to m 4
A3 Quartic coupling of the pure 2HDM potential term, fixed to 3
Ap1,Adp2 Quartic couplings of the potential term connecting the doublet and singlet fields, fixed to 3
a Mixing angle of the CP-even weak eigenstates, fixed with cos(8 —a) =0
8y Yukawa coupling strength between the mediator and the DM particle, fixed to 1

B.2 Study of Combination Scenarios and Results

Several scenarios are explored in this summary, focusing on different representative
parameter setups, as shown in Table B.3. Relevant analyses are studied in each scenario
to benchmark sensitivity and establish the latest exclusion limits, which are summarized in

Table B.4 along with references to each analysis.

B.2.1 m,-m,4 Scan

The two-dimensional plane of the two pseudoscalar masses, m-m 4, is studied to explore
the rich decay and production channels kinematically. The parameter tan 8 is fixed to 1 to
favor the top quark coupling, while the mixing angle is set to either 0.35 or 0.7 (= %) to
investigate low or maximal mixing between A and the DM mediator a.

The summary of all relevant analyses is shown in Figure B.3. The EI'* +h and EI" +Z
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Table B.3 Summary of the parameter settings for 2HDM+a benchmark scenarios.**!
Scenario Fixed parameter values Varied parameters
sin@ mu[GeV] m,[GeV] m, [GeV] tanp
| a 0.35 - - 10 1.0 ( )
b 070 - - 10 1.0 Ma» M
a 0.35 - 250 10 -
25 070 - 250 10 - (m4, tan §)
a 0.35 600 - 10 -
S b 070 600 - 10 - (ma. tan §)
4 a - 600 200 10 1.0 o
b - 1000 350 10 1.0 -
5 0.35 1000 400 - 1.0 m,
6 0.35 1200 - - 1.0 (mg, m,)

Table B.4 Input analyses used in 2HDM+a summary and combination.[?*]

Analysis/Scenario la 1b 2a 2b 3a 3b 4a 4b 5 6

Efrniss + Z(gg)[238] X X X X X X X X
E?iss + h(bB)[239]
Ea_niss + h('y'}’)[24()]
EMS 4+ (7724
E?iss + w242
Ea_niss +J-[14()]
h — invisible
Emiss 4 Z( —)[143]

m qd
Ea_niss + bl_)[244]
E’rrniss + tt‘[244—245]
tFt124]

thH*(tbh)>*7) X X X X X
h— aa — ff_‘f/f_/[248-252] X

>
>

[243]

o T T B B B B B
>
>
P
P
P
>

o I T B
o I T B B
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signatures exhibit similar exclusion patterns on the m,-m 4 plane due to analogous production
diagrams. With the lepton trigger and the lower mass of the Z boson, the Ef"**+ Z(¢¢) channel
demonstrates better sensitivity for lower m, (lower E‘Tmss). Conversely, the E‘Tniss + h(bb)
channel achieves the best sensitivity among all ETmiSS +h channels, excluding m, values up
to 500 GeV. The EIM* +jet, charged Higgs (rbH*), and four-top signatures present distinctly
different exclusion patterns compared to the E‘T‘[liSS +7 and E‘Tniss +h channels, as they do not
directly probe the mediator a. Notably, the charged Higgs channel provides the strongest
exclusion limits across nearly the entire m, range, offering valuable complementarity to

earlier combinations that considered only the E"** +Z and E** +h channels!*].

2HDM+a, Dirac DM, sin6 = 0.35, tanf =1, m, =10 GeV,gX =1, my=my=my,

2000 E?iss+h(b5), 139 fb”!
{_,-, .................... I'/m >20% J JHEP 11 (2021) 209
1800/ ATLAS ] ET™+h(r7), 139 b
i Vs=13TeV, 36.1- 139 fb”! Limits at 95% CL ] arkiv:2305.12938
b — Observed ET+h(yy), 139 fb
1600( Expected | R 10 au21) 13
[ 1 — EMsyz(in, 139 fb!
1400 r PLg829 (2022) 137066
=~ 3 — ET47(qq), 36.1 fb
o 1200 JHEP 10 (2018) 180
©) . ET™+tW, 139 fb!
‘:: 1000 arXiv:2211.13138
g = — ET™+j, 139 fb"
800 H PRD 103 (2021) 112006
| / tbH*(tb), 139 fb™!
I HINE=S g S ATl mmmeEE L JHEP 06 (2021) 145
600(; -~ i — tHF, 139 b
L arXiv:2211.01136
400§ h—invisible, 139 fb™
. arxiv:2301.10731
200-—. R AP ..'.'I".-.—‘.". [P B .-I-. M .
100 200 300 400 500 600 700 800
m, (GeV)

Figure B.3 Exclusion limits of individual analyses on the m,-m 4 scan of 2HDM-+a model.

The three most sensitive channels— EMS + Z(¢€), E™ + h(bb), and thH* — are
selected for statistical combination to achieve the strongest exclusion limits. Other analyses
are excluded due to their significantly lower sensitivity and limited contributions to the
overall results. However, combining all three analyses across the entire parameter space

poses computational challenges, necessitating an optimized combination strategy.

B.2.1.1 Study of the Hybrid Combination Method

The Hybrid Combination strategy is proposed to enhance efficiency by selecting only

the most sensitive channels for specific regions of the parameter space. In the area m, >
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1500GeV, tbH* channel is not relavant and only E;niss + Z(£f) and ETIniSS + h(bb) anayses
are combined. When m 4 < m, where EI +X signature becomes off-shell, only b H* limit
is considered. In the region between all the three channels are combined.

The combined results are shown in Figure B.6. Compared to the individual analyses as
Figure B.3, the inclusion of b H* channel excludes additional parameter space, particularly
in the overlap region around (m 4, m,) = (800,400). To validate this strategy, an alternative
scheme, as shown in Figure B.4—is tested. The results, with sin =0.35 for example shown
in Figure B.5, demonstrate no major bias introduced by different schemes. The Hybrid

Combination method achieves robust outcomes with significant computational savings.

v o
- N
) . . . ® . o) . . ® [—————————————————eesne N~
L e e e B Htb| —
| [MEM monoHbb| S
. n O
. monoZ ele o —
| T e e - O ® ™
b ® + o @ . . . o €
b ® + @ o - ® ® L "
\ e o o o [ ] L) . o
b e o o . . e -
- T f T 1 “
o o o o o o
o N o N o N
o M~ Te] N o N~
N — — — —
mA [GeV]

Figure B.4 Alternative combination scheme for the exclusion limits setting on the m,-m 4 scan of
2HDM+a model.

B.2.1.2 Study of Fine-Grained Signal Grids

During the statistical study in the early stage, it was observed that interpolation of the
exclusion limit curves introduced significant biases, such as the one with sin §=0.7 shown in
Figure B.7. For instance, the combined limit excluded signals around (m 4, m,) = (800, 500),
despite individual channels exhibiting limited sensitivity in this region. Further investigation
revealed that these artifacts were caused by interpolation methods, particularly in regions
where the exclusion limits vary significantly.

An intensive study was conducted to evaluate various interpolation methods, including
different spline function setups. It was ultimately determined that interpolation alone could

not reliably provide robust physical limits without directly evaluating the sensitivity at the
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Figure B.5 Combined exclusion limits with alternative scheme on the m,-m, scan of 2HDM+a
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Figure B.6 Combined exclusion limits with Hybrid scheme on the m,-m 4 scan of 2HDM+a model.
Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (m,,m4)
plane are shown assuming (left) sin # = 0.35 (Scenario 1a) and (right) sin 6 = 0.7 (Scenario 1b).1>34
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Figure B.7 Combined exclusion limits on the m,-m 4 scan of 2HDM+a model with few signal points.

signal points, especially in regions where the exclusion limits exhibit highly non-linear
behavior with respect to the signal parameters.

To address this issue, a finer signal grid was implemented. By leveraging the efficiency
of the Hybrid Combination strategy, the computational overhead was minimized, as not
all signal points required evaluation by all channels. The refined ones, shown in the final
results Figure B.6, present a smoother and more accurate combined exclusion curve, with

interpolation artifacts effectively eliminated.

B.2.2 2HDM m,/m s-tan 8 Scan

This benchmark scenario is inspired by the mass-tan 8 parameterization used to summa-
rize constraints on type-II 2HDM models, such as the hMSSM—a Minimal Supersymmetric
extension of the SM with a lighter scalar state at a mass of 125 GeV!*»*. Similar sin6
values are chosen at 0.35 and 0.7. The fixed mass parameter values are motivated by the
exploration of fully invisible decays and constraints from existing measurements, such as

B-meson decays!?*>%°!, The summary is shown in Figure B.8.
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Figure B.8 Combined and individual exclusion limits on the m,/m 4-tan 8 scan of 2HDM+a model.
Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the upper
(mg,tan B) and lower (m 4, tan 8) plane are shown assuming (left) sin @ = 0.35 (Scenario 2a/3a) and
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The EFs + Z(€€), E + h(bb), and tbH* channels provide the strongest sensitivity and
are combined to establish the latest limits. The sensitivity of EM + Z(¢€) and EM* + h(bb)
varies with tan B: at high tan 8, bb-initiated production becomes dominant, while at low
tan 8, the tbH* and four-top signatures show good sensitivity due to the preference for

third-generation couplings.

B.2.3 Mixing sinf Scan

The scan of the mixing parameter highlights the interplay between invisible signatures
(E%’fliSS +X) and visible signatures (e.g., four tops). When sinf approaches zero, the Aha,
HZa, and att couplings vanish, rendering the EI™ +X diagrams irrelevant and the sensitivity

of invisible signatures negligible. The summary results are shown in Figure B.9.
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Figure B.9 Combined and individual exclusion limits on the cross-section as a function of sin6 for
2HDM+a model. Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL
with (upper) m, = 0.6 TeV and (lower) m, = 1 TeV are shown assuming tan 8 = 1 (Scenario 4).1>34

B.2.4 DM Mass m, Scan

Probing the DM mass enables cross-talk between collider experiments, cosmology, and
direct/indirect detection experiments. The DM mass significantly affects non-collider con-
straints, especially the relic density as described in Sec. 2.2.2, which is observed in cosmology
and constrains DM models if they overpredict it.

The summary results are shown in Figure B.10. The predicted relic density decreases

1 1

whenm, = sm, or 5

5 m 4, as DM annihilation into a or A and subsequently into SM particles

depletes the relic density. Low DM masses are disfavored due to overproduction of the
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cosmological relic density. For high DM masses, the tb H* channel exhibits good sensitivity,
excluding models at cross-sections 2-3 times the theoretical prediction. The sensitivity

remains almost flat for all DM masses, as y does not directly participate in the leading-order

diagrams.
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Figure B.10 Combined and individual exclusion limits on the cross-section as a function of m, for
2HDM+a model. Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL
are shown assuming m, = 1.0 TeV, m, = 400 GeV, tan8 = 1.0, and sin 6 = 0.35 (Scenario 5). The
relic density for each m, assumption is superimposed in the plot (dashed line) and described by the
right vertical axis.[*>*!

B.2.5 m,-m, Scan

Exotic decays of the light Higgs boson play a significant role in constraining the 2HDM+a
model, particularly in the m,-m, plane where the a mass is smaller than % of the SM Higgs
mass and twice the DM mass. As shown in Figure B.11, H — aa — 4f searches exhibit
strong sensitivity in regions where visible decays of a are favored and the SM Higgs channel
is kinematically open. Sensitivity decreases at the J/iy and Y resonances due to mediator
mass effects, but other regions are almost entirely excluded by these analyses. Form, > 2m,,
invisible channels dominate, such as invisible Higgs decays or EJ"* + h(bb). However, these
regions are disfavored by relic density constraints because DM annihilation into SM particles
is kinematically forbidden at low DM masses.

In summary, the broad variety of searches in ATLAS, combined with cosmological

constraints, excludes large areas of the parameter space in the 2HDM+a context. The
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values for which the model predicts a relic density greater than the cosmological observation.

[234]

benchmark performance of each channel and their complementarity provide critical insights

for future collider DM searches, emphasizing the importance of combining all possible

signatures and utilizing a wide spectrum of sensitive channels. These results demonstrate

promising potential for future model-independent searches, as outlined in the final chapter

of this thesis.
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Appendix C Calorimeter R&D for the DarkSHINE
Experiment

This chapter documents the research and development of the calorimeter for the proposed
electron-on-target experiment, DarkSHINE, which aims to search for dark photons!®®!. Sec-
tion C.1 provides an overview of the experiment, followed by an introduction to the elec-
tromagnetic calorimeter (ECAL) system!®’l, which constitutes the primary focus of this
study. The design of the calorimeter and the associated simulation techniques!>*®! for effi-
cient and accurate detector response modeling are discussed in Section C.2. Furthermore, a
novel approach using generative machine learning (ML) for fast calorimeter simulation

is presented in Section C.3.

C.1 Overview of the DarkSHINE Experiment

Despite extensive searches, no clear evidence has been observed for weakly interacting
massive particles (WIMPs) at high mass scales, up to the TeV range!?!!. This has led to grow-
ing interest in the search for low-mass dark matter in the sub-GeV range. Among the various
theoretical models predicting new physics in this regime, the dark photon framework provides
a well-motivated extension, as discussed in Section 2.2.4. High-luminosity accelerator-based
experiments at appropriate energy scales offer a direct avenue for producing low-mass dark
matter particles. However, the challenges posed by the low cross-sections and overwhelming
backgrounds necessitate innovative detector technologies and experimental strategies.

The DarkSHINE experiment is designed to search for massive dark photons using an 8
GeV electron beam with a high repetition rate of up to 10 MHz, delivered by the Shanghai High
Repetition-Rate XFEL and Extreme Light Facility (SHINE)**®!, With an annual electron-
on-target (EOT) count of approximately 3 x 104, largely consisting of single electrons,
DarkSHINE will significantly enhance the sensitivity for dark photon production with sub-
GeV mass®°!. This unprecedented event rate, combined with the advanced detector design,
provides substantial advantages over existing experiments operating in similar energy ranges,
including NA642°!1 BELLE-I1*%?!, BES-II11>%3!, LDMX!***! and so on.

The experimental principle of the dark photon search at DarkSHINE is illustrated in
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Figure C.1. The experiment focuses on the invisible decay channel, where the dark photon
manifests as missing energy and momentum in the detector. Precise measurements of electron
momentum and energy are therefore crucial, motivating the use of a multi-layer silicon-
based tracker?®! and a high-resolution, LYSO crystal-based electromagnetic calorimeter
(ECAL)>7,

An incident electron interacts with the tungsten target, generating a dark photon. This
process results in a recoiling electron with largely reduced energy and a significant angular
deviation, as depicted in Figure C.2. The tracker system measures the electron momentum
before and after the target, while track reconstruction aids in determining the recoil angle. The
ECAL ensures accurate energy measurements for the electron and other final-state particles,
leveraging its full absorption design and high granularity, which enhances signal-background
discrimination. The primary background originates from nuclear interactions, characterized
by lower energy losses and smaller recoil angles, as illustrated in Figure C.3. Additionally, the
hadronic calorimeter (HCAL), constructed from plastic scintillators and steel absorbers with

dimensions of 10 m x 10 m, is designed to detect escaping neutral hadrons and muons?*°!,

DarkSHINE Detector
A

—
ic calorimeter (ECi
N i

Shanghai High Repetition-Rate XFEL S Hadmmcal”meter(u
and Extreme Light Facility (SHINE) e o)

Figure C.1 Schematic illustration of the DarkSHINE experiment.

C.2 Electromagnetic Calorimeter (ECAL) Study

The ECAL is a crucial component of the DarkSHINE detector system, optimized for high-
precision energy measurement with fine granularity to facilitate advanced reconstruction
algorithms. Its design is illustrated in Figure C.4.

Charged particles traversing the dense crystal material deposit energy primarily via
electromagnetic interactions, producing scintillation or Cherenkov light. To maximize light

yield and minimize response time, LYSO crystal>*”! is chosen as the active medium, offering
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Figure C.2 Energy deposition in the ECAL and the recoil angle of the electron in the dark photon
production process?®l. Most of the energy of recoiled electron is deposited in the ECAL.
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Figure C.3 Dominant background sources in the DarkSHINE experiment!>>®), categorized by
interaction location (""ECAL" or '"Target").

207



Appendix C Calorimeter R&D for the DarkSHINE Experiment nbla b PN [ el VAT

Acm X 1 crystals

Beam AXis > 2.5cm X 20 crystals

\Y\J

2.5¢
m X 20 Crystafs

Figure C.4 Design of the electromagnetic calorimeter (ECAL).

over 30,000 photons per MeV of deposited energy and 40 ns light decay time.

Each crystal unit (2.5 cm X 2.5 cm X 4 cm) is read out by a silicon photomultiplier
(SiPM) sensor, which provides high gain and fast response, connected to a pre-amplifier and
readout electronics. The detector design features a high granularity of 20 X 20 X 11 readout
channels. To enhance light collection efficiency, each crystal unit is wrapped in Enhanced
Specular Reflector (ESR) film with over 98% reflectivity and coupled to the SiPM using
optical glue with a matched refractive index.

A dedicated GEANT4-based!'®! simulation framework has been developed to model
particle interactions and material effects in the ECAL. The detailed structure, material
properties, and geometric parameters are implemented to balance simulation fedility with

computational feasibility.

C.2.1 Optical Simulation

Light propagation and reflection within the calorimeter unit significantly influence the
detector’s energy resolution and timing performance. To model these effects accurately,
optical simulation is enabled in the GEANT4 framework.

Optical processes—such as photon propagation, absorption, reflection, refraction, and

sensor detection—are modeled independently of other physics processes, as handled by
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GEANT4’s Material-Property-Table (MPT)!'], Key optical parameters used in the simula-
tion, including light yield, scintillation properties, refractive indices, and absorption lengths,
are listed in Table C.1. Variable parameters, such as wrapper reflection and SiPM efliciency,

are determined from laboratory measurements and set to nominal values in the current study.

Parameters Value Unit
Light Yield (Variable) ph/MeV

FastTimeConstant 40 ns
ScintillationPhotonDist. 0.1,2.21, 2.58, 2.82, 2.95, 3.10, 4.00 eV
ScintillationStrength 0.0, 0.23, 0.85, 1.93, 2.15, 1.08, 0.0 -
Refractionldx 1.85, 1.833, 1.821, 1.813, 1.809, 1.804, 1.79 -
AbsorptionLength 40(flat) cm
WrapperSurface dielectric_LUT/polishedtyvekair -
WrapperReflection (Variable) -
SiPMSurface dielectric_LUT/polishedvm2000glue -
SiPMEfficiency (Variable) -

Table C.1 Optical parameters used in the ECAL study.

The optical simulation begins with the generation of scintillation photons, which are
then tracked as they propagate within the crystal unit. Each photon undergoes reflection,
refraction, or absorption based on the surface properties and material characteristics. This
process is computationally intensive, particularly for high light-yield materials where millions
of photons are generated per calorimeter unit. A full optical simulation of light transport
within a single ECAL unit is shown in Figure C.5. The photons travel from their emission
points, interacting with the boundaries and crystal material before reaching the SiPM sensor.

Since the full ECAL comprises 4400 units, running a complete optical simulation for
each event is computationally impossible. To address this, a Look-Up-Table (LUT) method
has been developed, significantly accelerating the simulation. The LUT approach approxi-
mates photon transport as a probability function that maps emission coordinates to detection
efficiency, thereby save the time for explicit photon tracking. This method is illustrated in
Figure C.6.

The LUT is constructed using small datasets with full optical simulation, producing
efficiency maps for different surface reflectivity and SiPM efliciency settings. Figures C.7
and C.9 illustrate these efficiency distributions. The LUT-based simulation produces the
compatible results of the full simulation while achieving a speedup of over an order of

magnitude, as demonstrated in Figures C.10 and C.11.

209



Appendix C  Calorimeter R&D for the DarkSHINE Experiment i S B R 2 2 R S
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SiPM

Figure C.5 Simulation of optical photon propagation within a single calorimeter unit. The pa-
rameters d and 6 define the emission point and angle of the optical photon.
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Figure C.6 Workflow of the LUT-based optical simulation. The LUT maps emission parameters
(d, 0) to detection probabilities, enabling a significant reduction in computational overhead.
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Figure C.7 Photon detection efficiency for different emission coordinates (d, 6) within a crystal
unit. Simulation assumes 100% wrapper reflection and SiPM efficiency.
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Figure C.8 Detection efficiency map for optical photons in a single calorimeter unit with 100%
wrapper reflection and SiPM efficiency.
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Figure C.9 Detection efficiency map for optical photons in a single calorimeter unit with 90%
wrapper reflection and SiPM efficiency.
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Figure C.10 Validation of the LUT-based simulation against full optical simulation. The values
indicate the relative difference in photon detection efficiency.
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Figure C.11 Computational speedup achieved using the LUT-based optical simulation compared
to the full simulation.

C.2.2 Digitization and Fast Smearing

Accurate simulation of the ECAL response requires modeling of both the optical pro-
cesses and digitization effects of electronics. The digitization process involves summing
the single photon pulses from the SiPM sensor, simulating the analog-to-digital conversion
(ADC), including signal clamping and gain adjustments. The primary digitization parameters

are listed in Table C.2.

Parameter Value Unit

SiPM Pixel Count 57,600 -

SiPM Pixel Recovery Time () 50 ns

ADC Bit Width 12 (4096 levels) -

ADC Sampling Interval 1.25 ns

ADC Maximum Time Window 100 ns
ADC Dynamic Range 5000 mV
ADC Noise (o) 5 mV

Table C.2 Digitization parameters for the ECAL simulation.

To efficiently model the calorimeter response in the full detector simulation, a fast energy
smearing method is implemented. The single-unit response is first simulated with the LUT-
based optical simulation and digitization. The energy response is characterized by fitting

log-normal functions for electrons incident at discrete energy levels (10, 20, 50, 100, 200,
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500, 1000, 2000, 4000, and 8000 MeV). The fitted o, the energy resolution, as a function of
incident energy is then parameterized using the standard calorimeter resolution formula:
o A C

E:ﬁ@B@E. (Cl)

The extracted parameters (A, B, and C) are applied to the full-scale ECAL simulation.
Energy deposition in each crystal unit, denoted as the "truth" energy, undergoes Gaussian
smearing based on the fitted resolution parameters. This approach enables realistic detector
response simulation while maintaining computational efficiency.

Table C.3 summarizes the four ECAL configurations considered, accounting for varia-
tions in wrapper reflectivity and crystal properties. The extracted smearing parameters are
listed in Table C.4. The four setups were ultimately incorporated into the prospective study
of the DarkSHINE experiment to evaluate the expected sensitivity while accounting for re-
alistic detector effects, as discussed in Refl>*, Preliminary analyses based on total energy
response indicate that, after calibration, the different configurations have minimal impact,
confirming the robustness of the ECAL design. The effects on shower shape reconstruction
and multivariate analysis are currently being investigated in follow-up studies. This work

establishes an efficient simulation methodology that will support future R&D efforts.

Table C.3 ECAL unit configurations.

Cube Dimensions ~ Wrapper ~ SiPM Size (mm?)  CouplingxQE (%) Yield/MeV

R90_LYSO 2.5%2.5%4 cm Ref=90% 9 20% 30000 (LYSO)

R10_LYSO 2.5%2.5%4 cm Ref=10% 9 20% 30000 (LYSO)
R90_S9_PWO4 2.5%2.5%4 cm Ref=90% 9 20% 200 (PWO)
R90_S36_PWO4 2.5%2.5%4 cm Ref=90% 36 20% 200 (PWO)

Table C.4 Extracted energy smearing parameters for the ECAL fast smearing.

A/NGY B C/MeV

R90_LYSO 1.00%  0.00%  0.0000
R10_LYSO 6.69%  0.00%  0.0851
R90_S9_PWO4  426%  0.70%  0.0001
R90_S36_PWO4  232%  0.17%  0.7051

C.3 Generative Machine Learning for Fast Calorimeter Simulation

Despite the optimizations discussed in previous sections, simulating high-granularity

calorimeters remains computationally expensive, particularly for the DarkSHINE experi-
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ment, which aims to detect extremely rare processes and requires large-scale event statistics.
Traditional GEANT4-based simulations become increasingly resource-intensive as the en-
ergy of incident particles rises due to the need for detailed tracking of secondary particles.
To address this challenge, a novel generative machine learning (ML) approach based on
Vector-Quantized Variational Autoencoders (VQ-VAE), Calo-VQ!**"!, has been developed to
significantly accelerate calorimeter simulations.

This ML-based approach conceptualizes calorimeter response as high-dimensional data,
similar to image generation in deep learning. It employs a two-stage generation strategy: first,
compressing spatially structured calorimeter data into a discrete latent space, and second,
generating new calorimeter responses using a transformer-based model. Extensive valida-
tion on the CaloChallenge dataset!*®! demonstrates that this method achieves a remarkable
speedup of approximately 2000 times over traditional simulations, generating calorimeter

showers within milliseconds while maintaining high fidelity.

C.3.1 Dataset and Calorimeter Benchmarking

The CaloChallenge dataset provides a standardized benchmark for high-energy physics
calorimeter simulations. The dataset’s second configuration (Dataset2?*8!) employs a cylin-
drical calorimeter design with a granularity comparable to the DarkSHINE ECAL, consisting
of 45 layers segmented into 15 radial and 9 angular bins, resulting in 6480 readout channels.
Showers induced by single electrons with energies logarithmically distributed between 1 GeV

and 1 TeV are simulated using GEANT4 and stored for ML training.

C.3.2 Model Architecture

The architecture of the VQ-VAE-based generative calorimeter simulation is illustrated
in Figure C.12. The first stage of the model, designed for representation learning of
the calorimeter response, follows an encoder-decoder paradigm, where high-dimensional
calorimeter showers (termed calo—-image) are mapped to discrete latent representations
(calo-language). These discrete latent codes mimic the tokenization approach used in
large language models>*®! such as GPT!?01,

Vector quantization (VQ) techniques'?’!! are applied to enforce discrete representations,

wherein the encoder learns to compress calorimeter data into a set of representative codebook

vectors. Only the indices of these quantized vectors are stored, drastically reducing data

215



Appendix C Calorimeter R&D for the DarkSHINE Experiment nbla b PN [ el VAT

complexity. An adversarial loss!*’?! is introduced in the autoencoder training, as shown in
Figure C.13, to mitigate the blurring effects common with conventional L2-loss autoencoders,
thereby enhancing fidelity. To respect the cylindrical geometry of the detector, specialized
convolutional operators and Fourier-based resampling techniques are incorporated to enforce
rotational invariance.

In the second stage, the transformer-based generative model is trained to produce se-
quences of calo—language tokens conditioned on the incident particle’s energy. The

generated tokens are then decoded back into full calorimeter responses.

20N rad P 27, 45", “5
wOR g,

K, &Y W >

. -‘ ,’? ;:.\

&h :ﬁl ‘*I

Input Data

ao ——— SN\ //”’ es [ decoder | “’*I ’ a‘,‘ %

@

’

Token generative model Generated Data

Figure C.12 Overview of the Calo-VQ algorithm. The first stage (top) performs representation
learning, while the second stage (bottom) handles calorimeter response generation.
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Figure C.13 Architecture of the Stage-1 VQ-VAE representation learning model.
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C.3.3 Performance and Validation

The generative ML model achieves calorimeter shower generation times of less than 1 ms
per event, independent of incident particle energy. This results in a speedup exceeding 2000
times compared to GEANT4-based simulations, which typically require several seconds per
event especially for high energy incident. Figure C.14 compares the average energy depo-
sition patterns between ML-generated and GEANT4-simulated showers for a representative

calorimeter layer, demonstrating strong agreement.

Reference Layer 20 Generated Layer 20

102 101 100 10t 102
Energy (MeV)

Figure C.14 Average energy deposition per calorimeter cell in layer 20 for single electron showers.
Left: GEANT4 reference; Right: ML-generated response.

To quantitatively evaluate the fidelity of the generated showers, key physics observables
—including the total deposited energy and spatial shower profiles—are compared against
GEANT4 references. Figure C.15 shows the total energy response distribution for electron
showers, where the ML-generated distribution closely matches the GEANT4 results. The

separation metric, defined as

(C.2)
bins

is computed for various observables and found to be below 0.005, indicating excellent

agreement. Furthermore, shower shape observables, such as energy-weighted radial and
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longitudinal moments, are validated with discrepancies below 0.1 in the separation metric.

Further metrics and detailed results can be found in the publication®*’.
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Figure C.15 Total energy response distribution for electron showers. The ML-generated distribu-
tion (orange) closely follows the GEANT4 reference (solid blue).

C.3.4 Outlook and Future Directions

The Calo-VQ algorithm represents a significant step towards leveraging generative ML
models for fast, high-fidelity calorimeter simulations in high-energy physics. This approach
enables large-scale event generation required for rare event searches, such as DarkSHINE,
while maintaining computational efficiency. Ongoing work aims to integrate this ML-based

simulation into the DarkSHINE analysis framework, ensuring its robustness across different
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detector configurations and physics scenarios.

The success of ML-driven calorimeter simulations opens new avenues for experimental
high-energy physics, where advanced Al techniques can complement traditional simula-
tion pipelines. Future developments will focus on refining model architectures, expanding
datasets, and optimizing inference efficiency. Ultimately, such innovations may contribute

to groundbreaking discoveries in the dark sector.
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Appendix D Differential Measurement of Vector Boson
Scattering (VBS) Zvy

The vector boson scattering is a rare and crucial Standard Model process that provides
a powerful test of electroweak (EW) symmetry breaking and serves as a sensitive probe for
physics beyond the Standard Model. This analysis studies the VBS process of a Z boson and
a photon, in association with two jets, and with the Z boson decays into a pair of leptons
(electrons or muons). The process, denoted as Z({€)yjj, is measured using the full Run2
140 fb~! of proton-proton collision data collected by the ATLAS detector at v/s = 13 TeV
during 2015-2018.

This section provides an overview of the measurement?’3!, for which I have served as the
analysis contact since 2022, with particular emphasis on the study of a new unfolding method
— a key technique that enables the differential cross-section measurement of this rare process,
in the presence of a large amount of backgrounds. The chapter is organized as follows:
the physics motivation is presented in Sec. D.1; a summary of the analysis method and the
inclusive cross-section measurements is given in Sec. D.2; and the differential measurements,

together with the unfolding study, are detailed in Sec. D.3.

D.1 VBS Zy Process

The vector boson scattering (VBS) process is characterized by the presence of a three- or
four-vector-boson vertex, as illustrated in Fig. D.1. In the Standard Model (SM), the gauge
symmetry regulates the divergences in these interactions, and any new physics that modifies
this regulation would lead to significant deviations of the production cross section from SM
predictions. In particular, fully neutral quartic vertices such as ZZZy are forbidden at the
lowest order in the SM and the WWZy vertex provides sensitivity to anomalous quartic
gauge couplings (aQGCs). Therefore, the study of the EW production of Zy via VBS
offers a precise probe of the gauge-boson self-interaction and the non-Abelian nature of the
electroweak sector, as well as potential new physics at the TeV scale.

There are other EW non-VBS processes that can produce the same final states and cannot

be uniquely separated due to unitarity, as shown in Fig. D.2. Consequently, the analysis
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measures the total EW production of the Zyj; final state. In addition, the same final state
can also arise from QCD-induced processes, such as gluon exchange or gluon radiation,
as depicted in Fig. D.3. These QCD-induced events typically have a much larger cross
section and exhibit enhanced hadronic activity between the two jets due to color connections,
resulting in kinematic distributions that differ from those of EW-induced events. In contrast,
the vector bosons tend to be produced between two quarks that are well separated in rapidity
in EW events, leading to a specific topology and kinematic features such as large dijet
invariant mass m;; and rapidity separation Ay;;. The interference between the EW and QCD
contributions, arising from their identical final states, is expected to be small — at the level of

about 7% in this analysis — based on theoretical calculations and previous studies!?’*!.

(a) (b)

Figure D.1 Feynman diagrams of EW vertices in Zyjj process involving VBS subprocesses.

D.2 Analysis Methods

The analysis is designed to extract the EW Zvy production, particularly in the high dijet
mass region (m;; > 500 GeV), which is more sensitive to potential new physics. In addition,
the total EW+QCD production cross section is measured to provide reference for precise
QCD studies over the full m;; range (m;; > 150 GeV). A cut-based method, developed
based on the previous study®’¥, is employed to separate the EW and QCD components by
exploiting the distinct kinematic features between EW- and QCD-induced Zvy processes, as

well as to discriminate against other backgrounds such as fake photons and ¢zy.

D.2.1 Object and Eevent Selections

The following object and event selections are applied to enhance the purity of the EW

Zy signal:
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Figure D.2 Feynman diagrams of non-VBS EW vertices in Zvyjj process.
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(a) (b)
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© (d)
Figure D.3 Feynman diagrams of QCD vertices in Zyjj process.

Object selection.

* Electrons: pp > 20 GeV, |n| < 2.47, excluding the calorimeter transition region
(1.37 < |n| < 1.52). Track requirements include |dy/o(dy)| < 5 and |zpsin 6| <
0.5 mm. The Medium identification criteria and FCLoose isolation working point
are applied!’®.

e Muons: pr > 20 GeV, |n| < 2.5, |dy/o(dy)| < 3, and |zpsin6| < 0.5 mm. The
Medium muon identification criteria and PflowLoose_FixedRad isolation are
used”,

e Photons: pr > 15 GeV, |n| < 2.37, excluding the region 1.37 < |n| < 1.52. Both
converted and unconverted photons are included. The Loose identification working
point is applied!’®!.

» Jets: Anti-k, jets with radius parameter R = 0.4, reconstructed using particle-flow
inputs. Jets are required to have pt > 25 GeV and |y| < 4.4. The LooseBad jet
cleaning and the default Tight JVT requirements are applied./%*?!

All reconstructed objects are required to pass the standard overlap removal procedure

described in Ref.?73!,
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Event selection.

* Exactly two opposite-sign, same-flavor leptons are required, with the leading lepton
pr > 30 GeV.

* Events must contain at least two jets, with the two leading jets required to have
pr > 50GeV, |Ay;;| > 1,and m;; > 150 GeV.

* The highest-pr photon in the event is selected. It must satisfy Tight identification
and FixedCut Loose isolation, with pp > 25 GeV!"%,

* The dilepton invariant mass must satisfy m., > 40 GeV, and the sum of m,, + mse >

182 GeV to suppress final-state radiation (FSR) events?7#,

« Events containing no unclean jets>’!.

* The centrality variable,

L(ely) = |2 = On ¥ Yp) 2]

Vi = Vi

is required to satisfy £ (¢¢y) < 0.5.

* No additional jet with py > 25 GeV is allowed in the rapidity interval between the two

leading jets.

The corresponding particle-level selection, which defines the fiducial phase space, is
summarized in Table D.1. Both Standard Model predictions and new physics models can
be tested by applying this selections, and the experimental results are presented in the same
fiducial region. The difference between the particle-level and reconstruction-level selections
on specific observable is addressed using the unfolding procedure, which will be discussed

in detail in Sec. D.3.

D.2.2 Analysis Samples

The data used in the analysis are taken using unprescaled single lepton and dilepton
triggers®®6% All processes are estimated using Monte Carlo (MC) simulation, except for
the dominant fake-photon background, which mainly originates from Z+jets events. This
background is estimated using a data-driven method, with MC samples used to evaluate
associated systematic uncertainties. A dedicated ¢fy control region is defined to validate the
MC prediction, yielding a scale factor of 1.44 + (.22, consistent with the previous study!>’4.
All the simulated samples used in this analysis are summarized in Tables D.2 and D.3.

Three main analysis regions are defined: the EWK signal region (SR) with m;; >
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Table D.1 Particle level selection criteria.?”!

Lepton ph > 20,30(leading) GeV, || < 2.5
Ny >2

Photon E} >25GeV, |[n,|<2.37
B0 < 0.07E)
AR(L,y) > 0.4

Jet Ph>50GeV, |y;| <44
|Ay| > 1.0
m;; > 150 GeV or m;; > 500 GeV
Remove jets if AR(7y, j) < 0.4 orif AR({,j) <0.3

Event mee > 40 GeV
Mee + Mepy > 182 GeV

(Zy) <04
s =0

Table D.2 Summary of Monte Carlo generators and accuracies used for Zy samples.

Generator Sample Accuracy
MGS5_aMC@NLO 2.6.5 EWK Z(ee/up)y LO

SHERPA 2.2.11 QCD Z(eelpup)y 0,1j@NLO

SHERPA 2.2.4 QCD Z(ee/uu)y_pty_7_ECMS <3j@LO
MGS5_aMC@NLO 2.3.3  QCD Z(ee/up)y_HTO0_125 <1j@NLO, 2,3j@LO

QCD Z(ee/uu)y_HTGTI25_MjLT150 <1j@NLO, 2,3j@LO
QCD Z(ee/up)y_HTGT125_MjiLT500 <1j@NLO, 2,3j@LO
QCD Z(ee/uu)y_HTGT125_M;jjGT500 <1j@NLO, 2,3j@LO

SHERPA 2.2.8 QCD Z(eelpup)y <1j@NLO, 2,3j@LO
QCD Z(ee)y <3j@LO
QCD Z(ee)y_CKKW15 <3j@LO
SHERPA 2.2.10 QCD Z(ee)y_CKKW30 <3j@LO
QCD Z(ee)y_QSF025 <3j@LO
QCD Z(ee)y_QSF4 <3j@LO

500 GeV and {(¢ty) < 0.4, the EWK control region 1 (CR1) with m;; > 500 GeV and
L(€ly) > 0.4, and the total EW+QCD region with £ (¢€y) < 0.4. The EWK SR and CR1
are used to extract the electroweak Zvy signal, with the CR1 serving as a control region to
constrain the QCD-induced Zy component through a simultaneous fit. The EW+QCD region
is used to measure the total EW+QCD Zy production cross section. Additional regions, such
as the 7ty control region and several Z+jets validation regions, are employed to correct the rty

MC normalization and to evaluate the uncertainties associated with the Z+jets data-driven
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Table D.3 Summary of background samples and corresponding generators.

Sample Generator

Zee/mumu PowhegPythia8

QCD WZ(tfv) SHERPA 2.2.2

EW WZ(ttv)  MGS5_aMC@NLO 2.6.2
ity MG5_aMC@NLO 2.3.3
WWwWy SHERPA 2.2.5

background, as detailed in Refs.[273-274.2771,

D.2.3 Uncertainties

The uncertainties in the analysis are carefully studied and categorized into the following

sources:

* Experimental uncertainties: These arise from the reconstruction and calibration of
physics objects, accounting for resolution effects, data-MC differences, and variations
in experimental conditions. They include uncertainties related to jets, leptons, photons,
pile-up, and integrated luminosity. Each component is evaluated according to the
corresponding methods detailed in the references in the previous object section.

* Theoretical uncertainties: The theoretical models used to produce the MC predictions
have intrinsic uncertainties, including QCD scale and parton distribution function
(PDF) variations, QCD modeling (such as merging and resummation scales), and
electroweak modeling (such as parton shower and underlying event variations). The
interference between EWK and QCD Zy production is also considered.

* Background estimation uncertainties: The largest contribution arises from the data-
driven estimation of the Z+jets fake-photon background. A 35% uncertainty on its
yield is measured and assigned to account primarily for the statistical uncertainty
from the sideband method, as well as systematic effects due to the correlation between
photon identification and isolation selections used to construct the 2D sideband regions,
where in ideal case full decorrelation is assumed. Additional uncertainty comes
from the MC-based subtraction of the prompt-photon contribution in the data-driven
method. The systematic uncertainty on the extracted Z+jets shape is negligible. For
other backgrounds, only yield (normalization) uncertainties are considered due to their

small overall contributions, with 15% assigned for ¢fy and 20% for WZ.
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* Statistical uncertainties: These arise from Poisson fluctuations in the data and the

limited number of simulated MC events.

All systematic uncertainty terms are pruned, flattened, and smoothed to remove double
counting and random biases due to statistical fluctuations, following the standard procedure
described in Ref.[?"8],

The inclusive cross section is measured through the signal strength parameter u, defined
as the normalization factor applied to the nominal signal MC prediction. It is implemented
as a free parameter that scales the yield of the targeted signal and is determined by maximum
likelihood fitting, together with all systematic uncertainty terms, which are incorporated as
nuisance parameters (NPs) and constrained. The methodology are well described in Sec.
5.7.

D.2.4 Signal Extraction and Results

In the extraction of the EW Zy process, the QCD-induced Zy contribution is treated
as a background. An additional free parameter, uqcp, is introduced to correct its predicted
yield, correlated between the EWK SR and CR1 regions. Since the QCD Zvy component is
enriched in the EWK CR1, a simultaneous fit of 4 and uqcp allows the extraction of the EW
signal strength while constraining the QCD contribution using data from the control region.
For the total EW+QCD Zvy measurement, single u is applied to the total Zy prediction.

The fitting discriminant is defined using the binned distribution of m;;, which shows
distinct distributions for different physics processes. The corresponding post-fit distributions
are shown in Fig. D 4.

The extracted signal strength for the EW Zy process is pugw = 1.02 + 0.09 (stat) +
0.09 (syst) = I.OZt%: lé, which excludes the background-only hypothesis with a significance
well above 5o. The corresponding fiducial cross section is measured to be 3.6 + 0.5 fb,

compared to the MC prediction of 3.5 + 0.2 fb. For the total EW+QCD Zvy production, the

measured and predicted inclusive cross sections are 16.8*2% fb and 15.739

& b, respectively.

The impact of each category of systematic uncertainty is summarized in Table D.4.
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Figure D.4 Post-fit m ;; distributions in (a) EWK signal region (SR), (b) the EWK control region 1
(CR1), and (c) the total EW+QCD region. Overflow events are included in the last bin. The statistical
uncertainty is shown as black vertical bars, while the systematic uncertainty is represented by the
hatched band, including correlation determined by the fitting.[*’3],

Table D.4 Summary of relative uncertainties for the EW and EW+QCD Zy cross-section mea-
surements?7*!,

Data stat. MC stat. Background Reco EW mod. QCD mod. Total

Aogw/oew [%] +9 +1 +1 +4 w8 ) 13
Aoz, [0y [] +3 +1 +2 + +7 +9 +2

D.3 Unfolding Study
D.3.1 Basics

The unfolding procedure is a key step in estimating the difference between the experi-
mental results at the reconstruction level and those at the particle level (truth level). This
difference arises because, in the experiment, only reconstructed observables can be accessed,
which depend on the specific detector setup and its associated phase-space selections and
measurement resolutions. However, theoretical predictions are usually defined at the particle
level, independent of any particular detector configuration or simulation. Therefore, unfold-
ing is developed to correct these differences by accounting for the effects of phase space cuts,
and the migration of studied observable. The basic concept of the unfolding procedure is
illustrated in Fig. D.5, and the three main effects it aims to correct are shown in Fig. D.6.

Unfolding can be regarded as the inverse of the detector simulation, or more specifically,

u = R7'(v — ), where v is the reconstructed data, 8 the background, R = M X f the
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Figure D.5 Conceptual illustration of the unfolding procedure.
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Figure D.6 Illustration of the three main effects corrected by the unfolding: (a) reconstruction
efficiency, where detector effects cause events to be dropped by the cuts (¢); (b) fiducial correction,
where events outside the fiducial phase space are reconstructed as passing the cuts (1); and (c)
bin-by-bin migration of the studied observable (M).

response function (a matrix in histogram-based studies), and u the unfolded result for the
targeted signal.

The conventional method, Iterative Bayesian Unfolding!?’®!, utilizes the Bayesian ap-
proach. In this framework, u is treated as P(true) and v as P(reco), while R™! is interpreted
as the posterior and can be solved through Bayes’ theorem. The iterative solution as shown in

Equation D.1, starts with u(, which is initialized from the MC truth as the best prior estimate.

u*(true) :/ui(true)%

vi(reco) = / u' (true) P(recoltrue) d(true) .

P(reco|true) d(reco) ,
(D.1)
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This method is effective when the signal dominates and systematic uncertainties are
treated as fully uncorrelated during unfolding. However, it encounters difficulties in the case
of the EW Zy process, where the QCD Zy component must be determined simultaneously
and the systematic uncertainties affect both. To address this, a new method, Binned Likelihood
Unfolding, is employed and studied. This method treats the unfolding as a fit to sub-samples
of the reconstructed distribution, where each sub-sample contains all events from one truth
bin, as illustrated in Figure D.7. The method is implemented in Ref.[*’®! and has proven
to be efficient for handling differential measurements in the presence of large background

contributions and complex systematic uncertainty correlations.
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Figure D.7 Conceptual illustration of the Binned Likelihood Unfolding

D.3.2 Unfolded Variables

The observables used for the unfolding are listed in Table D.5. The unfolding procedure
is repeated for each observable, in both the EW and EW+QCD analyses. The binning of
each observable is optimized to include as many bins as possible for physics motivation,
while satisfying the following requirements: sufficient statistics in each bin (to control both
data statistical uncertainty and MC statistical uncertainty), a large signal-to-background ratio
(to control background unc.), and high purity (to avoid large migration corrections). This

measurement provides the most complete set of unfolded results for this signature to date.

D.3.3 Tests of Unfolding

A common shortcoming of all unfolding methods is the amplification of statistical fluc-
tuations. Since the available statistics are often limited, and are further reduced through

iterative use or sub-division, the statistical uncertainties become increasingly pronounced.
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Variable Binning Unit
L(y) [0,0.075,0.15,0.225,0.3,0.4] -
Ay(Jj1, j2) [1,1.75,2.5,3.5,5,9] -
Ap(Zy, jj) [0,2,2.95,3.2] -
m;; [150,250,500,1000,1600,2400,5000] GeV
mz, [100,150,200,250,350,700] GeV
p? [50,100,175,300,500,1000] GeV
plT‘ [30,65,100,150,250,500] GeV
24 [25,35,50,75,150,500] GeV
24 [0,50,100,150,250,800] GeV
pfy [0,50,100,150,200,500] GeV

Table D.5 Unfolded variables and optimized binning. p?, l(y) and A¢(Zy,jj) are only for
EW+QCD Zyj j unfolding. m ;; binning is different for EW Zv unfolding due to m;; > 500 GeV cut.

To mitigate these fluctuations, various regularization techniques specific to each unfolding
algorithm are applied. However, regularization inevitably introduces potential biases, mak-
ing thorough bias checks essential in any unfolding study. Significant biases should be
minimized through appropriate tuning of the regularization, while any remaining deviations
must be assigned as systematic uncertainties.

The major tests are summarized as follows. Unless otherwise stated, the pseudo-data
sample, denoted as v, is constructed using MC, where the corresponding truth distribution u
is known. All reweighting procedures are applied at the truth level on u, and the reconstructed
pseudo-data v is modified consistently, since the truth and reconstructed events are linked
within the MC sample. For events outside the fiducial truth phase space, the corresponding
reconstructed events in v are used.

* Closure Test with Limited Statistics: The MC sample is randomly divided into two

statistically equivalent subsets. One subset is used to estimate the response matrix
R, while the other is used as pseudo-data v for testing. The unfolded result is then
compared with the known truth distribution to verify the statistical stability of the
unfolding procedure.

* Pull Test: A series of pseudo-experiments ("toys") are generated by fluctuating the
reconstructed pseudo-data according to Poisson statistics. Each fluctuated dataset is
unfolded independently. The ensemble of unfolded results should follow a Gaussian
distribution centered at unity with a width consistent with the statistical uncertainty

estimated from the maximum-likelihood fit, as shown in Figure D.8 and D.9. This test
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validates whether the reported statistical uncertainties correctly describe the expected
statistical behavior.

* Functional Reweighting Test: The pseudo-data are reweighted to mimic a potential
BSM effect, for example by enhancing events in the highest m;; bin. The unfolding is
then performed and the unfolded result is compared to the reweighted truth distribution.
This test evaluates whether the unfolding introduces any bias that could affect the
sensitivity to new physics.

* Alternative MC Test: An alternative MC generator is used to produce pseudo-data,
which are then unfolded using the nominal response matrix. The unfolded distribution
is compared to the corresponding truth distribution from the alternative MC. This
test assesses the robustness of the unfolding against modeling differences between
generators.

* Data-driven Closure Test: As an ultimate validation, the pseudo-data are reweighted
to match the real data distributions. The unfolding is performed, and the results are
compared to the reweighted truth. This test examines whether data/MC discrepancies
could create bias for unfolding. The reweighting is applied empirically by comparing
data and pseudo-data in the reconstructed distribution and design the truth reweighting
function for u, as shown in Figure D.10.

* Hidden Variable Test: Similar to the data-driven test, but performed by reweighting an
observable different from the one being unfolded (e.g., a correlated kinematic variable
u’). This test probes potential biases arising from data/MC differences in correlated
observables.

Comprehensive tests were carried out for all observables, with representative results

shown in Figure D.11,D.12 and D.13 for the m; distribution. In all cases, the observed biases
and deviations are found to be negligible. Therefore, no additional systematic uncertainty is

assigned to the unfolding procedure.
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Figure D.8 Unfolded ; for each m;; bin across all pseudo-experiments in the pull test.
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Figure D.9 The pull (u; — 1)/0; for each m ;; bin across all pseudo-experiments.
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data distributions.
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Figure D.11 Unfolding tests for the m;; observable: (a) statistical test, (b) pull test, (c) functional
reweighting test, and (d) alternative MC test.
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Figure D.12 Data-driven closure test of m;; in the signal region (left) and control region (right).
The original un-reweighted truth template is shown in dashed green for reference.
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Figure D.13 Hidden-variable tests of m;; using (a) Ay;;, (b) {(y), and (¢) A¢., ;;. Pseudo-data
are constructed using reweighting functions that adjust another variable (indicated as “RW w/...”).
The un-reweighted nominal MC truth is shown as a green dashed line for reference.
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D.3.4 Results of Differential Measurement

The final results of the differential measurement are shown in Figure D.14, Figure D.15

for the EW Zy analysis and D.16, D.17 for EW+QCD Zvy analysis.
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Figure D.14 The EW Zvy differential cross-section in the EWK SR as a function of (a) the leading
lepton p7, (b) the leading photon p7, (c) the leading jet pr and (d) the Zy system pr. The solid
black line shows the unfolded differential cross-section, with statistical uncertainties indicated by
vertical bars and the total uncertainty represented by the grey band. The hatched area denotes the
uncertainty of the theoretical prediction. Overflow events are included in the last bin.*’¥!
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Figure D.15 The EW Zy differential cross-section in the EWK SR as a function of (a) the dijet
invariant mass, (b) the dijet rapidity difference and (c) the Zy and dijet azimuthal difference. The
solid black line shows the unfolded differential cross-section, with statistical uncertainties indicated
by vertical bars and the total uncertainty represented by the grey band. The hatched area denotes
the uncertainty of the theoretical prediction. Overflow events are included in the last bin.[?’¥]
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Figure D.16 The EW+QCD Zy differential cross-section in the EW+QCD region as a function of
(a) the leading lepton p, (b) the leading photon 27‘%0, (c) the leading jet p7, (d) the Z boson pr and (e)
the Zy system p7. The solid black line shows the unfolded differential cross-section, with statistical
uncertainties indicated by vertical bars and the total uncertainty represented by the grey band. The
hatched area denotes the uncertainty of the theoretical prediction. Overflow events are included in
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Figure D.17 The EW+QCD Zy differential cross-section in the EW+QCD region as a function of
(a) the dijet invariant mass, (b) the dijet rapidity difference, (c) the Zy and dijet azimuthal difference
and (d) the centrality of the system (Zvy). The solid black line shows the unfolded differential cross-
section, with statistical uncertainties indicated by vertical bars and the total uncertainty represented
by the grey band. The hatched area denotes the uncertainty of the theoretical prediction. Overflow
events are included in the last bin.[?74!
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