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Abstract

The nature and origin of dark matter (DM) remain among the most compelling open questions
in modern physics. This thesis presents a search for mono-energetic gamma-ray signatures from
dark matter annihilation in the Galactic Center (GC), using data from the Large-Sized Telescope
(LST-1) located at La Palma, Spain. Approximately 27% of the Universe’s mass-energy content
is believed to be DM. Indirect detection via gamma-ray observations offers a complementary
approach to direct and collider searches, with GC offering an optimal setting for investigating
DM.

This work analyzes five years of LST-1 observations at large zenith angles, maximizing
sensitivity to high-mass DM using the enhanced effective area for photons above 500 GeV. This
occurs because, at larger zenith angles, gamma-ray-induced air showers travel through a longer
atmospheric path, resulting in a larger light pool on the ground that effectively increases the
telescope’s collection area. Special attention is given to systematic uncertainties arising from
energy threshold and reconstruction effects, as well as, the analysis approach. The developed
pipeline reconstructs physical parameters from the telescope data, enabling a robust search for
sharp, monochromatic spectral lines characteristic of WIMP annihilation.

The analysis with LST-1 data from the GC region shows no significant excess above the
background. Consequently, 95% confidence level (C.L.) upper limits on the annihilation cross-
section for dark matter masses between 1 and 100 TeV are derived assuming annihilation
exclusively into photon pairs. The results demonstrate the capability of LST-1 for future DM
searches, showing great potential and significant improvement in the current best limits when
projected for similar exposure. The thesis discusses the implications of these findings within the
broader context of indirect detection efforts and outlines the prospects for the upcoming CTAO
observatory, CTA+ project, and continued research at TeV scales. It outlines the possibility of
multi-instrument studies using MAGIC data in the near future.

During my PhD, along with the LST-1 analysis, I also contributed to the development of
high-level processed MAGIC data observations from the GC region, to bring the files into a
more commonly used file format, to be analyzed using the official pipeline Gammapyﬂ This
work gives the possibility to perform a joint analysis of LST-1 and MAGIC data, and extend the
possibility of multi-wavelength analysis at other energy ranges, combining with observations of
different instruments. The development of this algorithm provides the opportunity to include
MAGIC data in the wider framework of multi-wavelength and multi-messenger studies and
builds the basis for the next generation studies by CTAO.

The thesis is organized as follows: Chapter 1 gives a brief introduction to the thesis. Chapter

2 introduces the quest for the DM by discussing some of the astrophysical evidence of its

"https://gammapy.org/



existence, while listing out various detection techniques and possible candidates. Chapter 3
describes the Cherenkov telescopes studying gamma-ray astronomy, with a focus on LST-1
and its observations of GC. Chapter 4 explains the data observations and processing of LST-1.
Chapter 5 demonstrates the DM line-search, presenting the first WIMP DM search results from
the LST-1 collaboration, and highlights our contribution to the study of systematic uncertainties.

The thesis concludes with the discussion of results in Chapter 6 and conclusions in Chapter 7.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics represents one of the most sophisticated and
successful theoretical frameworks in modern physics [76]. It provides a comprehensive descrip-
tion of all known elementary particles and accurately characterizes their interactions, having
achieved remarkable predictive precision, exemplified by the fact that the fine-structure is now
measured with an accuracy better than one part of 10'° [181}[111]]. While the Standard Model
provides a comprehensive description of elementary particles and their interactions, it does not
include gravity, which is instead described by General Relativity and is fundamental to cosmo-
logical frameworks such as the ACDM (A Cold Dark Matter) model. Despite its theoretical
self-consistency and predictive power, the SM does not account for the existence of Dark Matter
(DM), leaving a significant gap in our understanding of the Universe, as DM is estimated to
constitute about 27% of the total mass-energy content of the cosmos, substantially exceeding the
roughly 5% contributed by ordinary baryonic matter [76].

Addressing this gap, the ACDM model has emerged as the widely accepted cosmological
paradigm [193]]. Grounded in General Relativity (GR), ACDM successfully explains the dynam-
ics of the early universe as encapsulated in the Big Bang scenario [146, 32]] and provides an
excellent description of the formation and evolution of large-scale structures [224], such as the
galaxy clusters [239, 31]], the cosmic microwave background (CMB)[20], and the accelerated
expansion of the universe [[195, 202]]. The models name reflects its two principal components:
the cosmological constant (A) associated with dark energy driving cosmic acceleration, and
CDM, which interacts primarily via gravity (See [[195] and [202] for comprehensive reviews).

The evidence for DM is firmly established through numerous astrophysical observations:
Precision measurements of the CMB, supported by other cosmological data [20], robustly confirm
the ACDM model, in which DM constitutes approximately 27% of the total energy density and
nearly 80% of the matter content of the Universe [20]. Observations of galaxy cluster dynamics
reveal that the motion of galaxies requires the presence of additional, non-luminous matter
[251}252]], while the unexpectedly high rotational velocities of stars within individual galaxies
similarly imply significant quantities of unseen mass [207]], [196]]. Furthermore, the observed

abundances of light elements relative to hydrogen are consistent with baryonic matter composing
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only a small fraction of the Universe’s present energy density [[194]. These lines of evidence,
along with compelling results from studies of Type Ia supernovae [202] and observations of
merging galaxy clusters such as the Bullet Cluster [86], collectively endorse the existence of a

massive, non-luminous form of matter, the DM, as a fundamental constituent of the cosmos.

outside of

everyday matter exotic matter force particies standard model
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increasing mass —p»

Figure 1.1: The Standard Model of physics represented in a 2-dimensional logic, showing how particles
relate to the four principal forces and how the Higgs boson fits in. Credits: David Gilbraith and Carsten
Burgard, CERN Webfest 2012.

The DM plays a crucial role in the evolution and dynamics of the Universe. Observations
of its gravitational effects indicate a higher concentration of DM within galaxies and galaxy
clusters. Among the various theoretical candidates proposed to address this missing component,
Weakly Interacting Massive Particles WIMPs) [[126] have emerged as a particularly compelling

possibility and will be introduced as the primary focus of this thesis.

1.1 The Search for Dark Matter

Although the SM of particle physics has been remarkably successful in describing the fundamen-
tal particles and their interactions, it lacks any viable candidate with the properties necessary to
constitute DM. Nevertheless, a wide range of theoretical models propose DM candidates that
could generate observable signals in current and forthcoming experiments, raising the possibility
that the nature of DM may soon be uncovered.

Observational evidence indicates that the search for DM hinges primarily on its gravitational
effects on visible matter and radiation. Due to the universal nature of gravity, probing the detailed
properties of DM remains challenging. Constraints from astrophysical structures imply that DM
must undergo weak interactions only, with a minimum mass of approximately mpy > 10~ %V
if it 1s bosonic [[101}, 236, [147]], and mpys > 1keV if fermionic [234, 66]]. This foundation has

inspired extensive theoretical work proposing a broad variety of DM candidates (discussed in
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Sect. [2.2), mechanisms for their early-universe creation, and signatures amenable to experimental
detection [[150} 57, 113 50]. Among these candidates, WIMPs hold a prominent position. These
hypothetical particles interact with SM fields exclusively via the weak force [[150], arise naturally
in many extensions addressing the electroweak hierarchy problem, and can produce the observed
DM relic abundance through thermal freeze-out (see Sect. [2.2.T)). If DM is composed of WIMPs,
it could be detected via multiple complementary methods: direct detection through scattering off
ordinary matter in underground detectors [247], production in high-energy collisions at particle
accelerators [10], and indirect detection via observation of SM particles produced by WIMP
annihilation or decay within our galaxy or beyond [121]]. Indirect detection techniques, such as
gamma-ray observations, also include searches for cosmic rays and neutrinos, as well as other
electromagnetic signals that may arise from DM annihilation products, a topic elaborated in Sect.
2.6l A comprehensive and detailed review of indirect DM detection techniques and results is
provided in [[119], which thoroughly discusses the observational searches for WIMP annihilation

or decay signatures using gamma rays and other messengers.

1.2 Gamma Rays

Cosmic rays (CRs) represents a fundamental messenger in our Universe. These are charged
particles, such as electrons and positrons, and their trajectories are significantly deflected by
interactions with galactic magnetic fields. As a result, measuring cosmic rays at Earth’s position
does not allow a precise determination of the location of their original astrophysical sources.
For this reason, gamma-rays, which propagate through the universe without deflection, serve
as invaluable cosmic messengers for investigating the characteristics and origins of individual
astrophysical sources. Additionally, cosmic rays interact with Earth’s atmosphere, generating
extensive air showers. When we observe the sky using Cherenkov telescopes (see Sect. [3.2)),
the measured data comprise contributions from both true gamma-rays and cosmic rays. In
this context, the atmospheric cascades initiated by cosmic rays represent one of the dominant
background components, creating challenges for distinguishing and rejecting background signals

in gamma-ray astronomy. The methods for discriminating gamma rays from CR are described in

Sect. 4.1.2

Gamma rays are the highest-energy radiation in the Electromagnetic (EM) spectrum, starting
from ~ 100 keV and raising above ~ 100 TeV. The gamma rays originating in the universe carry
information about the location and nature of the astrophysical sources and their environments.
These photons can travel across cosmological distances without being deflected by magnetic
fields, allowing the tracing of gamma rays back to their source and the reconstruction of the

source location.

Gamma rays are primarily produced via non-thermal processes stemming from the accel-
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eration and interaction of charged particles at the Universe’s most energetic site Production
mechanisms include synchrotron radiation, inverse Compton scattering, and synchrotron self-
Compton (SSC) processes. Synchrotron radiation is an electromagnetic EM radiation emitted
when charged particles, such as electrons, are accelerated and forced into curved trajectories by
magnetic fields [209]. Conversely, inverse Compton scattering occurs when low-energy photons
gain energy through collisions with high-energy charged particles, typically relativistic electrons,
which transfer part of their energy to the photons, boosting them to X-ray or gamma-ray energies
[60]. The SSC radiation is a two-step mechanism: relativistic electrons first emit synchrotron
radiation while spiraling in magnetic fields (producing low-energy photons), and then the same
electrons up-scatter these photons up to gamma-ray energies [[173].

Gamma-ray observations are conducted using both satellite-based instruments and ground-
based facilities, each optimized for different energy regimes. Satellite detectors such as the
Fermi Large Area Telescope (Fermi — LAT) employ pair-conversion techniques whereby gamma-
rays interact with matter to produce electron-positron pairs, which are subsequently tracked
and measured [88]]. The Fermi — LAT calorimeter, with a depth of approximately 89 radiation
lengths, is capable of measuring gamma-rays up to energies on the order of several hundred
GeV; however, this capacity is insufficient for very-high-energy (VHE) gamma-rays exceeding
TeV energies. Moreover, the finite physical dimensions of any satellite impose an additional
geometric constraint on detection sensitivity, reducing the effective collection area and thus the
probability of intercepting the already sparse flux of VHE gamma-rays.

To overcome these limitations, the Earths atmosphere is utilized as a natural calorimeter, pro-
viding an effective depth of up to approximately 30 radiation lengths. High-energy gamma-rays
interacting with atmospheric nuclei induce Extensive Air Showers (EAS), producing Cherenkov
radiation detectable on the ground. Imaging Atmospheric Cherenkov Telescopes (IACTs) exploit
this effect by capturing the Cherenkov light flashes, reconstructing the properties and arrival
directions of the primary gamma-rays through detailed shower imaging techniques [[104,|137,
184]]. Operational IACT arrays, such as MAGIC [29]], VERITAS [242]], H.E.S.S. [47], and
the Large-Sized Telescope prototype LST-1 [4]], enable observations of the gamma-ray sky at

energies extending well into the TeV regime. This study primarily relies on data from LST-1.

1.3 Modeling the Line-like Signal

The indirect detection of DM via gamma-ray observations involves searching for distinct spectral
features arising from the annihilation or decay of DM particles into Standard Model final states.
These gamma-ray signatures can be broadly categorized into three types. First, continuum spectra
resulting from the hadronization and decay of annihilation products (such as T 7~ pairs, gt~

pairs) produce a broad energy distribution. Second, internal bremsstrahlung processes generate

'Examples of these extreme astrophysical sites include supernova remnants, pulsar wind nebulae, active galactic
nuclei powered by supermassive black holes, gamma-ray bursts, and galaxy clusters, all of which are capable of
accelerating charged particles to very high energies and producing intense gamma-ray emission
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characteristic spectral features with a pronounced, but not strictly monochromatic, enhancement
near the kinematic endpoint. Third, direct annihilation channels producing monoenergetic
photons, such as DM annihilating directly into a photon and another neutral particle (yX), result
in an approximately monochromatic gamma-ray line feature at an energy close to the DM particle
mass [[119,71].

Among these, monochromatic gamma-ray lines represent a "smoking gun" signature of DM
annihilation as they are difficult to mimic through known astrophysical processes. However, such
signals are expected to be loop-suppressed in typical weakly interacting massive particle (WIMP)
frameworks, leading to lower fluxes compared to continuum signals [[119]. The annihilation of
DM particles into a photon and a second particle X (where X = ¥, Z boson, h (Higgs boson))
produces an approximately monochromatic spectral feature, with photon energy in the center-of-
mass frame given by Ey = mpm(1 —m% /4m¥y) [171]. A detailed discussion of this line-like
emission is provided in Sect. This thesis focuses on the search and analysis of these
line-like spectral features, which, if detected, would provide compelling evidence for the particle
nature of DM.

The search for gamma-ray line signals from DM annihilation is focused on the Galactic Center
(GC), a region expected to contain a high density of DM [54]]. The analysis model primarily
consists of the expected DM line signal and the background, which includes astrophysical gamma-
ray sources as well as residual hadronic cosmic ray backgrounds present in the observational
data. Further details on the modeling of the backgrounds and DM line signal are presented in
Sect. [5.1.4]and Sect. [5.1.5] respectively.

This work also presents original contributions in both the development of the analysis
pipeline and the interpretation of results, enhancing the capabilities of LST-1 in the search
for DM. The results demonstrate the LST-1’s potential in advancing DM searches. These
findings are presented in Chapter [5|and their significance, especially in constraining proposed
DM candidates, is discussed in Chapter [6]

1.4 Outline of this Work

The thesis is dedicated to the investigation of gamma-ray line signals as potential signatures
of DM annihilation. The analysis utilizes observational data from the LST-1 prototype of
the Cherenkov Telescope Array Observatory (CTAO). Analytical techniques include imaging
atmospheric Cherenkov methods and spectral analysis aimed at identifying monochromatic
gamma-ray features. The main objectives are to characterize and constrain the presence of line-
like spectral signatures in the gamma-ray emission from astrophysical target, the GC, thereby
contributing to the search for direct evidence of DM particle interactions. Chapter Two reviews
the evidence supporting the existence of DM by examining key astrophysical observations.
It discusses various detection techniques and candidate DM particles, focusing particularly

on WIMP as one of the most promising candidates. Additionally, it describes proposed DM
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density profiles and the expected signals from DM annihilation. Chapter Three introduces
gamma-ray astronomy and narrows the focus to IACTs, especially LST-1. This chapter also
details observational techniques, with emphasis on GC observations. Chapter Four provides
an overview of the data analysis for LST-1 observations, describing the experimental setup and
the sequence of data processing. It includes details about the data collected for the GC region,
alongside additional data from the Crab Nebula and selected OFF regions, used for sanity checks
and background testing, respectively. Chapter Five presents the DM analysis, starting from
combining observations and producing a dataset to computing upper limits on DM parameters.
The chapter reveals the 95% C.L. upper limits on the (ov) parameter of the expected flux of DM
annihilating into yy. Chapter Six discusses the current status of LST-1 results in comparison
with other experiments, highlighting the significance of this study and ongoing efforts by the
LST-1 collaboration. It explores potential detection or strong constraints on the Supersymmetry
(SUSY) Wino model as a DM candidate. The thesis concludes with Chapter Seven, which

presents a critical review of results and future prospects in DM research.
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Chapter 2

The Quest for Dark Matter

Our understanding of the Universe encompasses its formation, the elapsed time since its origin,
and its current state. Scientific evidence indicates that the Universe began approximately 13.8
billion years ago in an event known as the Big Bang. Since then, the Universe has been
expanding and evolving through distinct phases, including cosmic inflation, nucleosynthesis,
and the formation of large-scale structures such as galaxies and stars. Despite these advances,
many aspects of the Universe remain not fully understood, highlighting the ongoing nature of
cosmological research [[192]. Among numerous investigative approaches, studying the most
energetic rays traversing space, the gamma-rays, offers a promising path to uncovering these
mysteries. One of the foremost enigmas in this endeavor is DM, an invisible form of matter
that constitutes a substantial fraction of the Universe’s total mass but has thus far evaded direct
detection. The quest to understand DM lies at the heart of modern astrophysics and motivates
extensive research, including efforts to detect its signatures in high-energy gamma rays. This
chapter reviews the key astrophysical evidence supporting the concept of DM, discusses leading
candidate particles, and provides an overview of current detection strategies, with particular

emphasis on indirect detection methods, thereby laying the groundwork for subsequent chapters.

2.1 Observational Evidence for Dark Matter

The concept of DM originated from the pioneering work of Fritz Zwicky, who, in 1933, studied
the velocity dispersion of galaxies within the Coma cluster [251]]. Zwicky observed a significant
discrepancy between the mass calculated solely from visible matter and the mass required to
explain the observed velocities of galaxies. To account for this inconsistency, he proposed
the existence of "missing mass," now known as DM, which does not emit light but exerts
gravitational influence. This seminal idea laid the foundation for the modern hypothesis of DM,
which is explored in greater detail below.

Astrophysical evidence supporting the presence of DM is further reinforced by observations
such as galaxy rotation curves, gravitational lensing, and fluctuations in the CMB [207, 238|, 86,

40]. We examine these phenomena in detail in the following sections.
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2.1.1 Rotation curve of galaxies

Johannes Kepler, a pioneering 17th-century astronomer, formulated three fundamental laws of
planetary motion that describe how celestial bodies orbit massive objects, such as the Sun in our
solar system. Of particular relevance is Kepler’s Third Law, which relates the orbital period of a
body to its average distance from the central mass, and can be adapted to describe the rotational
dynamics of objects within galaxies. From Kepler’s law (Eq. [2.1)), we obtain the theoretical

rotation speed expected for any spiral galaxy.

2.1)

Where v(r) is the speed at distance r from the center of the galaxy and M(r) is the integrated
mass from the galaxy center to distance r. The rotational speed of galaxies can be accurately
measured by observing the 21 cm emission line produced by neutral hydrogen (HI) gas clouds.
This radio wavelength, which results from a quantum transition in the hydrogen atom, penetrates
dust and enables astronomers to trace the dynamics of galactic disks. By analyzing the Doppler
shift of the 21 cm line as detected by radio telescopes, it is possible to determine the velocity
distribution of hydrogen clouds at different radii and, consequently, derive the galaxys rotation
curve [38,81]]. If we assume that a galaxy is consisting of only visible matter, and as mostly the
galaxy is very bright at the central part as compared to the outer disc, so we can take M(r) to be
constant outside the galaxy center and then the velocity distribution v(r), at the outer part will
follow r—1/2 in Eq.

In Fig. 2.1] adapted from the 1991 study [48]], the rotation curve of the galaxy NGC3198
is presented. In NGC3198, the majority of stars lie within 8kpc of the galactic center (GC), so
if the mass were concentrated solely in this region, the rotation velocity would decrease with
increasing radius. However, the observed rotation curve remains approximately flat at larger radii,
providing strong evidence for a substantial unseen mass, DM, that supports higher rotational
velocities further from the center. A similar pattern is observed in the rotation curve of Messier
33, as shown in Fig. [2.2]from the study by Corbelli et al. [99].

2.1.2 Weak Gravitational Lensing as a Probe of Dark Matter

Gravitational lensing is a phenomenon where the path of light is bent near a massive object
due to the influence of gravity. This deflection allows observers to detect background galaxies
that would otherwise be obscured by more massive foreground galaxies. In cases where the
gravitational field is relatively weak and the resulting distortions are subtle, the effect is known
as weak gravitational lensing [237, 98||. By statistically analyzing the distortions in background
galaxy shapes caused by this weak lensing, it is possible to reconstruct the distribution of total
mass, including the otherwise invisible DM along the line of sight [232, 141} [151].

A prominent example of this technique is the observation of the galaxy cluster 1E0657 — 558
using the Hubble Space Telescope (HST) [86], which enabled detailed mapping of the spatial
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Figure 2.1: The rotational curve of the spiral galaxy NGC3198. Black dots show the rotational velocity
obtained from the Doppler shift of the 21 cm line (the neutral hydrogen atom spectrum). The dashed line
is the rotational curve of the core part of the galaxy, the dash-dotted line is the rotation curve assuming
DM, the dotted line is the gas rotation curve, and the solid line is the sum of these lines. The rotational
velocity of the galaxy is almost constant, indicating that the gravity source mass increases in proportion to
the radius of the galaxy. The constant velocity range extends far beyond the disk, a group of glowing stars,
and indicates the presence of DM. Image credits: K. G. Begeman et al. [48]].

distribution of DM through weak lensing measurements. This method relies on comparing the
shapes and orientations of background galaxies to infer the intervening mass distribution that
causes their distortion. In Fig. [2.3] (Left panel), observations of the cluster 1IE0657 — 558 with
the Magellan Telescope [215]] in visible light are shown. The green contours superimposed
indicate the mass distribution derived from gravitational lensing analysis, providing a direct

probe of the cluster’s total mass, including its DM component.

2.1.3 X-ray Observations of the Bullet Cluster and Dark Matter Evidence

The galaxy cluster 1E0657 — 558, widely known as the Bullet Cluster, also emits strong X-
rays, which result from bremsstrahlung radiation emitted by high-temperature baryonic ga{] at
temperatures around 10 keV Such hot plasma requires a substantial gravitational potential to
remain gravitationally bound, and thus the total cluster mass can be estimated from the intensity

and energy of the observed X-ray emission.

!The baryonic gas present in galaxy clusters, often referred to as the intracluster medium (ICM), consists
mainly of highly ionized hydrogen and helium at extremely high temperatures (on the order of 10 keV, or roughly
100 million Kelvin). This hot, diffuse plasma emits X-rays primarily through thermal bremsstrahlung radiation,
where free electrons are decelerated in the electric fields of ions, producing a continuous emission spectrum. The
presence of this X-ray emitting gas is crucial because it traces the gravitational potential well of the cluster, which is
dominated by DM.
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Figure 2.2: Rotation curve of the spiral galaxy M33, yellow and blue points are the observed points
shown with error bars, and the dashed line is the predicted one from the visible matter. Image credits:
Mark Whittle

The hot baryonic gas interacts electromagnetically and undergoes collisions during cluster
mergers. Consequently, the gas slows down and accumulates near the collision interface between
merging clusters. The right panel of Fig. [2.3|displays X-ray observations of this high-temperature
plasma obtained by the Chandra X-ray Observatory. The spatial offset between this baryonic
gas and the total mass distribution detected through lensing provides a distinct observational
signature. This configuration allows astronomers to differentiate the distribution of normal
baryonic matter from DM [[131]]. While the baryonic gas experiences shocks and accumulates
at the collision site, the DM, which interacts primarily via gravity and very weakly otherwise,
passes through without significant interaction. This phenomenon provides compelling evidence
for the existence of DM at the galaxy cluster scale.

Comparing the left and right panels of Fig. [2.3| highlights the presence of "missing mass",
mass inferred from gravitational lensing but not accounted for by visible matter. This mass is

attributed to DM, which travels ahead of the collisional baryonic gas during the cluster merger.

2.1.4 Cosmic Microwave Background

The ACDM, widely regarded as the standard cosmological model, incorporates the presence
of CDM to explain the formation and evolution of large-scale structures in the universe. In the
framework of the ACDM model, assuming a spatially flat universe, the Friedmann Equation
[167] can be used to derive Eq. [2.2] which describes the evolution of the cosmic scale factor.
a 2—H2 Qm+Qr+Q 2.2)
a) 0l ad " at A '
Where a is the scale factor, controlling the size of the universe, and Hy is the Hubble constant.

The Q,,, Q,, and Q, are the energy densities of matter, radiation, and the cosmological constant,
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Figure 2.3: Left Panel: Image from the Magellan images of the merging cluster 1E 0657-558, with white
bar indicating 200 kpc at the distance of the cluster. Right Panel: 500 ks Chandra image of the cluster.
Shown in green contours in both panels are the weak-lensing k reconstructions, with the outer contour
levels at k = 0.16 and increasing in steps of 0.07. The white contours show the errors on the positions of
the k peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. Image credits: Clowe et al.
(80]

respectively. These €2,,, Q, and Q, are called as the cosmological parameters, each of the term
is normalized by the critical density (p, = 3¢*H3/87G). The Q,, can have two components, the
baryonic density parameter and €, and the DM density parameter Q.

6000 [T

5000 |

4000 |

(K]

3000 |

TT
i

2000 |

1000 |-

O,
600
300 £

t

460
430

E [
300 F H-30
-600 | L . . L . 360
—-300 -200 —100 0 100 200 300 2 10 30 500 1000 1500 2000 2500
#Kemb ¢

ADIT
-

Figure 2.4: Left: The CMB intensity map in Galactic coordinates. Right: The angular power spectrum of
the CMB anisotropies obtained by Planck satellite. The blue bars show data points, and the red line shows
the A-CDM model fit, and the lower plot shows the residuals from theoretical assumptions. Image credits:
Planck Collaboration [[19].

The cosmological parameters are primarily determined through observations of the CMB
radiation, which is observed to be nearly isotropic across the universe. The CMB provides a
snapshot of the first photons released during the epoch of recombination, when the hot early
universe cooled sufficiently to become electrically neutral, allowing photons to propagate freely.
This radiation exhibits a near-perfect black-body spectrum with a present-day temperature mea-
sured as Ty = 2.725+£0.001 K. At the time of recombination, the temperature was approximately
~ 3000 K, and the expanding universe has since redshifted the photon wavelengths accordingly.
Observations by the Planck satellite revealed temperature fluctuations across the entire sky with
a magnitude on the order ~ 100 uK [20].

The Fig. [2.4]displays the CMB intensity map in galactic coordinates, highlighting anisotropies
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arising from these small temperature fluctuations. The right panel shows the angular power spec-
trum as measured by Planck, which enables precise determination of cosmological parameters
through comparison with theoretical models. The best-fit parameters from these observations
include a total matter density €, = 0.321 4-0.013, baryon density ;4> = 0.02212 - 0.00022,
and CDM density Q% = 0.1206 + 0.0021 [20]. In conclusion, the results discussed above
robustly support the A-CDM model, which predicts the existence and density of CDM.

2.2 Dark Matter Candidates

Having established the existence of a "missing" mass, a matter that can explain the previously
unresolved questions of the universe, which we call DM, it is essential to characterize its
properties in detail. The prevailing view is that DM was generated in the early Universe, and
as the Universe expanded, its density decreased, causing its interactions with ordinary matter
to become increasingly rare. DM is broadly classified into two types: thermal relic and non-
thermal relic DM. Thermal relic DM can be further subdivided into hot DM (HDM) and CDM,
depending on whether the particles were relativistic or non-relativistic at the time they decoupled
from ordinary matter. Neutrinos were once considered promising HDM candidates; however,
N-body simulations have ruled out neutrinos as the dominant form of DM [245]]. Meanwhile,
CDM is strongly supported by numerical simulations of large-scale structure formation in the

Universe. In the following sections, we discuss some of the promising candidates for DM.

2.2.1 Weakly Interacting Massive Particle

The WIMPs are the hypothesized heavy particles that are not a part of the standard model
(SM) but are supposed to interact weakly with the SM particles, collectively called WIMP.
The WIMPs can be CDM, non-baryonic in nature, stable, and electrically neutral. The WIMP
hypothesis provides a well-motivated explanation for the observed thermal relic density. The DM
particle is hypothesized to be a relic particle that originated from a state of thermal equilibrium
in the early Universe, where pair creation and annihilation processes maintained equilibrium
when the temperature T was significantly higher than the DM particle mass my (i.e. T >> my)
[200]. The annihilation rate I' of DM is a key quantity in determining its relic abundance. It can
be expressed as the product of the annihilation cross-section 0y, the relative velocity v, and the

equilibrium number density n.4, as shown in Eq. @ [150,56].

I'= Ounn-vneg 2.3)

As the universe expands and cools, the temperature eventually falls below the mass of the
WIMP particle. Consequently, the equilibrium number density 7., decreases exponentially
following the Boltzmann factor, exp(—m, /T ), reflecting the diminishing thermal production of
these particles. When the annihilation rate I" = expansion rate of the Universe (H), the distance
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to interact particles with each other is the Hubble radius. As the universe expands and the
temperature decreases, DM particles progressively find it increasingly difficult to annihilate with
one another, leading to their decoupling from thermal equilibrium. This process is commonly
referred to as ’freeze-out,” occurring at a characteristic freeze-out temperature approximately
given by Ty ~ m, /20 [125]]. The observed relic density is given by Eq.

3x 107 emds!

<Gannv>

Qh? ~ (2.4)

Where the Qxh2 is the relic density, (0,y,v) is the averaged annihilation cross-section times
the thermal velocity distribution. If the cross-section is large, the decoupling gets slower and the
temperature at freeze-out becomes lower, which means the particles have more time to annihilate
with each other. If we assume that the WIMP is the dominant component of the DM and Qxhz
as the DM density, then as mentioned in the previous section on CMB, Q%h2 ~ Q.h? = 0.1206.
That makes the total annihilation cross-section as (Gg,,v) = 3 X 10~ 26¢m3s~1. For a DM
particle mass of my ~ Egw ~ 200 GeV in the electro-weak scale, then the cross-section roughly
estimates to Ggw ~ G%T% ~ 1078GeV 2, where Gp is the Fermi Coupling constant. After using
the Fermi coupling constant for calculating the cross-section, the thermally averaged annihilation
cross-section can be calculated as shown in Eq.

cm

(Cannv) ~ IO_SGeV_Z(hc)Z(v)T ~ 10720cm3s~! (2.5)

From the equipartition theorem [200], the thermally averaged velocity can be estimated.
Using the physical constant fic ~ 10728GeV?cm? and typical thermal conditions, the average
velocity is approximately (v) ~ ¢/3 cm/s, where c is the speed of light. These two cross-sections
are calculated using different arguments, the former being the thermal freeze-out and the latter
being from the weak-scale assumption. This coincidence is called "WIMP miracle", and this
makes WIMP one of the strongest candidates for DM.

2.2.1.1 Supersymmetry

In particle physics, the SM was established in the 1970s and successfully describes phenomena
at the electroweak energy scale, as encapsulated by the Glashow-Weinberg-Salam (GWS) theory.
Beyond this scale, two important higher energy scales are recognized: the Grand Unified
Theory (GUT) scale, where the fundamental forces may unify, and the Planck scale, associated
with gravitational interactions. The interactions described in the SM, strong, electromagnetic,
and weak, each possess a coupling constant whose magnitude varies with the energy scale.
According to GUT, these coupling constants converge to a single unified value at an energy
scale of approximately Mgyt ~ 10'® GeV. In the current SM, the gravitational interaction is not
considered because it is much weaker than the other three. But, at the Planck scale Mpjanck ~ 10
GeV, the interaction due to gravity needs to be taken into account. Among the three discussed

energy scales, the energy gap between GUT scale and the Planck scale is substantial, spanning
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approximately three orders of magnitude. The current SM can unify the electromagnetic and
weak forces, but can not unify the other two forces with its extension, because of the huge energy
scale gaps. This is known as the gauge hierarchy problem. The supersymmetry was introduced
to solve this problem [105]]. Supersymmetry is the symmetric invariance under a transformation
between bosons and fermions. The framework known as the Minimal Supersymmetric Standard
Model (MSSM) extends the SM by introducing a supersymmetric partner for each SM particle,
representing the minimal particle content necessary to incorporate supersymmetry consistent
with current physics. The model, known as the minimal extended standard model, where one
super-partner for each SM particle is introduced, is called the Minimal Supersymmetric Standard
Model (MSSM)

Table 2.1: SM particles and their MSSM partners [150, |174].

SM particles SUSY particles
Symbol Name Spin Symbol Name Spin
g=uc,t up quarks 172 gl ...,q~2 up squarks 0
q=d,s,b down quarks  1/2 c]}i, ...,qg down squarks 0
l=e,u,t leptons 172 l,....1s sleptons 0
Ve, Vi, Ve neutrinos 172 Vi, V3 sneutrinos 0
h,H, A, H* higgs 0 AY H), A* higgsino 12
g gluons 1 g gluinos 172
w+2z0 Weak bosons 1 wE wo winos 172
Y photon 1 BY binos 172
G graviton 2 G gravitino 372

In the Tab. it is listed that each fermion has a bosonic super-partner with spin 1/2 and
each boson has a fermionic super-partner with spin 1. In supersymmetry, lepton number and
baryon number are not necessarily conserved due to the presence of renormalizable interactions
that violate these quantum numbers, but ’R-Parity’ is conserved. Where, the *R-Parity’ is defined

as,

R = (_1)ZS(_1)3B+L (26)

Where s is the spin of the particle, B is the baryon number, and L is the lepton number.
Generally, the value of "R-parity’ for SM particles is 1 and for SUSY particles is -1. A good
candidate for a DM particle is Neutralino [56]]. It is a stable particle and is a candidate for Light
Supersymmetric Particles (LSP). Due to the R-Parity conservation law, the LSP cannot decay
to lighter particles, making it a stable particle. There are four possible neutralinos : neutral
wino WY, bino B, two neutral higgsino I:I(l)7 ﬁg, and these can be linearly combined to express

neutralino ¥ .

X = aB+ a2W0 + a3H(1) + a4I:I(2) 2.7

these ay,a», a3, ay are relative weights.
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2.2.1.2 Universal Extra Dimension

The Universal Extra Dimension (UED) model is another approach as a solution to the gauge
hierarchy problem. The UED model assumes an extra hidden dimension in addition to the (3+1)
spacetime. It was proposed by T. Kaluza [[152] and O. Klein [[154]]. The extra dimension is
assumed to be compactified in a certain radius R. And the size of R is inverse to the energy
scale of the Kaluza-Klein (KK) particle masses [[152} 154]. It is also assumed that the particle
can access an extra spatial dimension of size smaller than R resulting in a series of discrete,
higher-mass states known as Kaluza-Klein (KK) excitations. Mass states of these particles are
given by m2 = m(z) + (nR™1)? [[124] where m,, is the KK-particles of n-th order of excitation and
my is the original mass, and R is the compactified radius. This LKP (Lightest Kaluza-Klein)
particle, if it is neutral, can be a good candidate for DM [214]].

2.2.2 Axion-like Particles

Another of the possible candidates is the Axion, which is a neutral and light pseudoscalar particle
that comes from quantum chromodynamics (QCD). This particle was hypothesized to explain the
CP (C: charge; P: parity) symmetry problem. According to the theory, the symmetry is expected
to be broken through strong interactions which govern QCD [228]]. However, experiments show
that QCD does not violate CP symmetry to an extremely high degree of precision. This is
known as the "Strong CP problem" or "fine-tuning problem". In 1977, R. D. Peccei and Helen
R. Quinn introduced the Peccei-Quinn symmetry as the dynamic field, and it is spontaneously
broken to keep CP symmetry in QCD sector. And for this spontaneous symmetry breaking, they
introduced another Nanbu-Goldstone boso as a new particle, which is called Axion. This is
also a hypothesized candidate for CDM with a non-thermal production mechanism. These are
searched for based on the Primakov effect. Primakov effect states that an axion is converted
to a photon in a strong magnetic field [218]. Observations of stars, supernova explosions, and
more such events, where the magnetic field plays an important role, are used to constrain the
parameters, such as the mass and coupling constant between the axion and photon. Fig. [2.5]
shows some of the constraints set on the parameter space for Axion-like particles (ALP) using

various experiments [43]].

2.3 The Search for WIMP

Having reviewed various DM candidates, we now focus on the candidate of primary interest,
the WIMP. This section outlines the current efforts directed towards searching for WIMPs.
These search strategies broadly fall into three categories: (1) high-energy collider experiments

that attempt to produce WIMP directly [[10]; (2) direct detection techniques employing highly

2Nambu-Goldstone bosons are massless scalar particles that arise as a direct consequence of spontaneous
breaking of continuous global symmetries in quantum field theory. These bosons correspond to excitations along
the degenerate vacuum manifold created by the symmetry breaking and reflect the broken symmetry generators.
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Figure 2.5: ALP parameter space with constraints (last update: July 2020) from various experiments.
Image credits: Ivana Batkovic et al.[43)].

sensitive detectors located deep underground to observe WIMP scattering off ordinary matter
[34]; and (3) indirect detection methods which aim to detect photons or other SM particles
produced by the annihilation or decay of WIMPs in astrophysical environments [121]]. These
complementary approaches collectively span different ranges of DM mass and interaction cross-

sections, providing a comprehensive framework for constraining WIMP properties.

2.4 Particle Colliders

In a particle collider, the particles are made to collide with each other at sufficiently high energy,
and are expected to produce new particles such as SUSY or KK particles. In the case of SUSY
particles, the produced particles are thought to decay into stable Lightest Supersymmetric Particle
(LSP), and if it is a neutralino, it won’t interact with ordinary matter. Hence, the characteristics
of SUSY particles are observed as energy or energy-momentum imbalance. The mass and
cross-section of these new particles can be determined by precisely measuring their production
rates and the associated energy or momentum deficit. This approach enables the exploration and
detection of a broad range of DM particle models. Currently, the highest energy achieved by
a collider is at the Large Hadron Collider (LHC) in CERN, Switzerland [[142]. The LHC has
a 27-kilometer ring of superconducting magnets to accelerate protons, achieving a maximum
energy of 13 TeV. The LHC has the detector, A Toroidal LHC ApparatuS (ATLAS)[87]] and the
Compact Muon Solenoid (CMS) [87]], with some more experiments. One of the most significant
scientific achievements of the 21st century was the discovery of the Higgs boson at CERN
[79]l, [2]. And now they are also searching for new particles, like DM. The Fig. [2.6|shows the

upper limits of the Spin-Independent cross-section of a WIMP and a nucleon. The Search by
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colliders is model-dependent, but they can reach the lower mass region (< 10GeV) that direct

DM experiments cannot.

2.5 Direct Detection Technique

The direct detection technique focuses on detecting interactions between WIMP and an atomic
nucleus. The signal arises from the nuclear recoil produced when a WIMP elastically scatters off
a nucleus within the detector material. Given the expected low event rates, one of the most critical
challenges in direct detection is minimizing background noise to enhance sensitivity. To achieve
this, many detectors are located deep underground to shield against cosmic ray backgrounds and
other sources of interference [35} 24, [103]].

Two key hypotheses help identify unique features of WIMP-induced signals that differentiate
them from ordinary interactions, such as those produced by alpha particles or neutrons. These
distinguishing characteristics are crucial in isolating potential WIMP signals from the dominant
background noise in experimental data. The first one is the case of annual modulation due to
the relative motion of Earth around the Sun, and the second is a diurnal modulation due to the
rotation of Earth [[164]. The annual modulation effect can be seen as the expected differential
rate differing over a whole year and is modeled depending on DM mass and its scattering cross-
section. Experiments like the XENON1T[35]] and LUX[24] are running on this hypothesis. In an
alternative approach, the "WIMP-wind" caused by the solar systems motion through the galaxy
is measured. Our solar system moves through the Milky Way galaxy toward the direction of the
Cygnus constellation, specifically near the Cygnus OB2 stellar association. Due to this motion,
the hypothesized "WIMP wind’, an apparent flux of DM particles is expected to predominantly
originate from this direction rather than from the opposite side of the galaxy. Here, the energy
deposit from nuclear recoil and its arrival direction is measured. An important thing in this
approach is the track reconstruction, energy measurement, and low background [175]]. Currently,
experiments such as NEWAGE[217], DRIFT[103], MIMAC[211], DMTPC[44], etc, are running
based on this approach.

In either case, the WIMP interacts via Spin-Dependent (SD) or Spic-Independent (SI) cou-

SD
GXN’

total scattering cross-section is given by the addition of the individual cross-sections. Depending

plings [213]]. The scattering cross-section can be represented as oyy = 652\, + where the

on the target nuclei, one of the other cross-sections dominates. For example, for SI, xenon works

well, whereas for SD, hydrogen, helium, and fluorine work well [213]].

2.6 Indirect Detection Technique

The WIMP existing in the Universe may produce SM particles as end products from the annihi-
lation or decay of WIMP DM particles [[153]]. These secondary particles exhibit characteristic

energy spectra, which, upon measurement and model fitting, can potentially be distinguished
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Figure 2.6: Results of upper limits of Spin-Independent scattering cross-section between a nucleus and
WIMP as a function of DM masses. The orange shaded region is the cross-sections indicated by neutrino
coherent scattering. The yellow area shows the cross-sections expected by typical SUSY models. Image
credits: "Review of Particle Physics", Physical Review D [22§].

from astrophysical backgrounds, providing insight into the nature of the parent DM particles.
By analyzing the fluxes of these particles, it is possible to constrain key DM properties, such
as annihilation cross-section and mass. For instance, such constraints have been derived from
gamma-ray observations of dwarf spheroidal galaxies by experiments like Fermi-LAT, which
have set upper limits on the DM annihilation cross-section over a range of masses (200 MeV -
500 GeV) [17]. This approach also enables testing of leading hypotheses related to the canonical
thermal relic production of DM. Numerous ongoing experiments aim to detect high-energy cos-
mic rays, gamma rays, neutrinos, and other particles in pursuit of WIMP signatures. Neutrinos,
being electrically neutral particles, serve as excellent probes in DM searches since they are unaf-
fected by cosmic magnetic fields. This property allows neutrinos to travel in straight paths from
their sources, enabling precise tracing back to the origin of the radiation. Neutrinos themselves
are difficult to detect, as compared to other end products of the annihilation or decay, as they
interact with matter very weakly (around 1 GeV, the cross-section is approximately 10738 to
1073 cm?) [41]. The technique used to detect neutrinos is to measure the scattering cross-section
between DM particles and a nucleon. Currently, many experiments are running for the detection
of neutrinos, such as ANTARES[221]], Super — Kamiokande[227]], and IceCube[90]]. Among
the many end products of the annihilation and decay, there could be many particle-antiparticle
pairs. The anti-particles existing in the universe are thought to have been basically created by
cosmic-ray spallation. The observed excess of antiparticles relative to particles can potentially
be explained by processes involving DM annihilation or decay. In this context, the asymmetry in
the antiparticle-to-particle ratio is interpreted as a signal arising from DM interactions. Charged
particles experience the Lorentz force due to magnetic fields, which alters their trajectories and
changes their arrival directions. This deflection complicates the task of tracing them back to their

original sources, making it challenging to distinguish contributions from DM interactions against
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the astrophysical background. Many experiments have been working on the collection of charged
particle data, for example AMS — 02[206], PAMELA[120]] and Fermi — LAT[88, 93]]. Photons
represent a crucial probe in the search for DM. Since photons also travel undeflected by cosmic
magnetic fields, any detected photon signal can be traced back to its source, enabling localization
of the regions where WIMPs annihilation occurs. This distinct directional information aids
in identifying and characterizing potential DM annihilation sites. An interesting thing in this
signal search would be the total amount of signal in the line of sight of our observation, so the
best-case scenarios are those where the expected DM density is high. Consequently, another
interesting thing about photons would be the spectrum, as mentioned above. Broadly, the photon
spectrum is divided into two categories: line-like spectral shape and continuum spectrum. When
DM annibhilates to produce directly yy or yZ [53l 108, |52], the spectrum will be like a sharp
line-like shape. This characteristic signal is unique to distinguish from most of the astrophysical
background sources, hence this is also called as "smoking-gun" signature. This is why it is also
the main topic of interest of this thesis. The other is a continuum spectrum of the annihilation or
decay products as a secondary emission. These can be produced using several processes, such as
bremsstrahlung and cascade decays [233]]. WIMP producing final-state photons are expected to
be of mass around GeV — TeV range. Hence, the photon emission is expected in the range of

gamma-rays [[119].

2.7 Indirect Search by VHE Gamma rays

2.7.1 Dark Matter Density Profile

The theory describing the origin of cosmological large-scale structures, such as galaxies and

galaxy clusters observed today, is based on a hierarchical structure formation scenario [224].
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The standard cold DM (CDM) model is widely accepted for explaining cosmological structure
formation and is extensively studied through N-body simulations [223, |102]]. These N-body
simulations indicate that DM is distributed in a roughly halo-shaped configuration around
galaxies, exhibiting a universal density profile commonly referred to as the DM halo. While the
density distribution of DM is well understood at distances greater than 1 Mpc from the Galactic
Center (GC), multiple competing models describe the density profiles near the central regions of
galaxies such as Navarro-Frenk-White (NFW) [1835], Einasto[39], etc. Careful selection of the
appropriate density profile is essential when analyzing data at the GC.

One of the most widely used DM density profile models is the NFW profile, named after and
proposed by J. F. Navarro, C. S. Frenk, and S. D. M. White [185]]. They demonstrated, based on
results from N-body simulations, that cold DM coalesces hierarchically and accumulates under
its own gravity, resulting in a characteristic halo density distribution. The NFW is mathematically
expressed as shown in Eq.

pnrw (1) = W (2.8)

Where r is the distance from the center of the profile, the scale radius ry determines the point
to change the curvature of the profile, and py is the density normalization parameter. This NFW
profile has a "cusp" power-law shape in the region close to the center of a galaxy (pngpw o< 7'
at r << ry and PNpw < r~3 at radius r >> rg). Another of the density distribution profiles, the
Einasto profile, has one more free parameter than the NFW profile [[186]. With the scale radius

ry and density normalization parameter py, it has a shape parameter, «.

Peinanr) = peexp{ [ 1)~ 1) 29
This parameter determines the curvature of the profile. Although both NFW and Einasto
profiles have cusp shape in the inner region, they have a slight difference between them; the
NFW profile diverges at r = 0, while the Einasto profile has a finite value at r = 0. Recently,
NFW and Einasto have shown good agreement with the observational data analyzed using weak
lensing analysis of galaxy clusters [190]]. At Larger scales (> 1 Mpc), the CDM theory shows
good agreement with observational studies. Whereas at small scale, high resolution N-body
simulations have proceeded to reveal the structure on small scale, such as dwarf galaxies, and
they suggest inconsistency between CDM theory and observational data [244]]. The observational
data of dwarf galaxies indicate a profile that has a core inner region [[187]], contrary to the
cusp profile predicted by CDM theories. This is called as "core-cusp" problem. Burkert, in his
publication [[73]], introduced the Burkert profile to deal with core inner regions. This profile is
preferred by the dwarf galaxies and low-surface brightness galaxies [59]. The Burkert profile
shows a flat shape at » < 10 kpc[73]], whereas the NFW and Einasto profiles show a cuspy shape
at r < 10 kpc.
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2.7.2 Gamma-Ray Flux from Dark Matter

The expected gamma-ray flux from the annihilation of DM particles can be expressed by the
equation described in Eq. 2.11]

dD(AQ)  dDPP
dE~ dE
Where the AQ is the solid angle of the telescope for an observation, giving d®(AQ)/dE as

x J(AQ) 2.11)

the expected gamma-ray flux from DM annihilation. The term d®" /dE is called the "particle

physics term" and can be calculated by theoretical models in particle physics.

d®P 1 < oy >dN

- 2.12
dE ~ 4m  2m dE 12

dN & dN!
— =Y BR—— 2.1
dE E) "dE @15

< Ounpv > 1s the product of DM annihilation cross-section 0, and thermally averaged
velocity of the DM particle v, m,, is the mass of the DM particle, and dN /dE is the cumulative
differential energy spectra. dN/dE can be calculated by the summation of differential energy
spectra for each annihilation channel multiplied by its branching ratio (BRﬂ

The J-factor quantifies the astrophysical contribution to the expected indirect detection signal
from DM annihilation; it is defined as the integral of the squared DM density p along the line of
sight and over the solid angle AQ of the observational target [110]]. This factor depends on both
the chosen region of interest and the underlying DM distribution within that region.

Jann(AQ) = /A ol p2(1,Q)dldQ (2.14)

In the case of gamma-ray line spectral search, this dN /dE can be seen as a delta function
that peaks at the DM mass, and in this case, the branching ratio for the annihilation channel to

"yy" becomes 100%, as expressed in Eq. [2.13]

dN

o= 26(E—my) (2.15)

3The branching ratio refers to the fraction or probability that DM particles annihilate into a specific final state
channel among all possible annihilation channels. In other words, it quantifies what percentage of annihilations
produce particular Standard Model particles, such as bb, Tt 1, etc. The sum of branching ratios over all channels
is unity. Branching ratios depend on the DM particles mass and couplings and are essential in predicting observable
signals from DM annihilation
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2.7.3 Line-like emission

Several theoretical models predict the emission of monoenergetic gamma rays as a distinctive
signature of DM annihilation. As previously discussed, for DM particles with mass m,, their
gamma-ray spectral line can be well-approximated by a Dirac delta function centered at the DM
mass [[149]. Two photons can be produced from DM annihilation by loop-induced annihilatioq'z_r]
[S53L/118], but this annihilation cross-section is suppressed by the electroweak coupling constant,
ol (56].

There are some proposed Beyond Standard Model (BSM) theories like SuperSymmetry
(SUSY), which have promising models like, Lightest SuperSymmetric Particles (LSP)[150,
70] that are expected to have annihilation cross-section about 10~28¢cm>s~! for SU(2),-doublet
(higgsino-like) and of the order of 102" cm3s~! for SU(2);-triplet (wino-like) [140].

Among these promising models, some of them even show a specific increase for their cross-
section, produced by a process known as "Sommerfeld enhancement"[49]. It has been shown that
such an effect occurs only for multi-TeV DM models when there is the presence of an effective
long-range force on DM particle annihilation in the low-velocity regime [[163]] and DM particles
are heavier than mediatorsﬁ (my >> mw,mz). The interaction diagramﬂ are shown below in
Fig. 2.8 For wino-like DM, the expected annihilation cross-section can be seen in the Fig. 2.§]
[84]. Compared to the channels WW, ZZ, Zy, the annihilation cross-section on the yy channel
is suppressed as shown above, and all channels show the enhancement on their cross-section
due to this effect. The effect of Sommerfeld enhancement shows a series of resonances. This
is because the effect is given by the solutions of the Schrodinger equation with the boundary

condition, which represents the potential of the mediators.

4Loop-induced annihilation refers to processes where DM particles, often electrically neutral, annihilate into
photons via quantum loop diagrams involving charged intermediate particles. Although these processes are typically
suppressed relative to tree-level annihilations, they produce distinctive monoenergetic gamma-ray lines that serve as
highly specific indirect detection signals for DM [118]].

>The annihilation cross-section for loop-induced processes is suppressed by the electroweak coupling constant
squared, Otéw, because because these annihilations proceed through higher-order quantum corrections involving
electroweak gauge bosons and virtual charged particles in loop diagrams. The coupling agw characterizes the
strength of electroweak interactions, and the squared dependence reflects the necessity of two vertices in the loop,
reducing the overall rate compared to tree-level processes. This suppression is a fundamental feature of loop-induced
annihilation channels in DM models. See [106] for a detailed explanation.

A mediator is a hypothetical particle that facilitates interactions between DM particles and Standard Model
particles. It acts as the force carrier in the dark sector, analogous to how photons mediate electromagnetic interactions,
allowing for annihilation or scattering processes depending on its mass and coupling properties.

7An interaction diagram, often referred to as a Feynman diagram, is a graphical representation used in particle
physics to depict the interactions between particles, such as the annihilation or scattering processes involving DM
candidates like wino-like particles. It illustrates how particles exchange intermediate virtual particles (mediators)
and transition from initial to final states, with lines representing particles and vertices representing interaction points.
These diagrams help visualize and calculate the probabilities of various particle processes.
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Figure 2.8: Left: Lowest order contribution. Right: Ladder diagram representing the Sommerfeld
enhancement through exchanges of gauge bosons. Adapted from .
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Chapter 3

Gamma-Ray Observations of the Galactic

Center region

This chapter is devoted to the introduction and description of gamma-ray astronomy and the
Galactic Center (GC) region. We begin the chapter by exploring the fundamentals of gamma-ray
astronomy and the technology behind imaging atmospheric Cherenkov telescopes (IACTs). As
already mentioned, the scope of this thesis is the search for DM line features in the data observed
by the large-sized telescope (LST-1) from the GC region. As briefly discussed in the previous
chapter, this kind of study is based on the so-called indirect detection of DM. This chapter will
introduce the LST-1 and its observations of the GC, setting the stage for a detailed analysis of

the telescope data in the subsequent chapters.

3.1 Gamma-ray Astronomy

Gamma-ray astronomy is the study of astronomical objects and phenomena where the emitted
radiation falls within the gamma-ray energy regime. As discussed in Sec[I.2] gamma rays
are the most energetic electromagnetic radiation; hence, gamma-ray astronomy allows us to
observe and study extreme environments such as the vicinity of black holes, gamma-ray bursts,
supernova explosions, Active Galactic Nuclei, etc. For capturing this high-energy radiation,
we utilize advanced detectors deployed both on satellites and at ground-based observatories,
thereby enabling comprehensive multi-wavelength investigations of these powerful astrophysical
sources.

In gamma-ray astronomy, the observed emission is characterized into several distinct energy
bands: the Low Energy (LE) band, High Energy (HE) band, Very High Energy (VHE) band,
Ultra High Energy (UHE) band, and Extreme High Energy (EHE) band. The LE band is defined
as the energy range from 100 keV to 30 MeV. This band is primarily studied by Compton
telescopes, typically deployed on air balloons or satellites. Some examples of Compton telescopes
include Imaging Gamma-Ray Telescope COMPTEL [151] and The Burst and Transient Source
Experiment (BATSE) [[114]. The HE band spans 30 MeV to 100 GeV, typically observed using
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satellite-based instruments that detect gamma rays through the process of electron-positron
pair production. In this process, incoming HE gamma ray photons interact with the detector
material, converting into electrons and positrons. The trajectories and energies of these charged
particles are then tracked by the detectors, allowing the reconstruction of the original gamma-
ray’s properties. Examples of detectors working on this principle includes Fermi — LAT [88] and
AGILE [229].

For higher energies, the VHE band, deep calorimeters are needed to accurately measure
the energy, and a larger effective collection area of the detector is necessary to compensate for
the rapidly decreasing number of gamma rays, as their flux steeply declines with increasing
energy. The Fermi Large Area Telescope (Fermi — LAT) is a space-based gamma-ray observatory
launched in 2008, designed to survey the sky in the energy range from about 20 MeV to over
300 GeV. The Fermi — LAT calorimeter is composed of 16 modules, each containing an array
of cesium 1odide (CsI(T1)) scintillation crystals arranged in eight alternating orthogonal layers,
yielding a total thickness of approximately 8-9 radiation length on-axis. This depth limits
the instruments capability to fully contain electromagnetic showers initiated by VHE gamma
rays, constraining energy reconstruction above several hundred GeV. Given the limitations in
mass and size for satellite instruments, increasing calorimeter depth is impractical. Instead,
ground-based gamma-ray observatories exploit the Earths atmosphere as a natural calorimeter,
with an effective thickness of approximately 30 radiation lengths. WhenVHE gamma rays enter
the atmosphere, they induce extensive air showers, producing Cherenkov radiation from the
relativistic charged particles therein. This process and its detection techniques are explained
in greater detail in the next section [3.2.1] Typically, the VHE gamma ray detections are made
by the ground-based observatory. The VHE band spans from 100 GeV to a few hundred TeV.
Higher energies of UHE are often observed using water Cherenkov detectors between ~ 100
TeV to ~ 30 PeV. Examples of VHE and UHE gamma ray detectors are listed in the Sect.
Finally, for the EHE energies, the atmospheric fluorescence technique is used to observe
using ground-based telescopes. The aforementioned detectors operate in the energy ranges that
often overlap with the adjacent energy bands, allowing cross-calibration and studies of the same
objects with different types of instruments [[198]].

The energy band of primary interest for this thesis is the VHE regime, where numerous
experiments detect gamma rays with energies in the TeV range. We typically observe non-
thermal spectreﬂ from these gamma-ray sources. These observations have provided compelling
evidence supporting theoretical models and have significantly advanced our understanding
of the acceleration mechanisms of charged particles in extreme astrophysical environments.
Understanding the acceleration mechanisms of particles reaching these extreme energies is the

primary driver of HE gamma-ray astronomy.

IThe radiation length is the mean distance over which a high-energy electron loses all but 1/e of its energy by
bremsstrahlung; it is a material property that describes how electromagnetic radiation attenuates in matter.

ZNon-thermal spectra refer to electromagnetic radiation that does not follow the characteristic blackbody
(thermal) distribution expected from matter at a uniform temperature.
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3.2 Imaging Atmospheric Cherenkov Telescopes

3.2.1 Cherenkov Radiation

VHE photons can be detected by ground-based telescopes exploiting the interaction of primary
gamma-rays with the Earth’s atmosphere. During their travel to the ground, they interact with
the atmospheric molecules and nuclei, emitting the so-called Cherenkov radiation [82, 241].
A clear signal of Cherenkov radiation can be used to reconstruct the properties of the arriving
high-energy photon, such as the nature, arrival direction, and energy of the incoming particle. A
comprehensive review of the history and development of Cherenkov telescopes is provided in
[78], offering valuable insights into their evolution and impact on gamma-ray astronomy.

This indirect gamma-ray detection technique is based on the fact that a primary gamma-ray
photon entering the atmosphere interacts with an atmospheric nucleus to produce an electron-
positron pair (e e ™), which then generates further photons via bremsstrahlun This process
initiates an electromagnetic cascade, or Extensive Air Shower (EAS), comprising numerous
relativistic electrons, positrons, and photons. EAS were discovered by Pierre Auger in 1938 and
can be sampled using ground-based detectors spread over a large area.

For some of the produced particles, the speed can even exceed the speed of light in the air
(v > ¢/ngir; where ng;, is the refractive index in air). This is the phenomenon leading to the
Cherenkov radiation. The passage of a charged particle through a dielectric medium, in this
case the atmosphere, induces the polarization of the surrounding atoms and molecules emitting
coherent radiation, and causes the creation of a light shockwave, as illustrated in Fig. [3.3] This
phenomenon is similar to what is known as the "sonic boom" in terms of the velocity of the sound
(see Fig. [3.3)). This Cherenkov light lasts only for about some nanoseconds, and has a distinctive
UV-optical spectrum [[191}109]. The emitted photons subsequently generate additional electron-
positron pairs, leading to a particle cascade, known as electromagnetic shower (EM shower), as
illustrated in Fig. [3.1]

The energy lost by the particles in EM shower particles can be parameterized with the formula
defined by [225] in Eq.

dE _
dX ~ Xo,.

+a(E), (3.1

where X is the atmospheric dept measured from the first interaction point, Xg , ~ 37gem ™2

is radiation length in ailﬂ and o¢(E) is the term accounting for excitation and ionization, weakly

depending on energy.

3Bremsstrahlung, which means "braking radiation" in German, is a type of electromagnetic radiation produced
when a fast-moving charged particle, usually an electron, suddenly slows down or is deflected by the electric field of
an atomic nucleus. During this rapid deceleration, the particle loses kinetic energy, which is emitted as a photon (a
particle of light)

4The atmospheric depth is defined as p x [, where p is the air density and / is the travel distance.

SRadiation length is defined as the depth after which the electron or positron decreases their energy by a factor

1/e.
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Figure 3.1: Schematic of air shower development. An electromagnetic shower on the left and a hadronic
shower on the right. Credit: R.M. Wagner, dissertation, MPI Munich 2007

A simple but insightful model describing the evolution of EM showers was developed by
Walter Heitler in 1944. In this model, an EM shower develops through two primary processes:
bremsstrahlung and pair production. The model consists of a cascade of electrons, positrons, and
gamma-rays. After traversing a depth equal to /n2 X Xy in the atmosphere, high-energy photons
undergo pair production, creating electron-positron pairs. These electrons and positrons, in turn,
generate bremsstrahlung photons. Each resulting particle typically carries approximately half
the energy of its parent particle. The cascade continues until the energy per particle drops to the
critical energy E,., where energy losses by excitation and ionization are comparable to the ones
due to bremsstrahlung.

The maximum number of particles reaches approximately N,y ~ E/E., with corresponding
atmospheric depth given by X,,ax = Xy + Xoln(Ey/E.), where Xy denotes the atmospheric depth
of the first gamma-ray interaction. Importantly, the total number of particles scales linearly with
the energy of the progenitor gamma-ray (Ep), while the depth increases logarithmically with the
same primary energy.

The charged particles and atomic nuclei can also initiate a particle cascade referred to as a
hadronic shower. The development of such a cascade is illustrated in Fig. [3.1] In these showers,
inelastic scattering of incoming particles with air nuclei produces secondary mesons; mainly
charged and neutral pions (comprising about 90% of the secondary particles), and kaons (about
10%) [67]]. Pions mainly follow the channels shown in Eq. [3.2]

0 —yt+y
= ut4vy (3.2)
T U+
The neutral pions rapidly decay into two gamma rays, which in turn initiate additional EM
showers. The charged pions decay into muons and neutrinos (and their antiparticles). Muons have

a short lifetime of 2.2us, after which they further decay into electrons, positrons, and neutrinos

[225]], contributing to further EM cascades within the hadronic shower. Secondary charged
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Figure 3.2: Simulated EAS initiated by a 100 GeV gamma-ray (Top) and 100 GeV proton (Bottom).
The left panels show the shower projection onto the xy-plane, corresponding to the view from below the
shower as seen by ground-based telescopes. The right panels show the xz-plane projection, representing
the side view of the shower development in the atmosphere. Image credits: Fabian Schmidt, Johannes
Knapp, CORSIKA Shower Images

baryons may generate additional sub-showers, but their numbers are relatively small. Due to
the presence of these multiple particle cascades, hadronic showers show a much more complex
structure as compared to the EM shower. Hadronic cascades display greater event-to-event
fluctuations because of the diverse particles and interaction processes involved. Another notable
feature is that secondary particles from strong force and weak decays have a large transverse

momentum, making the lateral development wider than in the EM cascades (see Fig. [3.2).
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Figure 3.3: Left: lllustration of the polarization of the medium induced by the crossing of a relativistic
particle. Right: Construction of Cherenkov wave-front

The Cherenkov light emitted during an EAS has the intensity peak roughly coinciding with

the maximum particle counts in the cascade. This typically occurs at an altitude of 10 km for the
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gamma rays with energies ranging from 100GeV to 1TeV [145]. With n,; being the refractive
index of the air, the opening angle ® is given by Eq. where 8 = v/c, with v being the speed
of the particle (see Fig. [3.3).

O =cos™! 3.3)

1
m,

At sea level, the angle is around 1.3 degrees. The shower has a lateral spread due to the
particles experiencing multiple Coulomb scattering ﬂ which slightly disperses the trajectories of
the particles. Consequently, a pool of Cherenkov light forms on the ground [222]. The Cherenkov
photon yield scales with the wavelength A as % ~ %, and this spectrum is characterized by
the blue/UV emissions with a peak near 340 nm. Each air shower produces a short pulse of
about a few nanoseconds. The illumination from a single shower can momentarily outshine the
luminosity of the other bright objects in the night [[72]. The duration of a shower being ~ 2 ns,
too fast to be observed by a naked eye, for this reason, techniques like imaging technique are
developed and utilized in the experiments dedicated especially to this purpose, called IACTs.

A telescope situated within a Cherenkov light pool can effectively collect the Cherenkov
photons produced by an EAS. By detecting multiple such events, the telescope accumulates
valuable data that enables the reconstruction of the gamma-ray emission originating from a
specific region of the sky. Physically, a Cherenkov telescope can cover only a few hundred
square meters, but can achieve an effective collection area of the order 10° - 10% m? [95]. This is
possible because the Cherenkov light produced by an extensive air shower illuminates a large
area on the ground, the Cherenkov light pool. Consequently, the telescope can detect air showers
whose cores land well outside its physical footprint, effectively increasing its observational
coverage.

The detection technique involves capturing Cherenkov photons emitted by the particle
cascade. The image of the air shower’s Cherenkov light footprint is then analyzed using
advanced reconstruction algorithms to extract information about the energy, arrival direction, and
nature of the original high-energy gamma ray. To achieve this, the telescopes have a mirror dish,
a camera, a trigger system, a drive system, and a data acquisition system. The mirror dish reflects
Cherenkov photons to the camera. The size of the mirror dish determines the energy threshold of
the telescope, as the lateral spread of the shower is energy-dependent. The density of photons in
the Cherenkov light pool provides a basis to understand how the zenith angle (ZD) |Z], effective
collection area, and energy threshold (Ethrﬂ are interrelated. The relation can be understood as
follows: At low ZD angles, the Cherenkov light pool is smaller but denser with photons at a
given energy, which lowers the energy threshold for detection. Conversely, at large zenith angles,

the shower develops over a longer atmospheric path due to the inclined trajectory, causing the

®Coulomb scattering is the elastic scattering of the charged particles by the Coulomb interaction.

7Zenith angle is the angle subtended by the telescope pointing with respect to the zenith position at the location
of the telescope.

8The energy threshold of a Cherenkov telescope is the minimum gamma-ray energy for which the telescope can
reliably detect the Cherenkov light produced by air showers. This threshold depends on factors such as mirror size,
photon detector sensitivity, and atmospheric conditions.
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light pool to expand and illuminate a larger area on the ground. This increases the effective
detection area and enhances sensitivity to the highest-energy gamma rays. However, the photon
density decreases, resulting in a higher energy threshold. Hence, optimal ZD (around 10° — 30°
ZD [4]) is preferred for studying low-energy photons, due to reduced atmospheric absorption of
Cherenkov light. The image of the air shower’s Cherenkov light footprint is used to construct
a two-dimensional angular distribution of the observed light. Such images can parametrize an
ellipse, whose study allows to reconstruct properties of the primary particles. The variation
in the atmospheric refractive index causes the long axis of the ellipse to track the longitudinal
development of the shower, while the short axis corresponds to the lateral spread of the particle
distribution. [219].

3 Telescope field of view

10km

130m

Figure 3.4: Schematic view of an image reconstruction using Cherenkov light captured by telescopes
operating in a stereoscopic method. Image credits: Jamie Holder [145]].

A widely adopted and highly effective approach in current experiments is the stereoscopic
imaging technique. This method involves capturing multiple images of the same air shower with
several closely spaced telescopes, enabling the reconstruction of the events three-dimensional
geometry. Combining images from multiple telescopes reduces uncertainties inherent in single-
telescope observations, significantly improving angular resolution in identifying the primary

gamma-ray’s direction. Moreover, stereoscopic imaging significantly enhances the suppres-
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sion of background signals, such as muon-induced showers and cosmic ray hadrons, thereby
improving the accuracy and sensitivity of gamma-ray detection. Furthermore, the technique
allows for better energy estimation of the primary gamma ray and contributes to more reliable
characterization of the shower development, which is essential for distinguishing gamma-ray
signals from background noise. [145]. This comprehensive, multi-perspective approach yields
higher sensitivity, better background suppression, and more precise source localization, all of
which are critical for advancing gamma-ray astronomy. The stereoscopic reconstruction is
illustrated schematically in the Fig. [3.4]

The detection of Crab Nebula Pulsar by the Whipple telescope in 1989 [243]] marked a pivotal
milestone for IACTs, which have since become a cornerstone technology delivering significant
advancements in ground-based gamma-ray astronomy. The three major IACT systems that are
currently operational are H.E.S.S. [37], MAGIC [29] and VERITAS [144], along with water
Cherenkov telescope arrays such as HAWC [25] and LHAASdﬂ [23].

The current generation IACTs are characterized by the energy thresholds in the range ~ 25
to 100 GeV, with a point-source integral flux sensitivity of 0.5 to 1.0% of the Crab Nebula flux
in 50 hours (which is 2 100 times sensitive than Fermi — LAT in 1 year at energies above ~ 200

GeV), and with an angular resolution of < 0.1 degrees and energy resolution of ~ 15% [64].

3.2.2 MAGIC Florian Goebel Telescopes

While this thesis primarily presents results obtained using the LST-1 telescope (See Sect. [3.3)), I
have also contributed to research involving the MAGIC telescope, for testing the DM analysis
pipeline (See Chap. [5) and studying the various effects contributing to the results of DM.
MAGIC is a stereoscopic system of two IACTs located at the Roque de los Muchachos (ORM)
on the Canary Island of La Palma, Spain [29]]. The first telescope was completed in 2003 and the
second one followed in 2009 with changes made to the camera, triggers, and readout system. In
2011 —2012, the MAGIC collaboration made major upgrades to the stereoscopic system, making
it uniform, which improved the overall performance and ease of maintenance [29]. The design
and the size of the telescopes allow detection in the energy range from 50 GeV to 50 TeV, and
higher up to 100 TeV at large zenith angles [14]. This particularly low energy threshold makes
the telescope ideally suited for studying sources such as blazars, even those at high redshifts.
This capability arises because gamma rays from distant blazars are significantly attenuated by
interactions with extragalactic background light (EBL) over cosmological distances, primarily
affecting higher-energy photons. By detecting lower-energy gamma rays, the telescope can
observe these distant sources more effectively before their emissions are absorbed, thereby
extending the observable range of the universe. Over more than twenty years of operation, the

MAGIC telescopes have produced significant scientific results, including the detection of VHE

LHAASO is a hybrid observatory employing not only water Cherenkov detectors but also extensive arrays of
scintillator detectors, muon detectors, and imaging atmospheric Cherenkov telescopes (IACTs) planned for future
implementation.
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gamma ray emission from 52 out of 275 currently known source The MAGIC telescopes’
recent achievements include the first-ever detection of VHE gamma-ray emission from the
gamma-ray burst GRB 190114C [15] and providing strong evidence for the hadronic origin of

the gamma-ray emission in the RS Oph nova [33].

3.3 CTAO and LST-1

The Cherenkov Telescope Array Observatory (CTAOE is a next-generation facility for high-
energy gamma-ray astronomy [18| |143]. CTAO will feature two sites, one in the northern
hemisphere and one in the southern hemisphere, enabling full-sky coverage. It is being designed
to observe gamma rays of the energies between 20 GeV to 300 TeV. The CTAO array will be
composed of three types of telescopes, LSTs (Large-Sized Telescope), MSTs (Medium-Sized
Telescope), and SSTs (Small-Sized Telescope), optimized to cover different energy ranges. The

CTAO collaboration is driven by various science themes [143], some of which are listed below.

* Understanding the origin and role of relativistic cosmic particles: Addressing the questions
on the sites of high-energy particle acceleration in the universe, the mechanism for cosmic
particle acceleration, and the role played by the accelerated particles in feedback on star

formation and galaxy evolution.

* Probing extreme environments: Studying physical processes near neutron stars and black
holes, characteristics of relativistic jets, winds, and explosions, the intense radiation fields

and magnetic fields in the cosmic voids, and their evolution over cosmic time.

» Exploring frontiers in physics: Answering fundamental questions regarding the nature
and distribution of DM, effects of quantum gravitational effects on photon propagation,

possibility of the existence of axion-like particles.
Some of the main goals of the most updated design of CTAO are to:

* Improve the sensitivity level of the existing IACTs by a factor of ~ 10 at TeV energies.

* Improve angular resolution (~ 0.05° around 1 TeV) and field of view substantially (up to
8°) to allow the study of extended VHE sources.

* Provide a wide energy coverage (20 GeV to 300 TeVE extending the observations to

high redshift sources and extreme accelerators

1Ohttp://tevcat.uchicago.edu, [240]
Uhttps://www.ctao.org/
2https://www.ctao.org/for-scientists/performance/
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Figure 3.5: Illustration of all three classes of telescopes. This rendering is not an accurate representation
of the final array layout of either site, but it illustrates the enormous scale of CTAO telescopes and the
array itself. (Image credits: Gabriel Pérez Diaz (IAC)/Marc-André Besel (CTAO)/ESO/ N. Risinger)

3.3.1 LST-1

The LSTs determine the CTAO’s sensitivity in its lowest energy range. LST is an alt-azimuth
telescopeEl, the mount rotates on a ~ 24-m diameter rail. The telescope has a 23m diameter
parabolic reflective surface composed of 198 hexagonal facets, which are supported by tubular
structures made of reinforced carbon fiber and steel tubes. This resulted in a telescope with a
low weight of only 114 tons, allowing for faster movement and repositioning. LST can reorient
to any point in the sky within less than 20 seconds, a feature that is particularly crucial for
responding promptly to alerts of transient events, such as GRBs. The LST camera contains 1855
photomultiplier tubes, arranged in 265 modules, providing a 4.3° optical field of view, with
0.1° pixels, matched to the angular scales of the LE gamma ray showers. Some more of the
characteristics are listed in the Tab. 3.11

A prototype LST telescope [4], the first of a future array, was inaugurated in October 2018
on La Palma, and as of 2025, it is in the commissioning and science verification period, before
fully joining the CTAO Observatory. The prototype is referred to as LST-1 has published a
performance paper based on its detection of steady TeV gamma ray emission from Crab Nebula
[4]]. Since its commissioning, the telescope has consistently produced valuable scientific results

[4]], to which the work presented in this thesis contributes. A recent image of this LST-1 is shown

in Fig.[3.6]

13An alt-azimuth telescope is a type of mount that allows the telescope to move in two perpendicular axes:
altitude (up and down) and azimuth (side to side). This mount enables fast and flexible tracking of celestial objects
across the sky and is commonly used in ground-based gamma-ray telescopes due to its mechanical simplicity and
ability to rapidly reposition.
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LST

Optical design Parabolic
Effective mirror area 370 m?

Focal length 28 m
Telescope readout event rate > 7.0 kHz

Positioning time (> 30° elevation) 20s

Pointing precision < 14 arcseconds
Field of view 4.3°

Table 3.1: Characteristics of LST telescopes.

3.4 Observational Targets

The thesis focuses on the search for WIMP DM using the gamma ray data from the LST-1
telescope. As discussed in the previous chapter (Chap. [2)), the existence of DM is supported by
substantial observational evidence (See Sect. [2.1), indicating its existence. However, detection of
the DM particles themselves remains elusive. While the range of potential strategies for detecting
DM remains extensive, our work aims to contribute substantive advancements beyond earlier
efforts, thereby facilitating progress toward the ultimate goal of discovery. As part of the LST-1
collaboration, we have been privileged to access the gamma-ray data collected by the telescope,
which has enabled us to conduct searches for DM signatures using LST-1 observations.

The search for DM can be systematically conducted by first identifying a promising candidate
based on our scientific goals and analysis techniques, which is discussed in the Sec|3.4] This is
followed by a thorough review of existing research on the source of interest, as discussed in the
Sect. [3.5] Finally, an in-depth examination of the sources characteristics and the development
of a targeted observation strategy complete the process, as demonstrated in the Sect. This
section presents the rationale behind selecting a particular gamma-ray source as the target for
observations using Cherenkov telescopes. Both LST-1 and MAGIC work in gamma-ray regimes.
Observing gamma rays offers a key advantage of precisely determining the direction of incoming
gamma rays. As discussed in Sect. one of the important parameters to consider while
observing gamma-ray flux from DM annihilation is the J-factor (see Sect. [2.7.2)), which quantifies
the expected DM content within the sky region of our interest. Therefore, we look for sources
that are expected to have high DM density and are relatively close to the Earth. Satisfying the
above-mentioned criteria, two popular classes of sources stand out: the dwarf spheroidal galaxies
and the GC region.

3.4.1 Dwarf Spheroidal Galaxies

Dwarf Spheroidal galaxies are found in local groups as companions to galaxies like the Milky
Way galaxy. Based on current scientific observations, there have been no confirmed detections of
gamma-ray emission from dwarf spheroidal galaxies. No VHE gamma rays are expected from

astrophysical components, as they are old galaxies that have already terminated star formation.
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But on the other hand, this low astrophysical luminosity and high expected DM density make
them interesting targets, and VHE gamma ray signals from DM may be detected under the
condition of low background contamination. A comprehensive review of dark matter searches
utilizing dwarf galaxies is available in [226, |6]. Although, the J-factors associated with these
galaxies are expected to be lower compared to other candidate sources, such as the GC region
(89, [176].

3.4.2 The Galactic Center

An important candidate for gamma-ray observations is the Galactic Center (GC), which encom-
passes the region surrounding the central supermassive black hole of the Milky Way galaxy.
GC represents a prime targets of DM searches due to its relative proximity to Earth (8 kpc),
especially when compared to the dwarf spheroidal galaxies, hence the J-factor computed for GC
is comparably a high value ~ 10?2 GeV? cm [61]. Despite being one of the most promising
targets, the GC poses significant challenges for DM studies, stemming primarily from two factors.
First, the uncertainty associated with the DM density profile in the GC region, particularly the
unresolved core-cusp problem, complicates the precise modeling of the expected DM signal.
Second, the presence of numerous known and unknown astrophysical sources of gamma rays
within the GC and along the galactic plane. These astrophysical sources can act as foreground
and background contaminants, complicating the extraction of potential DM signals. Additionally,
the GC is an extended region, which introduces complexities beyond those encountered in
standard point-source analyses. Nevertheless, a substantial number of studies addressing these

challenges have been conducted in recent years, and these will be reviewed in Sec [3.5][3},[77].

46



Figure 3.6: The photograph of the prototype, LST-1. Image credits: Self.
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Figure 3.7: Comparison of J-factors of some of the dwarf galaxies. Image credits: Kohei Hayashi et al.

[133]].
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3.5 Review of Previous DM Line Searches

Having chosen the GC as the focus of our DM search in this work, this section now examines
the current constraints on the DM annihilation cross-section derived from gamma-ray line
searches, focusing on the most recent and relevant observational results. The Fig. [3.8|displays

the constraints derived from observations of dwarf spheroidal galaxies.
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Figure 3.8: Comparison of the limits of DM annihilation cross-section into line-like signals from different
IACTs [83]]. This plot shows the 95% C.L. derived from studies for dwarf galaxies. Image credits: Paula
Chadwick [78].

The results relevant to our study are the upper limits on the annihilation cross-section of DM
into the yy channel from the GC region. Among the recent studies, the Fermi — LAT results of
2023 [117]] are shown in Fig. [3.9] The most recent results from Fermi — LAT (shown in Fig.
3.9) display a strong sensitivity in the gamma ray band between 10 GeV and ~ 500 GeV, and at
higher energies (> 500 GeV), the limits are surpassed by those of H.E.S.S. [[130].

49



— This work (fiducial)
r —— Fermi Collab. [2015]
=== HES.S. [2018]

1072

10—27 L

V) [em®/s]

el

1072&1

102 103

m, [GeV]
Figure 3.9: The 95% C.I. upper limits from the Fermi-LAT collaboration on DM annihilation to yy as a

function of DM mass using 14 years of data. The Bottom plot shows the weighted significance for the
detection of an annihilation line. Image credits: Fermi-LAT collaboration ||

- ‘ A
DM DM — yy A o
10—25 l A 4 .’
S A, °
B A, a4 :\.’
Z P
26| c.
10 = .% [ ]
= - e %
'tﬂ I~ M.
mE - .‘
o i VVVW o
107 v o .
Q E &7 v YW. .~
C vV .w
vV v
WA
10728V
E . This work, Einasto profile
g This work, NFW profile
g Thermal relic A MAGIC Segue 1
107 v Fermi-LAT 5.8 y, Pass 8
_IJlIJ | lJLIllIJ | IILIIllI | BT SRR [ |
0.05 0.1 0.2 1 2 345 10 20
My (TeV)

Figure 3.10: Constraints for annihilation into ¥y obtained by H.E.S.S. collaboration for the Einasto (red
dost) and NFW (cyan dots) profiles, using 254h of data. Image credits: H.E.S.S. collaboration [[130].

The constraints from the H.E.S.S collaboration [[130], illustrated in Fig. [3.10] are notably
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stronger than those from Fermi — LAT above 500 GeV and represent the most stringent limits
among the IACTs starting from 300 GeV up to ~ 20 TeV. The H.E.S.S collaboration study
covers the energy range 300 GeV to 70 TeV, reaching as low as 3 x 10728 ¢m 357! as the upper
limits at ~ 1 TeV, and ~ 2 x 1072 ¢m 35~ at 70 TeV for the Einasto density profile [39]. The
H.E.S.S collaboration [130] conducted their DM search using concentric annular regions of
interest (ROIs) defined with inner radii of 0.3° to 0.9° in radial distance from the GC, with a
width of 0.1°. These annuli regions correspond to the ON region in the analysis. To accurately
estimate the background, the background events are selected for each observation in an OFF
region chosen symmetrically to the ON region with respect to the observational pointing position.
The ON and OFF regions are taken with the same acceptance and observation conditions and
have the same shape and solid angle size. To avoid any astrophysical background contamination
from VHE sources such as the supermassive black hole Sagittarius A*, the supernova/pulsar
wind nebula G0.9 4-0.1, and a diffuse emission extending along the Galactic plane, a band of
40.3° was excluded. Additionally, a disk of radius 0.4° around the supernova remnant HESS
J1745-303 was also masked. The OFF regions were chosen sufficiently further away from
the ON region to prevent any DM signal leakage for cuspy DM profiles such as the Einasto
profile [39]. This symmetric ON/OFF strategy ensures robust background subtraction while
preserving sensitivity to DM signals. A schematic description of the above-described background

measurement is shown in Fig. [3.11]
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HESS collaboration
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MAGIC collaboration [171]].

The recent publication (in 2023) by the MAGIC collaboration [[1/1]] presented the most
stringent limits among IACTs in the energy range above 20 TeV, extending up to 100 TeV (See
Fig. @[) The MAGIC collaboration conducted their DM search within the ROIs of 0.5°, 1.0°
and 1.1° circles centered on the GC. These ROI correspond to angular distances within 1.5°
of the pointing direction, chosen to minimize uncertainties arising from the camera response
near the camera edges. Consequently, the effective ROI radii vary depending on the offset of
pointing position used during the observation of GC. The observational setup and corresponding
ROIs are illustrated in the Fig. [3.13] These strong constraints from MAGIC telescope observing
the GC from the same site as LST-1 have motivated us to investigate the potential of LST-1
observations. Despite operating in monoscopic mode, LST-1 has demonstrated competitive
performance, with energy thresholds and sensitivities approaching those of stereoscopic systems

like MAGIC, establishing it as a powerful instrument for VHE gamma-ray astrophysics [4].
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Figure 3.13: Pointing positions of MAGIC telescopes in Galactic coordinates are shown for the data
subsets and their corresponding adopted ROIs. The markers show the pointing directions. The GC is
displayed with a black star, around which the ROIs of the analysis are centered. The red solid line has a
radius of 1.1° and was used for data observed at an offset of 0.4°. The green dashed line has a radius of
1.0° and was used for data observed at an offset of 0.5°. The blue dotted line has a radius of 1.1° and was
used for data observed at an offset of 0.4°. This visualization illustrates the spatial relationship between
telescope pointing and the analysis regions employed in the study. Image credits: MAGIC collaboration
[171]]

3.6 Large Zenith Angle Observations

The telescopes located at the Roque de Los Muchachos, La Palma, of the Canary Islands are
designed to observe the northern sky primarily, and also a portion of the southern sky, given
the relatively lower latitude of the telescope site of 28°45'22"” N. The equatorial coordinates of
the GC are right ascension of 174 45m 39.6s and a declination of —29°00'22”. Although this
source does not lie within the optimal altitude range for the telescopes, it remains accessible for
observations at large zenith angles close to the horizon. The GC is only visible at low altitudes
from the telescope site of LST-1. The observable periods in the year, along with the altitude,
are shown in the Fig. [3.14] For that reason, for the IACTs like LST-1 and MAGIC, the GC
observations are challenging, but this motivates the development of a newer technique. Large
Zenith Angle (LZA) observations technique has been employed by MAGIC to detect photons
from the GC [14].
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Figure 3.14: The altitude of the Galactic Center at local midnight over the year. The solid blue line
represents the Galactic Center. The gray shaded regions show the length of civil and astronomical night.
The y-axis on the left shows the altitude (90° - zenith angle) in degrees, and the y-axis on the right shows
the length of the night in hours [[189].

For studying the GC region in the gamma-ray regime, we need to observe light at the Center
of the Galaxy and around the galaxy. Pointing the telescope near the supermassive black hole
Sagittarius A* (SgrAx) at the Center could mark the central point of standard observations of the
region. The standard wobble pointing modeE] of observing a source at an offset angle from the
camera center would allow us to study a point source like SgrA* and the spectrum of its emission.
For gaining a comprehensive understanding of the physical processes in the GC region, it is
necessary to extend the region of interest to encompass larger radii around the center. Extending
our observations along the longitude would provide us with a detailed image of the large-scale
diffuse emissiorﬁ from the GC, and extending our observations along the latitude could resolve
the structure of the Fermi bubbleﬁ [62].

As we discussed in Sect. the astrophysical aspect of the DM density can be quantified
using the J-factor, which, in simple terms, depends on the density distribution and the region
of our observation. Hence, we look at the galactic center region at various points (at offsets of
0.5°, 0.7°, etc, from the center of GC) from where we can exploit the camera field of view to the
maximum extent and cover a wider radius around the center.

The GC is observable only above zenith angles of 55° (below the altitude of 35°) from
the site of the telescopes. In this section, we introduce the merits and demerits of the LZA

observations. When a telescope lies within a Cherenkov light pool, it detects the Cherenkov

“Wobble pointing mode is an observational technique in which the telescope is pointed slightly offset (usually
about 0.4°) from the target source. This allows simultaneous measurement of the source and background regions
within the same field of view, improving background estimation accuracy and enabling continuous observation
without separate off-source runs.

SDiffuse gamma-ray emission in the Galactic Center region arises mainly from interactions between cosmic
rays and the interstellar medium or radiation fields. This emission forms a widespread glow, distinct from point
sources, and traces the distribution and propagation of cosmic rays in the dense central molecular zone of the galaxy.

16The Fermi Bubbles are two large, gamma-ray emitting structures extending about 50,000 light-years above
and below the Milky Ways center.
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photons produced by secondary particles in the air shower, which enables the reconstruction and
identification of the primary gamma-ray initiating the shower. This detectable gamma-ray area
is called the collection area of the telescope. And, the correction of the telescopes collection
area with an energy dependent efficiency, subject to requirements of the analysis is defined as
the effective area of the telescope (see Sect. [4.2.2)). The effects of shower development at LZA,
including increased atmospheric absorption and scattering of Cherenkov light due to the longer
path through the atmosphere, are described in detail in Sect. This difference in path
length is approximately given by L'=L /cos*8z,. This increases the effective collection area as
S ~ S/cos?0z,.

The increase in the effective collection area increases the probability of detecting gamma
rays. The enhanced effective area significantly enhances the detection rate of high-energy events.
This occurs as the showers at high energies tend to produce wider Cherenkov light pools and
larger shower images, which the increased effective area can detect better. On the other hand,
the increased length increases the atmospheric depth as well for large zenith angle observations,
and this makes the showers dimmer than at low zenith angles. Due to the reduced intensity of
Cherenkov light at lower particle energies, the energy threshold for detection correspondingly
increases. VLZA (Very Large Zenith Angle) observations of MAGIC [|14] indicate the energy
threshold for Crab Nebula to worsen by a factor of 6-7. Specifically, the energy threshold rises
to approximately 450 GeV during LZA observations, compared to the low threshold of 50 GeV
at low zenith angles for MAGIC. Such observations also make the energy resolution worse
because the impact point of the showers are very far from the telescope, making it difficult
to determine the shower axes for the two telescopes. A schematic image of the LZA observing
technique has been shown in the Fig.

Cherenkov
light pool

Figure 3.15: The shower development difference between low zenith angles (left) and for LZA observa-
tions (right). The projected diameter of the Cherenkov light pool on the ground becomes larger due to the
geometrical effect. The size of the Cherenkov light pool increases as o< 1/cos82,. Image credits: Ruben
Lopez Coto [[169].

In Fig. 3.16] the significant increase in the effective collection area can be seen for LST-1.

"Tmpact points refer to the positions on the ground where the shower core crosses, critical for determining the
shower geometry. At large zenith angles, showers have larger lateral spread and multiple kilometers separation of
impact points, causing challenges in telescope image matching and resolution.
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Figure 3.16: The effective area at the optimal zenith angle [4] is compared with the instrument response
functions at large zenith angles (LZA) as a function of energy.

Even for the very large zenith angles like 67°, starting from 1 TeV, the effective area surpasses
the low zenith values. The effective area stays well above 10°> GeV for higher energies up to
100 TeV, motivating us to extend the energy range for the search of DM up to 100 TeV. The
extended range surpasses the 70 TeV limit reached by the H.E.S.S. collaboration [[130], aligning
with and potentially extending the results recently presented by the MAGIC collaboration, which
probed energies up to 100 TeV [171]].
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Chapter 4

Large Sized Telescope (LST-1)

This chapter introduces the Large-sized telescope LST-1 and its various observation modes
designed to optimize gamma-ray detection. As this thesis is centered on the analysis of LST-1
data from observations of the Galactic Center, in this chapter, we describe the process of
producing the final data products, starting from raw data collected by the Cherenkov telescope.
The chapter also reviews techniques for gamma-hadron separation and highlights the crucial role
of Monte Carlo simulations in reconstructing physical event parameters. Finally, it provides a
detailed account of data reduction procedures, which form the foundation for the subsequent
analysis and interpretation of scientific results presented in the following chapters. The instrument
response functions and the DL3 data production described in this chapter employ a non-standard

methodology, characterized by the application of more stringent event selection criteria.

4.1 Observation Techniques and Data analysis

This thesis focuses on the study of very-high-energy gamma-ray astrophysics using ground-
based telescopes that detect gamma rays indirectly through atmospheric particle cascades. These
cascades, or EASs, are generated when high-energy gamma rays interact with molecules in
the Earth’s atmosphere. The detection and analysis of these showers provide insight into the
nature and sources of cosmic gamma rays. IACTs are designed to observe gamma-rays indirectly
by capturing the EASs. These telescopes are restricted to operate only during dark-night time
periods, as the faint Cherenkov light they detect is easily overwhelmed by background light
during twilight or daytime. Consequently, the available data-taking time is limited to clear,
moonless nights, reducing the effective observation time each day. Some IACTs like MAGIC
have modified their camera photo-multiplier tubes (PMTs) to be able to observe even in the
presence of the moon. The modification allowed the PMTs to reduce their amplification factor
(gain) to operate effectively under night sky background (NSB) levels up to 20 times higher
than those experienced during dark time. Lowering the gain helps prevent signal saturation and
preserves the integrity of detected Cherenkov signals despite the increased background photon
noise. [128]].
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These modifications are also a part of the camera PMTs of LST-1 [155]]. Furthermore,
applying additional moon filters, like limits on the NSB levels increased up to 100 times higher
than the dark time, has increased the active data-taking time [21]. Nevertheless, unavoidable
environmental factors such as rain, storms, strong winds, and snowfall continue to reduce
the effective observing time. A comprehensive analysis of 20 years of weather data from the
Roque de los Muchachos Observatory demonstrates that weather-related downtime represents
a significant fraction of the total observation time, thus maintaining a limited overall active
data-taking period [122].

4.1.1 Observation modes

Given the limited effective observing time available each night due to constraints such as the need
for dark, moonless conditions, optimizing observation strategies is critical. With this in mind, we
now discuss the different observation modes employed by IACTSs to maximize data collection
efficiency and sensitivity. One of the earliest and foundational observation methods used by all
IACTs was the so-called On/Off pointing mode. This refers to the mode of observation where
we focus on the On-region (region around the source of interest) for half the available time, and
the other half is used to observe an Off-region (dark region at similar conditions). This technique
was used to study all the gamma-rays captured from the source and subtract the contamination
from the background by studying the background signals from the off-regions. But this technique
allows only half the available time as effective time for the source [[68]]. In order to maximize the
effective time, in 1994, Fomin et al. [116] introduced a technique referred to as >”Wobble-mode’.
In this mode of observation, the telescope do no point directly at the source, but rather at a small
offset from the source. This specialized pointing technique allows observations at symmetrically
spaced positions, commonly referred to as wobbles’ around the source. Instead of pointing the
camera center directly at the source, the telescope is offset by a fixed angle; for point sources
in the gamma-ray sky observed by IACTs, this offset angle is typically set to 0.4° for IACT
analysis [[68]. For a standard four-position wobble observation, the telescope points to positions
in the sky that maintain this offset but are rotated by 90° increments from the previous wobble
position, ensuring even coverage around the source.

The choice of the offset angle can be tailored based on specific scientific objectives, such
as optimizing background estimation or accommodating source extent. When studying an
extended source such as the GC, which spans more than 1°, a larger offset angle is employed.
This adjustment takes into account the telescopes field of view to ensure that the extended
emission region is fully encompassed within the cameras acceptance area, allowing for efficient
observation and accurate background estimation. [9]. This method is more preferred over the
On-Off method because this one allows us to calculate counts from the signal/On-region and
background/Off-region simultaneously. For each wobble pointing, three symmetrically opposite
regions within the camera field of view can be used for background estimation, eliminating the

need for dedicated Off-observations. However, for certain cases, such as studying extended

60



sources, the On-Off observation mode is still employed. In these instances, the camera is pointed

directly at the source, maximizing the region of interest up to the full field of view of the camera.

4.1.2 LST-1 Data Analysis

Following the description of observation strategies, we now turn to the analysis of the data
collected by the LST-1 camera, which consists of digital signals corresponding to the number
of photo-electrons (p.e.) collected at the receivers of the PMTs. These signal contains the
information of charge and arrival time in each pixel of the camera. It then passes through
selection criteria to eventually only store images from the camera with relevant signal information
captured. In the case of LST-1, it is equipped with 1855 PMTs camera providing fast sampling
of the triggered light pulses. This telescope records around ~ 10* events per second [4]. The first
step of data reduction is the RO data, which is the lowest level of the data stored. This collected
data undergoes calibration to extract the arrival time and the images of the light collection. The

information is grouped in the Data Level 1 (DL1). The calibrated image of the shower is shown
in Fig. 4.1

charges times

1.0

0.5

0.0

¥ position (m)
-
&
nano-seconds

-1.0 -05 0.0 05 1.0 -1.0 -0.5 0.0 05 1.0
X position (m) X position (m)

Figure 4.1: Calibrated signal with extracted charge and arrival times. Image credits: T. Vuillaume et al.

[11].

The next step in the data processing involves the extraction and calibration of the signal.
Consequently, we reduce the number of pixels by excluding pixels that contain only NSB photons.
This process of excluding the NSB photons is carried out by searching for groups of neighboring
pixels whose charge is above a certain threshold and whose signal arrival times fall within an
allowed time window. This technique is known as tailcut cleaning. Once the shower image is
calibrated and cleaned, the image of the shower looks like Fig. 4.2

This ellipse-looking shower imageﬂ undergoes parametrization using techniques shown by
Hillas in 1985 [[135]]. The main set of parameters used to describe the elliptical image {.3]is the
size, length, width, and center of gravity (CoG). The size is the total number of photo-electrons,
the length and width are the RMS (root mean square) distribution of the light in the parallel and

IThe elliptical shape of Cherenkov shower images arises because the camera captures the two-dimensional
angular distribution of Cherenkov light produced by an extensive air shower. The long axis of the ellipse corresponds
to the longitudinal development of the shower along the direction of the primary particle, while the short axis
represents the lateral spread due to multiple scattering of secondary particles. This shape is characteristic of
gamma-ray-initiated electromagnetic cascades and is used to distinguish them from hadronic backgrounds.
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Figure 4.2: Cleaned image of an air shower. Image credits: T. Vuillaume et al. [1]].

perpendicular direction of the major axis of the island (set of pixels in the ellipse), respectively.
The CoG is the centroid of the image. The ellipse will not necessarily be symmetrical; in that

case, there are other parameterf] to quantify the asymmetry.
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Figure 4.3: Schematic diagram of the Hillas parameters. Image credits: C. Bigongiari et al. [58]|.

Once the processing of data reaches the DL2 level after the Hillas analysis, we proceed to
extract the essential physical parameters that are crucial for the characterization and classification
of gamma-ray events. For the analysis, the parameters of interest are the reconstructed energy,
arrival direction, and the "gammaness" parameter. The reconstructed energy and direction
correspond to the estimated energy and incoming direction of the gamma-ray responsible for
the observed event. The gammaness parameter quantifies the likelihood that the event is indeed
initiated by a gamma ray originating from the source direction, rather than by a misclassified

hadronic background event. This step is also called gamma/hadron (g/h) separation. This g/h

’The additional parameters used to quantify the asymmetry are: different standard deviations on each side of the
ellipse’s major axis, denoted as [ and /_, the orientation angle y between the shower’s main axis and the reference
axis on the camera, etc. [3]]
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separation process is done using the Random Forest (RF) method. This is a machine learning
(ML) algorithm that employs multiple decision trees to train a decision-making model [4] [26]].

For each event, the data is characterized by a vector of parameters, including the Hillas
parameters and the observation-related parameters. g/h separation is essential, as even for strong
gamma-ray sources, the number of showers produced by cosmic rays exceeds that of showers
generated by gamma-ray events by approximately 3-5 orders of magnitude, depending on the
source strength and observation conditions. For weak gamma-ray sources observed with MAGIC,
the ratio of cosmic ray events to gamma-ray events is approximately 5,000 : 1 [112]. The images
caused by the gamma photons are typically narrower and shorter than cosmic ray images with a
similar Cherenkov intensity and impact parameter. In single-telescope observations like those
with LST-1, g/h separation often utilizes the characteristic shapes of Cherenkov images. Gamma-
ray induced events typically produce compact, well-defined elliptical images characterized
by small width and length parameters, high image intensity, and regular spatial structure. In
contrast, hadronic background events generate broader, more irregular and fragmented images
with multiple pixel islands, larger spatial extent, and scattered light distributions. Therefore,
applying selection cuts based on a combination of parameters including Hillas parameters (width,
length, and size), image morphology (compactness and regularity), pixel island multiplicity, and
center-of-gravity displacement from the shower axis, enables effective discrimination of gamma-
ray signals from the more diffuse and chaotic patterns produced by cosmic-ray interactions
[136].

To extract the physical parameters necessary for high-level analysis, the LST-1 relies heavily
on detailed Monte Carlo (MC) simulations of gamma-ray induced air showers and the telescope’s
response. These MC events undergo the same data quality cuts as the real observations and are
parameterized identically to measured events. While image parameters such as Hillas parameters
are extracted directly from observed ON and OFF data to aid in gamma-hadron classification,
the MC simulations provide the crucial calibration linking these image parameters to the true
gamma-ray energy and arrival direction. Eventually, the parametrized MC events are used
to train RF models and other machine learning algorithms to perform energy estimation and
improve reconstruction accuracy. This simulation-driven approach to energy reconstruction is
fundamental in VHE gamma-ray astronomy, distinguishing it from classical astronomy, where

energy measurements are obtained directly from observed data.

4.2 Monte Carlo Simulations

The atmosphere plays a critical role in the detection of gamma rays by IACTs; however, achieving
a complete and controlled characterization of its properties remains infeasible. Furthermore, the
complex evolution of atmospheric particle showers poses considerable difficulties for accurate
description using purely analytical models. On top of this, challenges in reconstructing the

signal at the level of individual camera pixels add another layer of complexity. MC simulations
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Figure 4.4: Schematic overview of the reduction process of the IACTs data. Image credits: Denys
Malyshev & Lars Mohrmann [[172].
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are the most practical methods for assessing the telescopes response to cascades produced by
cosmic events with known primary particle properties [[156]]. Such simulations incorporate the
reflection of Cherenkov light from the mirror surface, its transmission through the cameras
entrance window, and its detection at the focal plane, where light concentrators and PMTs are
installed.

The important physics part of an IACT analysis comes from the reconstruction of the
properties of the primary showers, such as particle type, arrival direction, and particle energy.
This process of parameter reconstruction is performed using these detailed MC simulations. The
MC simulations with known primary attributes are used to train event reconstruction algorithms,
which are then applied to the real data. An independent Monte Carlo test sample is also used
to derive the Instrument Response Functions (IRFs) [[170]. The simulations also incorporate
laboratory measurements of telescope components, accounting for their dependence on photon
wavelength and incident angle. In addition, the camera trigger logic, electronic signal processing
chain, and analog-to-digital conversion are modeled, producing digital waveforms that closely
replicate those observed in LST-1 data after applying corrections for low-level effects of the
data acquisition electronics. It is important to note that MC simulations do not replicate all the
details of real data. Hence, in the analysis package, lstchairﬂ [180], the real data analysis uses
an excess noise factor, whereas simulated data uses a simplified approach based on the assumed

pulse parameter.

4.2.1 Particles generated for LST-1

Building upon the role of Monte Carlo simulations in modeling telescope response, the training
of event reconstruction algorithms for LST-1 primarily involves simulating two types of primary
particles: gamma rays and protons. The simulations can be performed for various other particle
types, but for standard analysis, only these are of concern. The telescope’s response to events is
evaluated using only the gamma-ray simulations. The sample of MC gamma rays for training

the algorithms is simulated with a differential energy spectrum as dN/dE o« E~2 [4]. For the

Shttps://cta-observatory.github.io/cta-1stchain/
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vertical incidence, the energy range was set to 5 GeV - 50 TeV. And, to account for the variation
of the telescope’s energy threshold with the zenith angle (ZD), these energy limits are modified
following, Eyin max o< cos 23 (ZD), reaching a maximum value of energy up to 200 TeV [55].

In the training sample, the directions of the gamma rays are distributed isotropically around
the telescope pointing up to an offset angle of 2.5° to train the event reconstruction algorithms
to perform well for sources anywhere within this field of view. For increasing the number of
simulations, considering the low global trigger efficiency, each of the generated showers is
used 10 times by placing the telescope at various positions around the shower axis, within the
maximum impact parameter of 900 m for ZD = 0. This maximum impact parameter is scaled as
cos~%3(ZD) for larger zenith angles [249]. The gamma ray test samples are produced similarly,
but the gamma ray sample is divided into two classes Gamma and GammaDiffuse. The analysis
of standard observation of point-like sources Iﬂ in which the telescope is pointed at an offset
of 0.4° away from the source, we use the Gamma, which are the gamma rays generated at a
precise offset from the telescope pointing. The small offset angle allows reducing the maximum
impact to 700 m for the vertical incidence, which is then scaled as cos~!(ZD). Conversely, the
GammaDiffuse collection consists of all the gamma rays generated within the field of view.

Considering a simplified geometric model of the atmosphere as plane-parallel and neglecting
absorption effects. Intuitively, the air mass depends on zenith angle as o cos~! (ZD) [96]. And
at larger zenith angles, since air showers develop deeper in the atmosphere, the Cherenkov light
pool radius should also grow as o< cos ™! (ZD) [69]. Meanwhile, the Cherenkov photons spread
out over a larger area, so the photon density on the mirror would change as o cos?(ZD). So, in
this scenario, we can naively expect the energy threshold as o cos~2(ZD) and maximum impact
parameter scaling as o« cos~!(ZD). However, such idealized scalings do not hold exactly in
reality due to atmospheric and detector effects. Therefore, detailed Monte Carlo simulations are
essential to accurately study the zenith angle dependence of these parameters. Simulation studies
performed at zenith angles of ZD 20°, 40° and 60° have shown that the energy threshold increases
more steeply, following approximately o< cos™ 2 (ZD) to maintain a trigger fraction comparable
to that at zenith. This steeper dependence results from combined effects, including atmospheric
density profiles, changes in shower development depth, and photon detection efficiency variations
with zenith angle [69, 63].

For the proton simulations, the training samples are generated following the same scaling
as for the diffuse gamma rays. The energy range for the vertical incidence is 10 GeV to 100
TeV, with the maximum energy capped at 200 TeV. For vertical showers, the maximum impact
parameter is 1500 m. The directions are isotropically distributed within 8° of the telescope
pointing. For hadronic showers, as compared to electromagnetic ones, it is harder to estimate
zenith-dependent optimal production ranges from simple arguments, due to the production of
electromagnetic sub-showers and muons at large angles relative to the primary particle. The

purpose of the proton simulations is to be used in the training of the particle classification

4Point-like sources are the sources whose spatial extension in the gamma-ray sky is less than the point spread
function of the gamma-ray telescope
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algorithm together with the gamma rays, and this can be achieved if we have enough simulated
protons to produce a sufficiently representative sample of the hadronic shower images that the
real background will generate.

The gamma rays and protons are simulated in a wide range of telescope pointing directions,
up to ~ 70° ZD. These directions are chosen in two different grid pointing, one for each
training and testing MC. The training MC is simulated using pointing along declination lines,
1.e., following the trajectory in horizontal (Alt— Az) E] coordinates that all sources at a given
declination follow as viewed from the LST-1 site. The range of telescope pointing directions can
be greater than the zenith angle of 70° for some declination lines. The simulations are performed
for 15 different declination lines (from —29° to +67°, distributed in steps of cos(ZD,y,), where
ZDy,in 1s the zenith angle at culmination. And for each declination line, around 20 pointing
angles are defined (Number may vary for some declination lines). Such a grid pointing is chosen
to train the algorithms with the MC from all the directions, including the telescope (Alt — Az)
pointing coordinates among the parameters made available as input to the reconstruction. This
way, the algorithms also learns how the image parameters vary with the incidence direction
of the shower. Whereas, the test MC is simulated in a grid of zenith and azimuth values [7].
For the analysis, the direction-dependent quantities that affect the performance are the air mass
(< cos~'(ZD)) and the geomagnetic field perpendicular to the shower axis (the Lorentz force on
the primary particle affecting the shower shape). Therefore, we produce a regular triangular grid
in cos(ZD) and B, /B. This test MC grid is used to calculate the IRFs in each node, and then
interpolate them to obtain Instrument Response Functions (IRFs) E| for any telescope pointing
[1O7].

4.2.2 Instrument Response Function

The IRFs, as mentioned above, are functions describing how the telescope responds to signals.
The IRFs characterize and model the performance and behavior of instruments. The real signals
need to be analyzed using IRFs to estimate the spectrum of a source emitting gamma rays
eventually. The description of the telescope’s response function depends on various factors, such
as the telescope itself (e.g., width of the mirror, field of view of the camera, etc), the kind of
analysis being conducted, environmental conditions of the telescope site, etc. Transforming the

true properties of gamma rays into observable quantities, for a gamma ray telescope, can be
described using Eq.

e(p,E.1) = /%(ﬁ,ﬁ]p,E,t).I(p,E,t)a’QdE+b(ﬁ,E) @.1)

In Eq. p and E are the true position and total energy, while p and E are the corresponding

reconstructed quantities obtained from the analysis pipeline. I is the source term, which depends

3Altitude - Azimuth coordinates
%The analysis package also allows using neighboring nodes of IRFs instead of interpolating, which is sometimes
preferred for some analysis.
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on the true gamma ray signal arriving at Earth at the given position, energy, and time t. % is
the IRF, the convolution kernel to translate true quantities to the observed ones. The b is the
irreducible background. The integration is performed over the solid angle of right ascension and
declination of the signals.

In a classical IACT analysis, the IRF (£) is factorized in three independent components ﬂ
The three components are described in Eq. 4.2]

‘%(ﬁaé|p7E7t) = %ff(p7Eat>'PSF<pA’paE7t)'Edisp(E|p7E7t) (42)

In Eq. @, Acry is the effective area, which combines the detection efficiency of an instrument
with the observable area. A simple interpretation of this could be that the area of a perfect detector
directly measuring gamma rays would have the effective area A,y of the mathematical form
shown in Eq. .3] Where A denotes the total effective collection area of the telescope and the
p(E, ...) represents the energy-dependent detection probability for events with energy E and
additional parameters such as the arrival direction (zenith angle 6 and azimuth angle ¢) and

position within the field of view.

Aeff:p(E,....) XA, (43)

The Eyjs), s the energy dispersion, the migration between true energy and the reconstructed
energy, quantifying the probability of reconstructing the photon at energy E when the true energy
is E and position p. Gamma ray instruments usually consider E;,(1t|p,E), representing the
probability density of energy migration, with u = E/E.

And the PSF(p) is the point spread function, i.e., the convolution kernel for the reconstructed
gamma ray position. This provides the probability density of measuring a p given the true
position p and true energy E. For gamma ray telescopes, we usually assume a radial symmetry
of the PSF, which means the PSF(Ap|p,E) depends only on the angular separation Ap = p — p.

For generating IRFs for the LST-1 analysis, we utilize the pyirf [[168] Python library.

4.3 Low level analysis

Following the generation of data products and Instrument Response Functions (IRFs), the
analysis proceeds using actual cosmic-ray data acquired by the LST-1 telescope. After the Data
Acquisition System (DAQ) records a cosmic shower signal, the LST-1 data analysis pipeline
Istchain [180]], processes the pre-calibrated raw data as time series waveforms for each pixel
for every event. The pipeline performs low-level calibrations, including baseline correction,
delta time correction, and time arrival correction. Subsequently, image extraction, cleaning, and
parameterization are carried out. The LST-1 camera consists of 265 modules, each housing 7
photomultiplier tubes (PMTs), totaling 1855 pixels. Each module includes eight DRS4 (Domino

"Making the strong assumption that migrations between different observables are statistically independent
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Ring Sampler version 4) chips responsible for signal readout, along with seven photomultiplier
tubes, and a power supply. The signal from each pixels preamplifier is split into high-gain
(HG), low-gain (LG), and trigger lines, with both HG and LG signals read out. Upon triggering,
an external analog-to-digital converter (ADC) digitizes the signal waveforms for both gain
channels. After an event trigger, only a portion of the capacitors is read out, with each capacitor
representing 1 ns, commonly recording 40 time slices. The first three and the last capacitors are
excluded due to increased noise stemming from the chip’s internal structure [155].

The key low-level calibration steps performed by the Istchain pipeline include baseline
correction, delta time correction, and time arrival correction; each of these plays a crucial role in

preparing the raw data for subsequent image extraction, cleaning, and parameterization.

* Baseline correction: Each capacitor in every DRS4 channel possesses its own baseline
offset. These baseline values, known as pedestal values, are measured via dedicated
pedestal runs conducted nightly, which are essential for calibrating the data collected
during each observation period. The average pedestal value is subtracted from the signal

in each capacitor to correct for these offsets [[155].

* delta time correction: Despite baseline correction, waveform signals remain unstable for
random trigger times. Each event triggers at varying positions within the DRS4 ring, and
since only selected capacitors are read out, abrupt signal jumps can occur. To correct this,
a power-law model is applied to the pedestal shift as a function of the last readout time
[155].

* Flat-Field calibration: Flat-fielding is another crucial calibration procedure for Cherenkov
telescopes. It ensures uniform and consistent response across all PMTs by illuminating
the entire camera detection surface with short, uniformly distributed light pulses from a
specialized calibration source. The response of each pixel is then measured over thousands
of events, enabling the calculation of calibration factors that quantify deviations of each

pixels response from the expected average.

After the preliminary calibration of the raw signal and converting ADC counts into photo-
electrons and charge integration, the subsequent phase involves image cleaning. This step is
important as the majority of pixel signals are dominated by noise from the NSB, while only a
limited subset of pixels contains signals pertinent to atmospheric showers. The cleaning process
uses both the signal intensity and temporal information from each pixel to effectively distinguish
and isolate relevant shower signals from the prevalent background noise.

The analysis chain has the function tailcuts_cleanlﬂ which cleans an image by se-
lecting pixels that pass a two-threshold tail-cuts procedure. Essentially, the pixels are re-
tained if they meet two criteria: their signal exceeds the picture and boundary threshold, and

they satisfy the specific time condition related to the neighboring pixels, governed by the

8ctapipe - tailcuts clean
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parameters picture_thresh and boundary_thresh, respectively. And the other function
apply_t ime_delta_cleanindﬂ refines the image based on the temporal aspect of pixel data,
with the parameter time_limit defining the arrival time limit for neighboring pixels.

The standard cleaning procedures for LST-1 data involved pedestal cleaning with a picture
threshold of 8, a boundary threshold of 4, a sigma value of 2.5, and delta time cleaning with a
limit of 2 ns. Early analyses typically started from the DL.1a data level, which contains integrated
charge and peak waveform position information extracted after calibration and initial cleaning.
By the concluding phase of my PhD, in 2025, official DL2 data products have become available,
incorporating advanced calibration and cleaning procedures along with corrections for variable
NSB conditions. These enhancements have improved image cleaning and enabled the inclusion
of data taken under less ideal observational conditions, provided appropriate corrections are
applied.

All analyses presented in this thesis utilize the official DL2 files, which serve as the baseline
for subsequent low-level and high-level processing. While the initial analyses for the thesis work
involved additional low-level processing from DL 1a, eventually, the final results are based on the
standardized, quality-controlled DL2 data. Only files passing specific data quality criteria were
selected for analysis, with the selection performed at the run level. Indeed, selections performed
at subrun-level or shorter interval selection offer potential advantages in data quality assurance,
hence will be adopted in future workflows for LST-1 and CTAO.

4.3.1 Data quality based on Cherenkov transparency

This selection of the "good-quality" data as mentioned above is based on the differential intensity
spectra of the detected showers, dR/dI (events / s / p.e.), where intensity is the total number of
p.e. in pixels that survive image cleaning. The dR/dI spectra are computed on a subrun-wise
basis. The high-intensity dR/dI spectra are characterized using a power law between 316 p.e.
and 562 p.e The fit parameters (normalization and index) of the power law have a clear zenith
angle dependency that is corrected to get "ZD = 0-equivalent" values. Then we compute the
ZD-corrected fit and the value of dR/dI in the middle of the fit range (422 p.e.) is extracted.
The value of dR/dI at 422 p.e. and the power-law index are used to judge whether a given run
looks "of good quality" or notEl Along with these parameters for each subrun, we also obtain
Lomb-Scargle periodogranm of dR/dI@422 p.e. to spot runs with unstable behavior.

9ctapipe - apply time delta cleaning

19The range of 316-562 p.e. is suitable for power-law fits of the differential intensity spectra because it
corresponds to a well-defined intermediate intensity range where the shower detection efficiency is high and
relatively uniform, minimizing threshold and saturation effects, as the lower intensities (below ~ 316 p.e.) may
suffer from incomplete shower image reconstruction and trigger biases, while higher intensities (above~ 562 p.e.)
can be affected by limited statistics and possible saturation in pixel signals.

"'The power-law fit parameters zenith-distance dependence arises from atmospheric and geometric effects
influencing shower development and detector response. Correcting these parameters to zenith-equivalent values
enables a standardized comparison across observing conditions, thus allowing reliable quality assessment of
individual runs

12The Lomb-Scargle periodogram is a well-known algorithm for detecting and characterizing periodic signals in
unevenly sampled data
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The data quality assessment requires the user to provide the information as listed below.

* The desired sky region (region around the source of interest).
* The range of dates.

* The desired range of zenith and maximum allowed NSB level.
The following are some of the preset conditions for the assessment.

* The runs must contain interleaved flatfield and pedestal events.

* The pointing of the telescope must be stable, (0.01°).

* The p-value of the dR/dI power law fit must be above the given threshold (-3).

« Amplitude of Lomb-Scargle periodogram must be below a threshold maximum (1072).
* The fitted power law index of dR/dI must be within an acceptable range ([—2.35,—2.1)).
* The dR/dI@422 p.e. must be at least 1.5 events/s/p.e.

¢ At least 80% of the subruns must be within 15% around the mode of the values of
dR/dI@422 p.e.

* A maximum intensity threshold must be satisfied (Based on the brightness of the particular

night).

For the analysis, we primarily used the standard parameter values (as specified above)
recommended by the low-level data analysis experts within the collaboration. In certain cases
(such as those discussed in Sect. [4.3.6), slight adjustments to the threshold values were necessary
to increase the available statistics for the analysis. The selection criteria related to maximum
intensity and night sky background NSB were intentionally kept relaxed, given that the official
DL2 files are processed with an image cleaning approach tailored to the NSB conditions of the
corresponding night. Therefore, we directly utilized the official DL2 files corresponding to the
carefully selected high-quality DL1 data obtained here. Having secured the necessary DL2 data,

we proceeded to the production of IRFs for the subsequent analysis.

Optimization of gamma hadron separation

Before the production of IRFs, the analysis critically focuses on optimizing gamma-hadron
separation. Optimizing gamma-hadron separation for IACTs like LST-1 involves carefully
tuning analysis parameters to find the optimal balance between retaining gamma-ray signal and
rejecting background hadronic events. This optimization is typically achieved by maximizing
the Q-factor, defined as Q = &/ \/€p Where &y is the fraction of gamma events retained (assessed
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using MC data) and g, is the fraction of proton (background) events surviving the applied cuts
(estimated from real dataﬂ Maximizing the Q-factor ensures optimal statistical significance for
source detection [|159].

In the case of GC analysis, the efficiency of gamma (signal) and proton (background) event
retention was evaluated using the produced MC DL2 dataset (see Sect. 4.2.2) in conjunction
with a representative real DL2 data file. Plots illustrated in Fig. [4.5]describe how the Q-factor
1s maximized at strict gammaness cuts of 0.9 and 0.95. The strict value of gammaness cut
corresponds to a very low gammaness efficiency of ~ 30% and 20%, respectively. This result
underscores the inherent trade-off: tighter cuts lead to improved rejection of background events
but reduce the number of retained gamma events, increasing statistical uncertainties. For this
thesis, a conservative gammaness cut corresponding to a 20% signal efficiency was adopted, and
this selection criterion is reflected in the configuration file used to generate the corresponding
IRFs (see Sec|4.3.2]).
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Figure 4.5: The Q-factor and efficiency of signal and background are plotted against the threshold on the
gammaness. The y-axis on the left corresponds to the Q-factor value of the blue dot points, and the y-axis
on the right corresponds to the efficiency for both signal and background.

Gammaness cut

An important consideration in the analysis is the trade-off between the improved measurement
precision achieved and the corresponding reduction in statistical sample size. As shown in the
Fig. {1.6] the Q-factor peaks around a gammaness efficiency of 20%. However, a slightly higher
gammaness efficiency, such as 40%, which yields significantly more MC events, results in only
about a ~ 15% reduction in the Q-factor. A detailed study of this trade-off would be valuable for
obtaining more robust results. Although the detailed study of this trade-off is beyond the scope

of this thesis, we plan to investigate it thoroughly in future work.

4.3.2 IRF production

The official DL2 production, mentioned in Sect. 4.3] provides standard IRFs for all relevant
NSB levels and declination lines, optimized for standard point source analysis. However, for

B3Proton events, or the hadronic background, are taken from real data since the vast majority of events recorded
during standard observations are due to hadronic showers. Therefore, in this context, all events in a real data file are
conservatively treated as proton background for simplicity.
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Figure 4.6: The Q-factor is plotted against the gammaness efficiency (€,) for the two sets of each real and
MC data files. The events in the data files are divided based on the zenith angle groups with large zenith
angles of 55° — 65° and very large zenith angles of 65° — 75°. The error propagation in calculating the
Q-factor is displayed in the error bands for the respective curves.

the analysis of extended regions presented here, new IRFs were generated specifically for the
declination line corresponding to GC and for the declination lines of the various off-source
regions, as described in[4.3.6] As noted in Sec[4.2.2] the MC DL2 from the official production
is used to produce the full-enclosure IRFs in this analysis. These IRFs were generated using
GammaDiffuse MC files rather than the standard Gamma MC files. Following the optimization
criteria outlined in Sect. IRFs were produced under strict gammaness efficiency cuts.
For the analysis, the gammaness cut of 0.9 has been kept fixed across the energy bins of the
IRFs. The rationale for this approach, along with the systematic uncertainties introduced by
it and their impact on the final results, is discussed in detail in Sect. The analysis steps
starting from the IRF production stage were distinctly non-standard, tailored specifically to
meet the unique requirements of our study. Rather than sticking to the conventional processing
pipelines with their standard selection cuts, we implemented stricter selection criteria. This
allowed for enhanced control over background contamination and improved the overall data
quality, albeit at the cost of reduced statistics. The subsequent production of Level 3 (DL3) data
files reflected these specialized choices, ensuring that the dataset used in the high-level analysis
was optimally suited for the goals of our research. Such a tailored approach was essential to
accurately characterize the instrument response and to provide reliable inputs for the detailed

analysis and interpretation pursued in this work.

4.3.3 DL2toDL3

With the appropriate IRF generated, we proceed to apply them to the selected DL?2 files to
obtain the DL3 files (see Figl4.4), marking the conclusion of the low-level analysis. For each
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selected DL2 file, event selection is performed according to the configurations utilized during the
production of the IRFs. Events are then sampled across spatial and energy bins, and the relevant
response function information is preserved in the final DL3 files. The resulting products are
stored in the FITS format, the standard data format for gamma-ray astronomy (GADF). These
files are easily readable for the high-level analysis software used in this analysis, Gammap
The summary of the LST-1 data analysis workflow is demonstrated in the Fig. 4.7
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Figure 4.7: Flowchart illustrating the LST-1 data analysis workflow, showing each processing step and
the corresponding tool used, from raw data (left) to high-level analysis (right). Steps within the orange
band are generated during official DL2 production; the green band indicates low-level analysis performed
with the Istchain package; and the blue band highlights high-level analysis using Gammapy.

4.3.4 The Galactic Center

The Galactic Center serves as an ideal natural laboratory for investigating physical processes
and phenomena that may take place in the nuclei of other galaxies. Observations indicate the
presence of a supermassive black hole, Sagittarius A*, with an estimated mass of approximately
4.4 % 10° M (solar masses). Surrounding this black hole is a dense and luminous cluster of stars,
including a population of young, early-type stars that appear to have formed relatively recently
in close proximity to the black hole. Additionally, the environment is characterized by various
components of neutral, ionized, and highly energetic gas. This collection of features gives rise to
what is known as the "paradox of youth," a currently unresolved puzzle concerning the presence
of recently formed stars in such an extreme and turbulent region [[123]].

The central region of the GC spans several parsecs and consists of multiple components

with distinct physical and emission properties. At its core lies an ionized cavity roughly 1 to

4https://gammapy.org/ [[16]
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1.5 parsecs in radius, almost free of dense gas, surrounded by the circum-nuclear disk (CND)
extending from 1.5 to 4 parsecs. The CND consists of dense molecular gas and warm dust
with large velocity dispersion and moderately elevated temperatures. Beyond the CND, massive
molecular clouds like the +20 and +50 km/s clouds occupy the inner 5 parsecs.

The GC exhibits diffuse, hard X-ray emission with temperatures ranging from 107 to 103 K,
spatially correlated with molecular clouds such as the Sgr B2 complex, which extends over tens
of parsecs [231]]. The GC is also a site of prolific star formation and elevated supernova rates,
possibly driven by the large molecular gas reservoir and the turbulent, magnetized interstellar
medium prevailing in this environment. The distribution of massive, early-type stars in the
central 400 pc, which account for much of the star-forming gas budget and feedback mechanisms,
is concentrated mostly in a handful of massive and very dense clusters [[160], such as the Arches
[183], Quintuplet [182] and Nuclear Stellar Clusters [[158]]. Star formation at high optical depths
can be traced with a variety of diagnostic tools, including thermal re-emission from gas and dust
grains, spectral lines from HII and Photodissociation regions| >, and masers m

The dense gas distribution across the central 400 pc is concentrated in several massive
molecular clouds stretching across the regions extent, giving rise to the name Central Molecular
Zone. Embedded at the core of the GC is the ~ 4 x 10° M, Supermassive Black Hole (SMBH)
Sgr A*. While it contributes little to the overall gravitational potential beyond the central parsec,
it is nonetheless a profound and important object lying near the dynamical center of large-scale
interpretations of the CMZ gas and appears to be the endpoint for a chain of matter inflows
originating from dust lanes in the Galactic Bar. A series of concentric bubbles of blown-out
material, illuminated thermal and non-thermal filaments, and a high flux of cosmic rays and
ionized particles may all represent echoes of past periods where Sgr A* was a considerably more
active object than as observed today.

The GC, situated at right ascension 266.4150 and declination —29.0061 (ICRS coordinates),
constitutes one of the most studied high-energy astrophysical objects due to its complex environ-
ment and the presence of the supermassive black hole Sagittarius A*. Located at a distance of
approximately ~ 8.5 kpc, the GC exhibits emission across the electromagnetic spectrum, includ-
ing VHE gamma rays. Early observations by CANGAROO [162] and Whipple experiments[161]]
indicated the presence of VHE gamma-ray emission from the GC region [235}|157], which has
since been extensively studied and confirmed by major IACT experiments, such as H.E.S.S.
[22], MAGIC [27], VERITAS [220]]. These instruments have provided detailed measurements of

ISPhotodissociation Regions (PDRs), also called photon-dominated regions, are neutral areas in the interstellar
medium where far-ultraviolet (FUV) radiation from nearby massive stars strongly influences the gas chemistry and
heating. They form the transition zones between fully ionized regions (HII regions) and cold molecular clouds.
In PDRs, FUV photons dissociate molecules and ionize atoms without fully ionizing the hydrogen. This creates
layered structures with varying chemical compositions and temperatures. PDRs are important for understanding star
formation, as they help trace the physical conditions where molecular gas is processed by stellar radiation

1®Masers (Microwave Amplification by Stimulated Emission of Radiation) are natural astrophysical phenomena
where certain molecules (like water, OH, SiO) in space emit intense, coherent microwave or radio frequency
radiation. This happens in regions with specific physical conditions, usually dense, warm, and excited gas near
young stars, evolved stars, or star-forming regions. Masers serve as precise probes of gas kinematics and physical
conditions in space, often providing high-resolution insights into star-forming or circumstellar environments.
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the spectral and morphological properties of the gamma-ray emission, contributing significantly
to our understanding of particle acceleration, source morphology, and the diffuse emission in the
central molecular zone surrounding Sagittarius A* [[12, 13, 36]. The observation campaigns by
the LST-1 telescope have also contributed to understanding gamma-ray diffuse emissions in the
GC region [9]]. The Fig. 4.8 shows the Sky maps of the GC region obtained with LST-1 [9)].
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Figure 4.8: Sky maps of the GC region, obtained with LST-1. The maps are smeared with a Gaussian
kernel of 0.06 degrees. The thick and thin circles at the bottom left corners show 39% and 68% contain-
ment radii, respectively; the former approximately corresponds to the Gaussian kernel. Top) Sky map in
units of significance. The contours show significance levels of 30, 50, and 80. Bottfom) Sky map with
the best-fit models of Sgr A* and G0.9+0.1 subtracted. Image credits: S. Abe, ICRR, Japan [9]

4.3.4.1 Monte Carlo Simulations for GC analysis

As discussed in the Sect. {.2] MC simulations play a crucial role in IACT data analysis. For
the analysis of GC, the required IRFs are generated as described in Sect. 4.3.2] As described
above, the official production of DL2 files also produced MC DL2 files for the declination lines
as explained in Sect. #.2.1] We choose the set of MC DL2 files generated for the declination line
of —29.24°, which is the closest to the declination of the source as shown in Fig. 4.9
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Figure 4.9: This plot presents the pointing of the telescope sky in Azimuth and Zenith coordinates with
marked declination lines. The closest nodes to the GC path are corresponding to declination —29.24°, are

visible. Credit: S. Nozaki

4.3.4.2 Galactic Center DL2 data

Following the low-level processing of all DL1 files labeled as "Galactic_Center" (Sect. .3.1]
through the standard data quality filter outlined in Sect. {.3.1] a total of 154 runs passed the
selection criteria. Figure .10 displays the ratio of runs associated with the GC source. Runs that
failed the cosmic ray rate quality check are highlighted in orange within the figure. The blue
dots in Fig. .10} the selected runs are plotted based on their date of observation in Fig. #.11]
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Figure 4.10: The scatter plot of runs selected and rejected by the filter of dR/dI rate at 422 p.e. selection
criteria (Sec @ Here, the x-axis is runnumbers as we store them in the LST-1 data cluster.

The majority of GC observation runs met the data quality selection criteria. However, several
runs were excluded, predominantly due to failing the dR/dI rate selection criterion at 422 p.e.
In total, the rejected runs represent 8.02 hours of data collected over 18 nights. As discussed in
Sect. 4.3.1] a threshold was set for the dR/dI rate at 422 p.e.; nights with observations that did

not meet this standard were discarded, as illustrated by the examples of two rejected runs in Fig.

4.12
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Galactic Center observation summary of 154 runs [2021 - 2025]
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Figure 4.11: Summary of all the surviving observational runs requested for galactic center studies. The
x-axis shows the dates of these runs taken, starting from 2021 April to 2025 April.

As mentioned in Sect. [3.6] the GC observations are subject to a constraint on the ZD angle.
To characterize the range of ZD values present in the dataset, Fig. [#.13]shows a histogram of the
ZD angles for all 154 observations. Notably, all runs were conducted at ZD angles greater than
55°. In addition, the distribution of azimuth angles for these observations is also presented in
Fig. B.13].

The Fig. displays the theta2 (62) parameter distributions, which measure the squared
angular distance between the reconstructed event directions and the source. For the background,
the distribution is approximately uniform, while the signal should reveal itself as a peak at low
values of 0. The parameter is divided into two energy ranges (500 GeV to 10 TeV, and 10 GeV
to 100 TeV). The significance computed in the 62 plots is the Li & Ma significance . The
plots shown in[4.14] and the significance clearly state that a signal significance greater than 5
sigma indicates a statistically robust detection from the GC region in the considered dataset. This

strong significance demonstrates that the data can be used for the subsequent DM analysis.

4.3.4.3 Galactic Center DL3 data

Over the years of LST-1 science observations, there have been various observation proposals
with differing requirements driven by their scientific objectives. This variation is particularly
evident for the GC, given its extended spatial nature, leading to requests for data collected at
different offset pointing. Among the data that passed the quality selection, 154 runs remain, with
their observation offsets represented in the histogram shown in Figure d.15] For the GC, the
standard offset of 0.4° is relatively uncommon; instead, observations were typically performed
with slightly larger offsets ranging from 0.5° to 1.0°.

The selected runs are subsequently converted into DL3 data products (See[4.3.3) using the
produced instrument response functions (IRFs) as described in Sec[d.3.2] The IRFs are produced
based on DL2 MCs that cover the same range of night sky background NSB conditions as the
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Figure 4.12: Time evolution of the dR/dI rate at 422 photoelectrons for Run 4923 (top) and Run 13728
(bottom). The dashed line indicates the minimum threshold required for data quality acceptance; runs that
fall below this threshold are classified as poor quality and rejected from the analysis.

real DL2 data. The DL3 datasets are then generated through interpolation of the IRF. Fig. 4.16|
illustrates the distribution of azimuth-zenith (AZ — ZD) values for both the produced IRFs and
the corresponding data files.

The produced DL3 files are in the FITS format that can be read and analyzed by the
Gammapy package. A standard 3D analysi is performed to visualize the counts on the
galactic coordinate frame. The spatial maps of events are shown in Fig.

4.3.5 Sanity Checks Using Crab Nebula Observations

The Crab Nebula is a remnant of a supernova explosion observed in 1054 AD and is one of the
brightest and most thoroughly investigated objects in the sky across all wavelengths [208]. It was
among the first astrophysical sources detected at very-high-energy (VHE) gamma rays, with the
pioneering detection made by the Whipple Observatory in 1989 [243]]. This discovery opened
the door for ground-based gamma-ray astronomy and firmly established the Crab Nebula as a
key object for subsequent studies.

Its significance as a standard candle in VHE astrophysics lies in its stable and well-understood

emission. The Crab Nebula emits a broad spectrum of radiation, dominated by synchrotron

"Thttps://docs.gammapy.org/1.2/tutorials/analysis-3d/analysis_3d.html#
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Figure 4.13: Left:Runs are divided based on the ZD pointing of the telescope at the time of their
observation. Right: Runs are divided based on the AZ angle pointing of the telescope at the time of their
observation.
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Figure 4.14: Left: The 62 plot for the GC observations in the energy range 500 GeV to 10 TeV, with the
Li&Ma significance of 166. Right: The 67 plot for the GC observations in the energy range 10 GeV to
100 TeV, with the Li&Ma significance of 9.47¢. The plots are produced using the runs corresponding to
an effective time of ~ 37 hours.
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Figure 4.15: Histogram showing the pointing offset between the telescope’s actual pointing direction and
the GC position for each observational run.

emission at lower energies and inverse Compton scattering processes at gamma-ray energies
[134]). The nebula’s flux is remarkably steady over long periods, unlike many other gamma-ray
sources that show variability, enabling reliable use as a calibration source for energy scale and
instrument sensitivity across different gamma-ray observatories. Due to its bright and consistent
flux, the Crab Nebula serves as a primary benchmark for verifying the performance of gamma-ray
telescopes. It allows researchers to calibrate their detectors, verify reconstruction algorithms,
and cross-check systematic uncertainties [179]. Moreover, many gamma-ray telescopes
utilize Crab Nebula observations to perform sanity checks, verifying that the telescope and data
reduction pipelines function correctly and produce results consistent with established models

and previous measurements.

The Crab Nebula’s extensive study across the electromagnetic spectrum, including radio,
optical, X-ray, and gamma rays, also provides invaluable multi-wavelength data crucial for
understanding particle acceleration and magnetic fields in pulsar wind nebulae. This comprehen-
sive knowledge base aids in validating astrophysical modeling and interpreting the sometimes
subtle features observed in VHE data . In summary, the Crab Nebulas combination of
brightness, spectral stability, and extensive characterization makes it an indispensable resource
in VHE astrophysics. Its ongoing use in calibration and sanity checks underpins the robustness
of gamma-ray observations and helps ensure the reliability of analyses seeking to identify faint

phenomena, such as DM signals or transient events.

In addition to analyzing the GC data, LST-1 observations of the Crab Nebula under com-
parable conditions were incorporated to validate the modifications applied in the GC low-level
analysis (see Sect. [4.3.2) relative to the standard LST-1 analysis procedure [4]).
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Figure 4.16: This figure presents the spatial distribution of observational nodes and corresponding
telescope orientation parameters along the celestial declination line of —29.24° representing the GC’s
trajectory in the sky. The black dots are the nodes at which the IRF files are generated for the declination

line. This plot only shows the NSB = 0.22 IRFs, but the nodes are the same for all other values as well.
The teal dots are the AZ —ZD values of each observation run.
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Figure 4.17: Counts map of the events from the selected runs of galactic center observations. The color
bar represents the number of event counts in the pixels of the spatial map. The spatial map is plotted by
dropping the energies of all the events.
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—22.76°, are visible. Credit: Dr. S Nozaki
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Figure 4.19: Left: The 6 plot for the Crab Nebula observations in the energy range 300 GeV to 800
GeV, with the Li&Ma significance of 52.536. Right: The 67 plot for the Crab Nebula observations in the
energy range 800 GeV to 100 TeV, with the Li&Ma significance of 95.67c. The plots are produced using
the runs corresponding to an effective time of ~ 30.5 hours.

4.3.5.1 Crab Nebula low-level data analysis

Following a comparable approach to the low-level analysis of GC data, we applied the same
rigorous processing steps to the Crab Nebula dataset to ensure consistency and to facilitate
comparative studies. We choose the set of MC DL2 files generated for the declination line of
—22.76°, which is the closest to the declination of Crab Nebula, as shown in Fig. @

Consequently, the Crab Nebula DL2 files, corresponding to good-quality runs passing the
quality cuts described in Sect. 4.3.1} can be plotted on a 62-plot as shown in Fig. |4.19| The
strong significance displayed in the Fig. 4.19 demonstrates that the data can be used for the
subsequent analysis. The DL2 are converted to a set of DL3 files based on the studies discussed
in Sect.
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4.3.6 OFF Data

In addition to the GC and Crab Nebula, data from various OFF-source regions were also
processed to enhance background estimation within the analysis. These regions are referred
to as OFF sources because they are typically used in the On-Off method of observation, a
standard technique in gamma-ray astronomy for improving background rejection, particularly
in analyses involving complex extended sources like the GC region. Recognizing the limited
exposure of LST-1, approximately 1.29 hours, from dedicated dark region observations near the
GC, additional OFF data were incorporated to increase statistical significance. Specifically, all
observations made by LST-1 under similar observational conditions as the GC (dark-moonless
nights, and at LZA) and showing no significant gamma-ray emission < 30 were selected.
Most of the OFF data resulted from transient source alerts and target-of-opportunity (ToO)
campaigns, contributing an additional ~ 7 hours of background exposure. The list of the sources
selected is summarized in Tab. The selection criteria prioritized dark-sky conditions, absence
of moonlight, and a zenith angle threshold slightly relaxed to > 45° (compared to the strict
GC condition of > 58°). This strategy ensured a sufficiently large and representative sample of

background data for robust analysis.

4.3.6.1 OFF sources

IC 310 is an active galaxy located in the Perseus cluster, classified as a radio galaxy with
blazar-like features. It exhibits a relativistic jet oriented at a moderate angle (~ 10°20°) to the
line of sight, resulting in observed variability across radio, X-ray, and very-high-energy (VHE)
gamma-ray bands. IC310 is notable for rapid flux variability and flaring activity, distinguishing
it as a transient gamma-ray source within the class of AGN. Its unique properties make it
a critical object for studying jet physics and particle acceleration mechanisms in relativistic
outflows [91]]. Specifically, for this analysis, the LST-1 observations of IC310 performed under
the observational constraints mentioned above, namely, on dark, moonless nights at LZA, and
without significant gamma-ray emission (< 30) were selected as OFF data.

Ton 599 is a flat-spectrum radio quasar (FSRQ) known for its luminous and highly variable
emission in gamma rays, X-rays, and optical wavelengths. It undergoes intense and rapid flare
events, sometimes on timescales of days to weeks, characteristic of transient behavior seen in
blazars. TON599s well-documented episodic outbursts have been extensively studied to probe
the jet dynamics, particle acceleration, and radiative processes responsible for its emission [[199].
For our study, only the LST-1 observations of TON599 performed under the same observational
constraints as mentioned above, were considered suitable for the OFF data sample.

Gamma-ray bursts (GRBs) are among the most energetic and transient phenomena observed
in the Universe, characterized by brief and intense emissions of gamma rays, lasting from
fractions of a second to several minutes. GRBs are detected across a range of durations and are
generally classified into short and long events, often linked to the merger of compact objects or

the collapse of massive stars, respectively. These sources are regularly monitored and followed
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Figure 4.20: The distribution of the zenith angle points for the selected OFF sources is plotted together.
The total range of ZD values considered is 45° —75°.

up by ground- and space-based experiments, with rapid alerts enabling telescopes to respond
promptly to new events [[115,/178]212]]. In this analysis, GRB observations triggered by transient
source alerts from various experiments were included, all performed under similar observational
constraints as mentioned above. None of these rapid follow-up observations with LST-1 showed

significant gamma-ray emission, allowing their use as OFF data.

Source name Zenith range [deg] | Observation time [hours] | Declination lines
Galactic Center OFF 57° —70° 1.29 dec_min_2924
IC310 45° —65° 1.25 dec_3476
TONS599 50° —55° 0.49 dec_3476
GRB240929A 50° —58° 1.43 dec_6676
GRB210704A 51° —60° 0.91 dec_6166
GRB210807A 56° — 62° 0.62 dec_6166
GRB220302A 52°—61° 0.84 dec_4822
GRB240502A 46° —70° 1.43 dec_2276
Total 45° —170° 8.26

Table 4.1: The summary table listing the characteristics (declination lines and zenith angles) of all
OFF-source datasets used. These observations were triggered as transients or target of opportunity (ToO)
alerts. The declination lines are expressed in the format of "dec_declination angle in icrs coordinate frame
("min’ used for negative values of angles, for example, —29.24° is dec_min_2924).

4.3.6.2 OFF source low-level data analysis: GRB240502A

The low-level analysis procedures described above, which were applied to both the GC and Crab
Nebula datasets, were similarly performed for the OFF-source observations listed in Tab. {.1]
The selection criteria on the ZD of the OFF sources mentioned above are shown in Fig. [4.20]
For the production of IRFs, the MC DL2 files corresponding to the declination lines of the
OFF sources were used. The AZ —ZD plot of the pointing used for MC production and the
telescope pointing during the observations is plotted in Fig.
Below, I present the source declination path plot (Fig. and 62 plots for one repre-
sentative source, the GRB240502A field, to illustrate these analysis steps. The significance
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Figure 4.21: The telescope pointing positions for the OFF source observations are shown as the blue
stars, and the pointing used for MC production for the corresponding declination lines are shown in dotted
points. The plot shows that the MC pointing choices were close enough to the observation pointing, as
evidenced by the proximity of the dotted points to the blue stars. This demonstrates that the simulated
MC events accurately reflect the actual telescope pointing positions during the OFF source observations.

displayed in the Fig. [#.23|demonstrates that the source can be used as an OFF source for studying

the systematic uncertainties from the background. The high-level analysis and the stacked
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background spectrum are studied and discussed in the Sec[5.3.2]

Figure 4.22: This plot presents the pointing of the telescope sky in Azimuth and Zenith coordinates
with marked declination lines. The closest nodes to the GRB240502A source path is corresponding to
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declination —22.76°, are visible. Credit: Dr. Seiya Nozaki
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Figure 4.23: Left: The 6 plot for the GRB240502A observations in the energy range 300 GeV to 800
GeV, with the Li&Ma significance of 0.0c. Right: The 67 plot for the GRB240502A observations in the
energy range 800 GeV to 100 TeV, with the Li&Ma significance of 1.94c. The plots are produced using
the runs corresponding to an effective time of ~ 1.37 hours.
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Chapter 5

Dark Matter analysis and results

This chapter presents the high-level analysis of the gamma-ray data, covering key steps from
dataset selection to final result interpretation. The chapter begins with a description of the dataset
characteristics, including energy binning strategies and source modeling approaches used to rep-
resent the background and DM signals. Next, it details the likelihood-based methods employed
for signal extraction and the computation of upper limits in cases of non-detection. The analysis
results section summarizes the derived parameter constraints. Finally, the chapter addresses
various sources of uncertainties, both statistical and systematic, that affect the robustness of the
conclusions, providing a comprehensive assessment of the data quality and confidence in the

findings.

5.1 High-level Analysis

In high-energy gamma-ray analysis using the Gammapyﬂ tool [16]], high-level analysis refers to
data processing after the DL3 (Sec.3.3)) level. This will comprise data reduction into dataset
classes by reading the events within a spatial geometry corresponding to a region in the sky,
binning the events in energy bins and spatial bins. These observations, consisting of a set of

events, are stacked together within the defined geometry to produce a dataset.

5.1.1 Dataset: MapDataset and SpectrumDataset

The Gammapy package supports both one-dimensional (1D) analysis of energy spectra and
three-dimensional (3D) analysis, which includes the energy axis alongside two spatial axes.
In Gammapy, the 3D dataset is represented by the MapDatasezE] class. This dataset contains
observations organized within maps, where each map comprises two spatial axes and multiple
non-spatial axes. When such a dataset is reduced by summing over the spatial axes, it transforms

into a SpectmmDatasezﬂ which is a 1D representation focused solely on energy.

!Gammapy
Zgammapy.datasets.MapDataset
3gammapy.datasets.SpectrumDataset
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To illustrate this process, consider starting with observations that capture events across
various energy levels and reconstructed directions. These observations can be aggregated into
a map that spans a defined spatial region and discrete energy bins, resulting in a MapDataset.
This dataset effectively provides a two-dimensional spatial representation of a photon-emitting
region of the sky, confined to the specified geometry. If an ON region, representing the region
of interest, is specified on this MapDataset, it can then be converted into a SpectrumDataset
confined to that ON region. This resulting dataset contains events binned exclusively by energy,

delivering detailed spectral information about particles across different energy levels.

5.1.2 Binning in the Energy Axis

In the context of this study, which focuses on the search for line-like signals, the selection
of binning along the energy axis is a critical factor. For such analyses, unbinned datasets are
often preferred, as they enable the detection of sharp spectral features with greater precision.
This approach is exemplified by the MAGIC-2023 study [171]], which employed an unbinned
likelihood analysis to establish the most stringent limits among IACTs to date, for energies above
20 TeV. While unbinned analysis is optimal for resolving fine spectral details, the Gammapy
package used in this study presently does not support unbinned methods. Consequently, a narrow
binning approach is adopted, utilizing 100 bins per decade in energy. This strategy provides
sufficient resolution to resolve potential line-like features while maintaining computational
efficiency.

This narrow binning scheme is applied in the simulation-based study aimed at optimizing the
analysis pipeline and fitting techniques. For the simulated datasets, the bin size is selected to
balance spectral resolution and statistical robustness. Mathematically, the bin width AE for a
given energy E is expressed in Eq. [5.1]

A = Fmax = Emin. (5.1)
Nbins

Where Enax and Enj, represent the upper and lower bounds of the energy range, respectively,
and Myips 1s the number of bins per decade. In this analysis, we employ 100 bins per decade. The
adoption of narrow energy bins is critical for the identification of narrow spectral features. When
a monochromatic gamma-ray line from an astrophysical source is convolved with the finite energy
resolution of the detector, it manifests as a Gaussian-like peak in the observed energy spectrum.
By employing a fine binning scheme with 100 bins per decade, the intrinsic monochromatic signal
spreads across several tens of bins following this convolution process. This distribution allows
the characteristic Gaussian profile to be adequately sampled across multiple bins, preserving the
shape of the spectral feature while maintaining sufficient statistical granularity for robust peak
detection and characterization. This approach is essential for several reasons. First, it ensures that
narrow spectral lines are not artificially broadened or washed out by coarser binning schemes,
which would obscure their detection. Second, the fine granularity permits accurate reconstruction

of the line’s energy centroid and width, enabling precise determination of physical parameters.
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Finally, the adequate sampling of the Gaussian profile across tens of bins provides sufficient
statistical leverage to distinguish genuine monochromatic signals from statistical fluctuations in
the background continuum, thereby improving the sensitivity of the analysis to weak line signals
that would otherwise be missed.

For the analysis of real data, additional care is taken to ensure that the bin width satisfies the
conditions necessary for assuming a Poissonian distribution in each bin. Specifically, a minimum
number of counts threshold is enforced to maintain statistical validity. This ensures that the
Poissonian approximation remains valid, which is crucial for accurate likelihood-based fitting
procedures [230]. The threshold is chosen such that the expected number of counts per bin A;
satisfies

Ai > Amin, (5.2)

Where Ay is the minimum number of counts required to justify the Poissonian assumption.
While unbinned analysis, as demonstrated by MAGIC-2023 [171]], provides the best sensitivity
for line-like searches [46]], a carefully tailored approach of narrow binning, as adopted in this
study, is expected to yield competitive results. This approach ensures that the statistical properties

of the data are preserved while maintaining sensitivity to potential line-like signals.

5.1.3 Astrophysical Background

For the analysis of the GC region, it is essential to consider contributions from astrophysical
sources, as their emissions can significantly contaminate the gamma-ray signal. In this study,
the primary sources of interest include SgrA* (the supermassive black hole at the GC), the
supernova remnant SNR G0.9 4- 0.1, and the large-scale diffuse gamma-ray emission resulting
from cosmic-ray interactions with interstellar gas and the interstellar radiation field (ISRF). The
ISRF consists of electromagnetic radiation produced by stars and interstellar matter. The stellar
contribution is dominated by late spectral class stars, which peak in the near-infrared (NIR)
region around a wavelength of approximately 1 micron. Another component arises from OB-type
stars, characterized by a peak in the ultraviolet range near 0.1 microns. Additionally, the ISRF
includes far-infrared (FIR) emission from dust within the interstellar medium, which is heated by
absorbed starlight. The ISRF photons undergo inverse Compton (IC) scattering by high-energy
cosmic-ray electrons, resulting in up-scattered photons with energies reaching the GeV to TeV
range [[197]. Alongside the IC emission, the ISRF also attenuates VHE gamma rays through
absorption processes [129], [248].

In a comprehensive three-dimensional (3D) analysis, where data are binned along the spatial
coordinates and energy axes, it is necessary to explicitly model each astrophysical source and fit
these models simultaneously with the DM signal. This approach ensures that both the spatial
and spectral characteristics of astrophysical components are accurately accounted for, allowing
a robust extraction of any potential DM contribution. However, the search for line-like signals

offers a unique simplification: since the signal of interest is a sharp spectral feature at a specific
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energy, the spatial dependence can be neglected. This permits the use of a one-dimensional (1D)
analysis, in which events are summed over spatial bins, and only variations along the energy axis
are considered.

Within this 1D framework, the expected counts spectrum can be visualized alongside the
dominant hadronic background. The hadronic background, which originates from cosmic-ray
interactions, primarily protons and heavier nuclei colliding with atmospheric nuclei and produc-
ing hadronic air showers, substantially dominates the gamma-ray flux in the region. Although
astrophysical sources such as SgrA*, SNRGO0.9 + 0.1, and diffuse emission contribute to the
overall flux and may contaminate the baseline signal (defined here as the cumulative flux from
these astrophysical sources alone), methods like the sliding window technique can effectively
overcome these complexities. This approach confines the analysis to a narrow energy range, al-
lowing isolation of potential line-like features by comparing the observed flux within the window
to the expected background, thereby mitigating the influence of astrophysical contamination.
Additional details regarding the modeling of astrophysical sources, background treatment, and

the implementation of the sliding window technique are discussed in the subsequent sections

(Sect. [5.1.4).

5.1.4 Background Modeling

An essential step in the search for gamma-ray emission is the accurate modeling of the back-
ground. In addition to the astrophysical components discussed earlier, particular attention must
be paid to the hadronic background. Although IACTs are designed to discriminate between
gamma-ray-induced showers and those produced by hadrons (primarily protons), some hadronic
events may still be misclassified as gamma-like events and contaminate the signal [94]]. These
gamma-like events must be carefully accounted for in the analysis.

To achieve this, a detailed understanding of the distribution of such hadronic background
events across the sky region surrounding the source is required. In a full 3D analysis, where the
data are binned in spatial and energy dimensions, a detailed map of the hadronic background
distribution across spatial and energy bins would be necessary. However, as mentioned in the
previous section, the search for line-like signals allows us to simplify the analysis to 1D by
summing events over spatial bins and focusing solely on the energy axis. In this 1D framework,
the primary concern is the accurate modeling of the background spectrum over the energy range
of interest.

In IACT observations, the background is typically estimated using techniques such as
wobble-mode observations or On/Off observations. In wobble-mode observations, the telescope
alternates between pointing slightly offset from the source (off-regions) and the source itself
(on-region), allowing the background to be estimated from the off-regions. Similarly, in On-Off
observations, dedicated Off-runs are taken to measure the background. For our analysis of
the GC region using LST-1, we do not necessarily employ the On-Off observation technique

to compute the excess, but we use the Off data to compute possible systematic uncertainties
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from the background misestimation. By studying the Off-observation data, we can compute a
detailed spectrum of the background, which includes contributions from both hadronic events
and gamma-ray-like events from astrophysical processes.

For modeling the background, we combine the spectra from the hadronic background and the
gamma-ray background from astrophysical sources into a single baseline model. This combined
background model serves as the foundation for the search for line-like signals. However,
combining these spectral models across the energy range introduces uncertainties, particularly in
regions where the background components may exhibit complex spectral shapes. To address this,
we employ the sliding window technique, as mentioned in Sect. [5.1.3] This technique simplifies
the analysis by confining it to a narrow energy range where the combined background can be
safely approximated as a power lawﬂ The technique is called sliding as we define the window
with a dependence on the energy (W(og); o is the energy resolution at E). Hence, for the
analysis, the DM signal is modeled for an energy corresponding to the DM mass and within the
window around the energy, the background is fitted with a power-law model, and the DM model
is simultaneously fitted to search for any excess indicative of a line-like feature. This power
law modeling approach ensures that the background is accurately modeled while minimizing
the impact of uncertainties arising from the combination of different spectral components. The
sliding window technique not only simplifies the analysis but also enhances the sensitivity to
potential DM signals by isolating the search to specific energy ranges where the background is
well-understood and can be reliably described by a simple power-law model. In Gammapy, this

is modeled using the FoVBackgroundModel.

5.1.5 Line-signal modeling

The DM signal is modeled using the DarkMatterAnnihilationSpectralModel class from the
Gammapy framework. This model calculates the expected gamma-ray flux resulting from DM
annihilation, using the particle spectra derived from detailed simulations by [85]]. It supports
various annihilation channels, including the Yy line channel and other SM final states, providing
flexible, physically motivated spectral templates.
The gamma-ray differential flux is expressed in Eq.
do _ _{ov) dN _y xq) (5.3)
dE  Amkm},, dE
Where, (ov) is the thermally averaged annihilation cross-section, mpy the DM particle
mass, dN /dE the photon yield per annihilation event for the selected channel, and k is a factor
depending on the particle type (2 for Majorana fermions, 4 for Dirac fermions). The factor
J(AQ), known as the J-factor, encodes the contribution from the DM density distribution within

the region of interest (ROI).

4Most cosmic rays and gamma rays have a power law dependency on energy and appear like a straight line on a
log-log plot, at least locally.
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The J-factor is computed in Gammapy using the JFactory class, where users provide a
physically motivated DM density profile with relevant parameters (scale radius, characteristic
density, local DM density, distance to the GC and the exponents of the function). This is
combined with a spatial geometry defining the observational FoV. The JFactory integrates the
squared density p2(r) along the line of sight for each direction to produce a spatial map of the

differential J-factor using the formula shown in Eq. [5.4]

S@=[ pts.2)ds 5.4

Where r is the radial distance from the center of the DM halo. In the analysis, where
we are performing a 1D spectrum fitting, the spatial distribution of the J-factor needs to be
integrated within the map over the solid angle defining the ROI. For line searches, this J-factor
acts as a scaling factor for the predicted annihilation flux, linking particle physics quantities
with observational data. This combined spectral and spatial modeling framework in Gammapy
provides a robust and flexible toolset for deriving constraints on DM properties from gamma-ray

observations, complementing the background modeling strategies outlined previously in Sect.

.14

5.1.6 Fitting

In this section, we discuss the fitting approach employed in our analysis. The fitting procedure
involves two primary models within the region of interest: the DM model and the background
model. As described in the previous section, the background model accounts for the combined
contributions from both astrophysical sources and hadronic events. The FoV background model
is defined using a normalized power-law spectral model, which provides a flexible and robust
representation of the background across the energy range of interest.

The fitting process is performed within the framework of the sliding window technique, as
outlined earlier (Sect. [5.1.4). Within each energy window, the combined background is assumed
to follow a power-law distribution. This assumption simplifies the fitting procedure and allows
the background to serve as a reliable baseline for the search for line-like signals. The power-law
parameters (normalization and spectral index) are fitted simultaneously with the DM signal
model, ensuring that any excess in the gamma-ray flux can be attributed to a potential DM signal
rather than fluctuations in the background.

The DM model is defined as a line-like feature at a specific energy, corresponding to the
mass of the DM particle [83]]. The fitting procedure involves maximizing the likelihood function,
which incorporates both the DM signal and the background model. By iterating over multiple
energy windows and performing the fit in each window, we can systematically search for line-
like signals across the entire energy range. This approach not only enhances the sensitivity to
potential DM signals but also ensures that the background is accurately modeled and accounted
for in each step of the analysis.

In summary, the fitting procedure combines the flexibility of the FoVBackgroundModel with
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the precision of the sliding window technique to provide a robust framework for the search for
DM line-like signals. The simultaneous fitting of the background and DM models ensures that
any observed excess is carefully scrutinized and attributed to its most likely origin, whether

astrophysical or potentially indicative of DM interactions.

5.1.7 Likelihood Function

For fitting the models to this binned dataset, we perform maximum likelihood estimation using
the standard likelihood function in gamma-ray astrophysics: the Cash statistic [75]]. The Cash
statistic (C-stat) is defined as Eq. [5.5]

N "
c=2) {ui—ni—l—niln (FH (5.5)
Where:
¢ p; 1s the observed number of counts in bin i

* U; is the expected number of counts from the model in bin i

e N is the total number of bins

The likelihood function is formulated as Eq. [5.6]

.|
i=1 ni:

(5.6)

where 6 represents the model parameters. We minimize the Cash statistic to find the best-fit

parameters.

5.1.8 Extended Likelihood

The standard maximum likelihood estimation (MLE) approach using joint profile likelihood or
C-stat performs optimally when the background model is known with high precision [75]. In
such cases, the likelihood function %4 for observed counts »; in an energy bin i follows the

Poisson distribution:

. Ny 5 ni p—Hi(6)
Loa(B) = [0S T (5.7)

i=1 nl'

Where ,LLi(é) = ,Ll&i(és) + ,leﬂ-(éb) represents the expected signal (s) and background (b)
counts, with 6 = (és, éb) being the combined parameter vector. This formulation assumes
perfect knowledge of the background expectation (1, ;. However, for line searches where both

signal and background must be modeled simultaneously, the background itself carries significant
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statistical uncertainties. The background estimate b; derived from off-source regions follows its

own Poisson distribution:
bl?ie_bi
l
b;!

Where b; is the true background count. The extended likelihood framework naturally

P(bi|bi) =

(5.8)

incorporates this uncertainty by treating the background as a Poisson-distributed nuisance

parameter. The full extended likelihood becomes:

0 . INI .u + i ( s.i(év) bi) i),' *bi
eXt ’ = Sl S )" >< ~ ' ( . )
n;. bi- 59

The formulation in Eq. [5.9]provides several key advantages for line searches: first, it properly
accounts for the covariance between signal and background uncertainties, crucial when searching
for weak line features pi;; < b;. Second, the Poisson terms for both on-source (n;) and off-source
(l;i) counts ensure correct statistical treatment of low-count regimes. Third, the simultaneous fit
6, and b prevents biasing the signal estimate from background misestimation. The improvement
becomes particularly evident when computing the test statistic for line detection. Whereas the
standard likelihood ratio test statistic, as shown in Eq. may over-constrain the background,

the extended version shown in Eq. [5.1T|maintains proper coverage by accounting for background

uncertainties.
(G
TSqa = —21In (M) (5.10)
Z4a(0)
0. b
TSext = —2In (M) (5.11)
"%Xt(67b)

5.1.9 Significance Estimation

In order to compute the final result, we fit both the background model and the source model
within the sliding window for each mass (as described in the Sec[5.1.6) to compute the best-fit
parameter values. For the DM source model, the parameter of interest is the ’scale’ parameter (s).

We evaluate the significance of the DM hypothesis using a profile likelihood ratio test described

in Eq.[5.12,

A(s) = (5.12)
Where:
* s is the parameter of interest (scale factor)
* 0 represents the nuisance parameters
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« O are the values that maximize the likelihood for fixed s
o §and 6 are the unconditional maximum likelihood estimates.

According to Wilks’ theorem [246], —21n A (s) asymptotically follows a y? distribution with
one degree of freedom. We use the test statistic (TS) as expressed in Eq. [5.13]

TS = —2InA(s) (5.13)

The significance is computed as v TS [97]]. For cases where TS < 25 (corresponding to
significance < 50), we compute one-sided upper limits. The joint likelihood across all energy

windows is computed by summing the individual log-likelihoods (shown in Eq. [5.14).

M
In Lo = Z In.Z; (5.14)
i=1

In Eq. M is the number of bins covered in the energy window considered.

5.1.10 Likelihood Scan Technique

In the absence of a statistically significant detection, a likelihood scan is conducted over the
parameter of interest, in this case, the signal strength scale factor s. This method facilitates the
derivation of robust confidence intervals while properly accounting for the statistical properties

inherent to the measurement.

5.1.11 Bounded vs. Unbounded Likelihood

For parameters like s that are physically constrained to be non-negative (s> 0), we distinguish

between two cases:

* Unbounded likelihood: When the best-fit value § is sufficiently far from zero (typically
§/os > 2), the likelihood can be treated as Gaussian and the confidence intervals are

symmetric.

* Bounded likelihood: When [l is near or at zero (as in our null detection case), the physical

boundary must be respected, requiring modified statistical treatment.

For line searches, we typically operate in the low-signal regime, and the bounded likelihood

is most appropriate. The test statistic (TS) for this case follows a half-y2-square distribution as
shown in Eq. [5.13]

o [Famtzw 2 @) itazo 515
2In(L(n)/L0) ifa<0

We scan the test statistics value through the following steps:
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1. Fix s at a series of values starting from 6 and increasing in small increments (As)

2. At each fixed s, maximize the likelihood over all nuisance parameters 0

3. Compute the TS value relative to the global maximum:

Z(5,6(s)) 516

where é(s) are the conditional best-fit nuisance parameters.

4. Continue until TS reaches the critical value for the desired confidence level

The critical value of TS = 2.71 corresponds to the 95% confidence level for a single parameter
of interest. This derives from the properties of the chi-square distribution with one degree of

freedom:

Py} <2.71)~0.90 (5.17)

For the half-chi-square case relevant to bounded parameters, this gives:

1
P(TS§2.71):1—5(1—P(x%§2.71))=0.95 (5.18)

The upper limit g5 is then determined by finding the scale value where the interpolated TS

curve crosses 2.71:

TS([.L95) =2.71 (519)

This procedure provides proper frequentist coverage by construction, meaning that if the
experiment were repeated many times, the true value would lie below s95 in 95% of the cases.

The approach is particularly well-suited for line searches because of the following reasons:

¢ It handles the physical boundary at s = 0 correctly
* It remains valid even when the best fit is at s = 0

* It properly incorporates systematic uncertainties through the nuisance parameters

The resulting upper limits can then be converted to constraints on the DM annihilation

cross-section (ov) by scaling as s and using the J-factor and exposure of the observation.

5.1.12 Upper limits

The binned likelihood analysis performed across the energy range has yielded no statistically

significant detection of excess emission around any expected DM mass. In the absence of signal
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excess, we derive constraints on the velocity-averaged annihilation cross-section (ov) [205].
Following the methodology outlined in previous sections, Sect. [5.1.9 and Sect. [5.1.10] we

employ a likelihood ratio test comparing two hypotheses:

 Null hypothesis (.77)): Background and astrophysical sources only

* Test hypothesis (.777): Includes a DM signal component

From the comparison of the test hypothesis with respect to the null hypothesis, we compute

95% confidence level (C.L.) upper limits on (ov).

5.2 Analysis Results

The produced datasets from the GC observations (see Sect. 4.3.4.3)) from the full-enclosure IRFs
are subsequently converted to a 1D spectrum data. The spectrum data is analyzed to compute

upper limits on the DM parameter (Gv)9say.L-

5.2.1 Asimov Procedure

To look at the expected sensitivity of LST-1, we follow Asimov’s procedure[100]. The expected
sensitivity of LST-1 to DM search is performed on a simulated dataset. We produced datasets
using LST-1 IRFs, narrowly binned in the energy axis. The produced 3D map datasets are then
converted to 1D spectrum datasets by summing over the spatial axes. This spectrum dataset
is used to determine the background baseline. To do so, we fit the counts spectrum using a
power law within a narrow energy window and find the best-fit power law model parameters.
Using these parameters, we create a new dataset without Poissonian fluctuation and purely based
on the best-fit model. This dataset is called the Asimov dataset (See Appendix. [A.3). This
Asimov dataset is then fit using a power-law model for background, along with the DM model to
constrain the DM scale parameter.

The produced map dataset and spectrum dataset for the simulation are plotted in Fig. [5.T]and
Fig. Whereas from the 39 hours of data collected, the counts spectrum from the real data is

plotted in Fig. [5.3]

5.2.2 LST-1 results

From simulations:
Fig. [5.5|presents our preliminary results on upper-limits on annihilation cross-section from
the DM analysis, representing the estimated constraints from LST-1 observations on mono-

energetic gamma-ray lines from DM annihilation in the GC region.

97



Exposure/Obstime [10 TeV] 1e6

1.4

ROI 1.8°
—¥— Galactic Center
—&— Wobble Pointings

7%

1=

0

Galactic Latitude

-1°

2° 1° 0° 359° 358°
Galactic Longitude

Figure 5.1: The effective area plot for 10 TeV for the simulated dataset.
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Figure 5.2: Energy distribution of counts after summing over spatial axes within the region of interest.
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Figure 5.3: Energy distribution of counts in the narrow binned energy axis, sampled from the real data of
LST-1.

The limits below are computed from Asimov datasets. To look at the expected sensitivity
of the telescope, we first performed our search on Asimov datasets produced from a simula-
tion without a Poissonian sampling. We have explored two DM density profiles, the Einasto
profile assuming the cuspy distribution of DM [39]] and the Burkert profile assuming the cored
distribution of DM [73]].

As mentioned in Sect. the analysis requires computation of the J-factor [205] within
the region of interest to model the expected flux. Here, we have used Gammapy tools to integrate
the density over the solid angle of the region of interest across the line of sight up to the GC. The
region of interest for LST data is chosen to be a 1.8-degree circle around the GC for the results
from the simulated dataset. The computed J-factor using the JFactory class of Gammapy, which
turned out to be consistent with the previous publications such as MAGIC-2023 [|171]], hence

direct comparison of the limits can be done.

The result above shows the potential of LST-1 to constrain the DM model parameter, velocity-
averaged annihilation cross-section. In Fig. [5.5|we see that LST-1 could reach H.E.S.S. limits
[130] already, using just 40h of data, starting from the energies 20 TeV. The projected sensitivity
with similar observation time and exposure as the MAGIC publication [171]]. The results
presented in Fig. [5.5| were also presented at the International Cosmic Ray Conference (ICRC),
2025 [L1].

From real LST-1 data

We used the counts spectrum of events observed by LST-1 as shown in Fig. [5.3and defined
the DM model and assuming a 46 window width, the expected limits using the Asimov procedure
are computed. And the upper limit on the DM parameter, velocity-averaged annihilation cross-
section (ov) is plotted. Here in the Fig. it is shown for the case of Einasto, the cuspy DM
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Figure 5.5: Estimated LST sensitivity to assuming the Higgsino-like DM model (Sec ) .

density profile [39]]. For the case of the Burkert density profile [73]], the upper limits are shown
in Fig.

5.3 Uncertainties

5.3.1 Statistical Uncertainties

We generate toy-MC events following the original distributions by dividing the dataset into toy

datasets. The number of events for these datasets is generated assuming Poissonian fluctuations

100



10—23

10-24 -
P

T 107251 .r'f-I
£ AT
S 10726 AT !
H
bg 10-27 4

10-28- === Expected Einasto limits

68% containment (10)
® Einasto profile
10—29

100 10 102
Masspy [TeV]
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Figure 5.7: Assuming Burkert density profile and the corresponding J-factor within the ROI of 1.8°,
the computed 68% C.L. upper limits on the DM parameter, velocity averaged annihilation cross-section
(ov) for the branching ration of 100% for yy channel is shown. The blue dots are the observed upper
limits, with the black dashed line being the expected sensitivity curve, for the case of no signal.

with a mean set as the total number of events of the dataset. We produce such simulated toy
datasets based on the null hypothesis (signal counts are 0) and fit the toy datasets with the DM
line assumption. We repeat the toyMC for 100 times for all the considered DM masses. Using
the test statistic, we derive the cross-section value corresponding to 95% confidence level to set
a limit and compute the 68% containment bands as shown in Fig. [5.6]and Fig.
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5.3.2 Systematic Uncertainties

In astrophysical observations, systematic uncertainties represent reproducible biases or deviations
in measurement processes that cannot be reduced simply by increasing data volume or exposure
time. Unlike statistical uncertainties, which arise from random fluctuations and decrease with
more data, systematic uncertainties originate from imperfect knowledge or modeling of the
instrument, environment, or analysis techniques. These include, but are not limited to, calibration
errors, instrument response mismodeling, atmospheric effects, background estimation errors, and
assumptions in the analysis pipeline. Proper quantification and control of systematic uncertainties
are crucial, as they can significantly influence derived scientific results, such as energy spectra,
source fluxes, and morphological parameters, potentially leading to biased interpretations or
incorrect physical inferences. For LST-1 analysis or Cherenkov telescopes data analysis in
general, systematic uncertainties are particularly impactful because complex detector responses
and atmospheric conditions introduce multiple layers of potential error.

For addressing these effects, standard practice involves performing dedicated systematic tests
by varying key IRFs or analysis assumptions within plausible uncertainty ranges. The resulting
changes in fitted parameters provide an empirical estimate of the systematic errors, which are
then reported alongside statistical errors. This systematic treatment ensures scientific results are

robust and credible, guiding model validation and future instrument improvements.

* Energy Scale Uncertainty

One of the most significant sources of systematic uncertainty in IACT data analysis is
the energy scale uncertainty. The energy scale defines how measured detector signals are
converted into reconstructed photon energies. Any systematic bias or miscalibration in the
energy scale directly affects the inferred spectral shape and normalization of astrophysical
sources. Sources of energy scale uncertainty include imperfect calibration of detector
response, variations in atmospheric transmission, and limitations in detector modeling. The
importance of quantifying this uncertainty lies in its impact on the scientific interpretation
of results: for example, a systematic offset can lead to erroneous claims about spectral

features, cutoffs, or the nature of the underlying particle population.

In practice, we estimate the energy scale uncertainty by intentionally shifting the true
energy values used in the IRFs by a fixed percentage (e.g., =15%) and repeating the full
spectral analysis with these perturbed IRFs. The difference in the fitted model parameters,
such as flux normalization or spectral index, between the nominal and energy-shifted
analyses provides a quantitative measure of the systematic uncertainty associated with
the energy scale. This approach ensures that the analysis remains robust against plausible
calibration mismatches between Monte Carlo simulations and real data. For estimating the
uncertainty, we look at the spectral energy distribution of the well-studied source Crab
Nebula. Here we am using Crab Nebula data collected at LZAE] at the standard offset of

SLZA observations are chosen to compute uncertainty relevant to our analysis of LZA GC data, which can
slightly vary from the uncertainty from optimal ZD observations
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0.4°, analyzed for a point-like source using the full-enclosure IRFs A simple flux

points estimation from this data yields the following spectral energy distribution as shown

in Fig.

Crab Nebula (4.05h), Energy > 1 TeV
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Figure 5.8: Counts map of observed events from Crab Nebula, highlighting the on-region around Crab
Nebula and considered off-regions for estimating background counts. Only the events of energies higher
than 1 TeV are shown in the plot.

The study of systematics from energy scale is done by creating the IRFs by intentionally
shifting the true energy by 15‘%{’-] [29] and producing datasets, we can see the spectral
energy distribution (SED) points shifting as shown in Fig: [5.10] This shift in flux points
indicates the systematic uncertainty due to a possible misestimation of the energy of +15%
from its true value. The original SED is plotted with the uncertainty bands as shown in
Fig. [5.11]

This can be quantified by checking the relative difference of the differential flux for the

scaled true energy IRF cases compared with the nominal case, and can be seen in the Fig.

5121

The uncertainties derived can be translated to the DM results by testing via simulations. We
simulated GC datasets using IRFs, ranging from nominal to 5%, +£10%, and +15% and
for all the simulations using true energy scaled IRFs, the produced datasets are analyzed

using the nominal IRFs an the resulting upper-limits are used to look at the relative

®The study was performed by artificially shifting by +5%, +10%, +15%, +20%, and +25%. Here we
mentioned the +15% as this uncertainty is typically expected within 15% — 17% [29]. This is determined based on
many systematic effects such as imprecise knowledge of the atmospheric transmission, mirror reflectivity, properties
of the PMTs, etc.
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Figure 5.9: Spectral energy distribution of Crab Nebula LZA data using 5 energy bins per decade for true
and reconstructed energy axes. Here, the SED is plotted with the best-fit log parabola model and with the
statistical uncertainty band (gray), along with the SED computed using other instruments.

difference and estimate % uncertainty in computing (ov)y . The relative difference of
(ov)y 1 from the data simulated using scaled IRF, analyzed using nominal IRF. The
computed upper limit as compared to the simulated data using nominal IRF yields the

following uncertainty, as shown in the Fig. [5.13]

* Energy Dispersion (Resolution) Uncertainty

The finite energy resolution of IACTs, described by the energy dispersion function, deter-
mines how accurately the true photon energy can be reconstructed from detector signals.
Uncertainties in modeling the energy dispersion introduce systematic errors by distorting
the observed energy spectra, potentially washing out spectral features or introducing artifi-
cial broadening. Accurate characterization of the energy dispersion is therefore crucial for
the reliable measurement of source spectra and for setting credible upper limits, especially

at low or high energies where resolution effects can be most pronounced.

For estimating the systematic uncertainty arising from imperfect knowledge of the energy
dispersion, we typically broaden the energy dispersion matrix in the IRFs by convolving
it with a Gaussian kernel of fixed width (e.g., 10%15%, corresponding to plausible
degradation of energy resolution). The analysis, such as spectral fitting or forward-folding
likelihood methods’] is then repeated with the smoothed IRFs. The resulting differences
in key spectral parameters, when compared to the analysis with the nominal IRFs, are
attributed to systematic uncertainty due to the energy dispersion modeling. This procedure

allows us to quantify the impact of potential mismodeling of the instruments energy

7Forward folding likelihood methods fit theoretical models to observed data by accounting for the instrument’s
energy and spatial response, enabling unbiased parameter estimation despite detector effects.
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Figure 5.10: SED of Crab Nebula LZA data from the nominal IRFs is compared with the SED computed
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Figure 5.11: SED of Crab Nebula showing statistical and systematic uncertainty bands.

resolution on the final scientific results.

A convolution of the energy dispersion matrix with a Gaussian kernel of width 15% is
used to check how much systematic uncertainty this smearing can induce is studied again
using simulations with the modified IRFs, and the uncertainty is translated directly into
the DM results by comparing the upper limits computed, as can be seen in the Fig. [5.14]

» Large-scale curvature uncertainty

The approach of assuming a power law fit locally on the 1D counts spectrum allows us
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Figure 5.12: Relative difference in the differential flux of counts for the scaled true energy by +15% case
as a function of the energy.
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Figure 5.13: Relative difference of the computed upper limit on the DM annihilation cross-section from
simulations using the true energy-scaled IRFs compared with simulations using nominal IRFs. The true
energy scaled as 5%, +10% and £15% are plotted in left(right) figures.

to by-pass the steps involving the study of individual gamma ray emitting source and
makes this DM line-like search easier (Sec |’57_7f[) But, this assumption comes with
additional uncertainties, one of them is the large scale curvature uncertainty. Overall,
the counts spectrum should be approximated using a power law, as we have discussed
earlier that the spatially summed up counts spectrum is dominated by the background, and
assuming an isotropic distribution of background, it is not wrong to assume a power law
dependence on energy (Sec[5.1.4). But as we are selecting a sliding window and assuming
a power law within that, there is a possibility of slight curvature within the small window,
which in some cases might change the background baseline normalization, and hence

hinder the final result. To quantify the potential effect of spectral curvature, we analyze
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Figure 5.14: Relative difference of the computed upper limit on the DM annihilation cross-section from
simulations using the modified IRF after the Gaussian kernel convolution to the energy dispersion matrix.

background-only data, referred to as the OFF data. While the GC data could have been
used for this purpose, we opted to use the OFF data to conduct a rigorous evaluation of
the systematic uncertainties inherent in background estimation. Specifically, the OFF data
enabled us to investigate the stability and reliability of the power-law background model
employed in the sliding window technique, independent of any genuine astrophysical
signal. The systematic uncertainties derived from the OFF data therefore represent an

unbiased estimate of the background estimation reliability.

To investigate potential spectral curvature, we employed the log-parabola spectral model
and compared the results with those obtained using the power-law model. To translate this
effect into DM constraints, we evaluated the upper limits derived under the assumption of
a log-parabola spectrum with varying curvature parameter, 3, and quantified the relative
differences with respect to the reference case of zero curvature. The results for 3, values
ranging from —0.1 to +0.1 are presented in Fig. [5.15] covering DM masses from 1 TeV
up to 40 TeV.

* Features mimicking line-like signals

For looking at a sharp 7y signal, we investigate a line-like deviation from the background
spectrum. But, the presence of a fluctuation in the background spectrum that could behave
like a DM signal and result in a fake detection, or the fluctuation can negatively impact
and hide an actual possible detection. We account for such uncertainties in the final results;

we have computed the fy systematic uncertainty as described below.
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Figure 5.15: Systematic uncertainty due to curvature in the spectrum. The relative % difference has
been calculated for a range of masses shown by respective curves, and is plotted for a range of 3 values
representing the induced curvature in the spectrum.

Let the defined total number of signal events in a bin be ng,, as described in Eq. @

Nsig = n;ig — Ngyst (5.20)

The n;ig is the best fit number of signal events with the nyy; as the systematic offset in the
bin. The nyy is estimated by modeling a Gaussian with a fixed Oy, around the mean = 0.
This approach was initially used by Frmi — LAT [74] and a slight modification was also

used in the MAGIC [[171]].

It is safe to assume that the offset from systematics will scale linearly with the total number
of events within the RO]EI, then Gy = O fiyst X Norar- This O fiyg should be the systematic
uncertainty of the fraction of signals. Let us call the fraction f as defined in Eq. [5.21]

ne
frig = —2 (5.21)

Nrotal

This fraction f basically tells us about the possible number of fake signal events among
the total events. The modification we did to this, as compared to what was employed in
the MAGIC-2023 publication [171], was that we carefully computed the value only within
the sliding energy window for each mass and checking for the 0 f;y, from each bin, while
avoiding the empty bins. This is a case that could arise only in such an analysis approach
because the MAGIC-2023 work is based on unbinned analysis, unlike this narrow-energy
binned analysis approach (See Sec[5.1.2).

From the width of the distribution of fy;, for a set of trials, we have used 100 toy-MC trials

8The systematics will scale linearly with the total number of events as the number of events increases, any
consistent bias or calibration offset in the measurement process grows correspondingly, resulting in an overall effect
that scales with the event count. This linear scaling model simplifies the quantification of systematic biases in
count-based analyses by relating the systematic offset directly to the observed statistical sample size, providing a
first-order approximation widely used in data analysis contexts.

108



3.0+ y + of sy'st

9
= 2.5
o
Yo
'a]
5 2014
@
2 1.5 *
£
810 ° : :
=N
[Fa]
[ ]
0.51 S
100 10
Mass (TeV)

Figure 5.16: The systematic error, 6 fy, in computing the fractional signal number fj;, is plotted against
the DM mass, while fitting the line-like signal on the background-only data. The data points are up to the
energies 40 TeV, as for higher energies the n,;, becomes very low in the counts spectrum.

for each mass value, and the total uncertainty on it will be related to 6 JSsyst and O fyrar @S

their quadratic sum:

8fis = Mo — 8 fau (5.22)

In addition to avoiding empty bins, we have imposed a minimum threshold on the total
number of events per bin to ensure statistical reliability and reduce uncertainties. The
0 fitar is calculated from the error propagation in the fj;, from the equation Eq. The
Afsig is computed as the 10 standard deviation from the toy-MC trials. The final values of
S fiyst = \/Afig — O fiar are plotted in Fig. |5.16}

5.4 Overall Systematic Uncertainty

In this section, we present a detailed assessment of the systematic uncertainties affecting the DM
line search analysis. The individual contributions have been combined in quadrature to derive
the total systematic uncertainty in the upper limits on the DM annihilation cross-section.

In the Tab. [5.I} we have summarized the overall contribution from various sources of
systematic uncertainties. A Naive conclusion of this could be that the estimated uncertainty from
the limited data we have of background-only events (OFF) and also the overall counts spectrum
from the source region, at higher energies, the statistical uncertainty dominates. For probing
specific models like Higgsino SUSY particle candidate which has a thermal relic mass around
1 —1.1 TeV or Wino SUSY particle candidate which has the thermal relic mass around 3 TeV,
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Table 5.1: Contribution of systematic uncertainties from instrument response functions and analysis

methods.

we might need to consider the systematic uncertainties in that energy range for the robustness. A
detailed discussion about the model that can be probed using this LST-1 analysis is discussed

in the next chapter. The analysis presented along with the study of systematic uncertainty is

Source of systematic uncertainty | < 10TeV | 10 —40TeV | 40 — 100TeV
+15% true energy scaled 25% 25% 15%
Smoothing energy dispersion 12% 15% 20%
Large-scale curvature 40% 10% -
Small-scale fluctuations 3% 2% 2%
Total systematic uncertainty ~ 47% 30% 25%

currently being drafted as a research paper to be submitted for publication.
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Chapter 6

Discussion and Interpretation

This chapter focuses on the discussion and interpretation of the analysis results presented earlier.
It begins with a comparison of our findings against results obtained by other experimental
collaborations, highlighting consistencies and differences to place the work in a broader obser-
vational context. The chapter then explores constraints on theoretical particle physics models,
with a specific emphasis on the supersymmetric (SUSY) wino DM scenario, evaluating how
the current data limits or supports these models. Finally, prospects for future observations and
improved sensitivity with the Cherenkov Telescope Array (CTA+) are discussed, outlining

expected advancements and their potential impact on DM searches and gamma-ray astrophysics.

6.1 Comparison with Other Experiments Results

This thesis presents a detailed study of observations of the GC region using data collected by
the LST-1 of the CTAO observatory. As demonstrated in Chapter [5] the analysis performed
in this thesis work demonstrated that LST-1 maintains strong sensitivity for constraining DM
annihilation scenarios in the GC, even under the challenging observing conditions at large zenith
angles (see Sect. [3.6). We have also claimed that such observations of LST-1 outperform in
sensitivity than that of other northern-hemisphere IACTs, when compared at similar exposure
to the source. The capabilities of LST-1 are put to use in constraining a model of DM particle
candidate, the wino model (see Sect. [6.2)), presenting the first DM line search results by this
experiment. We have explored the data collected while pointing at the GC and providing the
computed upper limits on one of the most important DM model parameters, the velocity-averaged
annihilation cross-section (ov). The obtained limits (see Sect. reveal substantial potential
for dark matter searches with LST-1 and similar next-generation instruments. Although these
results do not yet match the sensitivity of established experiments such as MAGIC and H.E.S.S.,
they represent an important step forward in demonstrating the competitive capabilities that this
new telescope class can achieve in the dark matter search landscape. A reason for the results to
be weaker than previously reported by other experiments, such as MAGIC [171] and H.E.S.S.

[130], is the shorter exposure time. This current study is based on data totaling ~ 39 hours of
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Figure 6.2: The mean upper limits and the 10 statistical error band are plotted in the blue dots and region,
respectively. The upper limits put by MAGIC-2023 are plotted in green dashed lines

livetime, whereas the results mentioned for the other experiments are achieved using > 200 hours.
As we saw in the Fig. [5.5] a rough estimate of the increase in sensitivity for the same exposure as
MAGIC would provide a significant improvement in the potential future results of LST-1. The
simulation-based studies predict an improvement of the limits by ~ 25% and 20% in the case of
the Einasto profile at 10 and 30 TeV, respectively. The improvement by 35% and 30% for the
Burkert density profile at 10 and 30 TeV, respectively. Despite the angular resolution advantage
of afforded by MAGIC'’s stereoscopic configuration of two telescopes, LST-1 remains highly
competitive for DM searches. The superior FoV of LST-1 (approximately 4.5° in diameters)
enables rapid survey capabilities and efficient target coverage.

For this study, we have used the values of J-factor computed by the gammapy DM package.
We have computed it for two DM density profiles, Einasto [190] (~ 1.64 x 10** GeVZ¢m ™ for
a circular region of radius 1.8°) and Burkert [[73]] (~ 1.62 x 1022 GeV2em ™ for a circular region
of radius 1.8°), as was discussed in Sec The upper limits established for the Einasto profile
are reported and contrasted with prior results in Fig. [6.1] and for Burkert in Fig. [6.2]

The improvement in limits as compared with MAGIC is this J-factor, which in the case of
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Figure 6.3: Spectral energy distribution of Crab Nebula observations at large offset angles of 1.5°-2.0°
(Left) and 2.0°-2.5° (Right). We have used an energy threshold of 500 GeV for these plots

MAGIC, ROI of 1.1° around the GC was used, whereas for this analysis, we extended to use the
diameter of the field of view to its maximum (4.5 degrees).

The effective area of LST-1 remains approximately constant up to an offset of 2.5° from the
camera center [9], beyond which it exhibits significant degradation. To optimize the balance
between event collection efficiency and instrumental response stability, we therefore established
2.5° as the maximum offset for our ROI. This threshold ensures that all events are gathered
within a region where the effective area is reliably characterized by the IRFs.

Before proceeding with using the 2.5° FoV, we performed a sanity check using the Crab
Nebula observations at larger offsets up to 2.5°. The results showed events with large offsetsup
to < 2.5° could reliably be reconstructed to produce a consistent spectral energy distribution
for the Crab Nebula (See Fig. [6.3), which allows us to utilize an expanded ROI. Specifically,
for observations at offsets of 0.5°, 0.7°, and 1.0°, the spectral dataset is extracted by integrating
over circular spatial regions with radii of 2.0°, 1.8°, and 1.5°, respectively. The Eq. gives a
higher J-factor value for a wider ROI, with the integration over the solid angle Q, consequently,
scaling the expected flux and yielding more promising results for comparable exposure times.

As mentioned in Sec[2.7.1] we studied different density profiles in this work. We investigated
for Einasto (cuspy) profile [39]] and the Burkert (cored) profile [[73]]. They differ in the density
distribution of DM and hence the J-factor (See Sec for them differs by ¢’(100) as can be
seen in Fig. [6.4]

The technique employed in this thesis is particularly effective for cored DM density profiles
(most widely used, Burkert profile [[73]] and Zhao profile [177]].). In contrast, some other
experiments, such as the H.E.S.S. collaboration in 2018 [[130], utilize the On-Off method. This
approach involves designating the inner region as the ’On’ region and the outer region as the
"Off” region, subtracting the Off data from the On data to isolate the excess, and subsequently
fitting a DM model to this excess. The On-Off technique will not work effectively in the case of
cored profiles, because the density profile of DM has a flat distribution, hence, on subtracting,
it would also subtract some contribution from DM. Since the precise DM density distribution
in the GC is not definitively known (see Sect. 2.7.1)), we have analyzed the candidate profiles
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are shown in black and gray dots for the ROI of 1.1° circle. This plots demonstrates the consistency in
computation of the J-factorﬂ by Gammapy tools when compared with packages like CLUMPYH

discussed in Sect. [2.7.T]to cover a broad spectrum of possibilities.

6.2 Constraining SUSY Wino model

The results obtained in this work from the line search analysis of GC observations in this thesis
are used to place constraints on several DM models of interest, as detailed in Section [2.7.3]
Here we discuss one of them, the SUSY SU(2), -triplet wino model for TeV scales [138]. This
model, along with SUSY SU(2), doublet higgsino model, are already being searched for, by
the collider experiments [[84], [210] and direct detection experiments [[139], providing us good
benchmarks for the indirect searches. The Fig. [6.I]and Fig. [6.2] along with the upper limits from
experiments, also show the obtained limits with annihilation cross-section into line-like emission
of the higgsino and wino models, including the Sommerfeld enhancement [45]], [203]].

For the wino DM candidate, the energy band between 2.7 TeV and 3.0 TeV correspond to
the DM particle mass. This particular mass value is of special significance because it aligns with
the predictions of thermal relic abundance theory. The identification of this mass scale is crucial
for DM line searches, as the energy at which monochromatic gamma-ray lines appear directly
reveals the mass of the DM particles responsible for the signal. Therefore, by searching for
spectral features in the 2.73.0 TeV range, we are effectively searching for evidence of wino DM
particles with masses corresponding to this energy threshold [[140], as illustrated in Figure [6.2]
A careful search around the corresponding mass of 3 TeV could bring us closer to explaining
the origin of DM via the thermal production mechanism, with the wino serving as the candidate

particle. Higgsino and wino DM models represent two of the leading candidates widely explored
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in current experimental efforts [204} 80, (127, [250]. In this work, we have focused exclusively
on the wino model, as the thermal relic mass for the higgsino lies near 1 to 1.1 TeV, which
corresponds to the low-energy edge of our chosen analysis range due to a rightward shift of the
total counts peak at large zenith angles (see Sect. [3.6)). Therefore, we prioritize studying the wino

model at present, while planning to extend constraints to the higgsino model in future analyses.

The annihilation cross section into gamma-ray lines is presented in Fig. [6.1] As shown in
Fig. [6.5] the Einasto density profile excludes the wino model below 3 TeV, around 7 10 TeV,
and near 20 TeV. In contrast, the Burkert density profile excludes the wino model near 2.4 TeV.
Consequently, our current focus remains on the wino mass region associated with the thermal

relic density.
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Figure 6.5: The computed 68% C.I. upper limits assuming the Einasto density profile are plotted along
with predicted annihilation cross-section for higgsino model (gray) and wino model (black).

The current LST-1 exposure toward the GC yields upper limits that constrain the wino DM
model assuming the Burkert density profile. While these limits do not yet match the sensitivity
of the MAGIC telescopes , they establish LST-1 as a capable instrument for GC searches and
set a benchmark for future observations. The performance of LST, with 39 hours of data, is
already comparable to experiments such as H.E.S.S. above 30 TeV when assuming the Einasto
profile. This promising sensitivity motivates continued refinement of our analysis methods as we
anticipate acquiring additional data in the coming years. These advancements are expected to
enable the scientific community to robustly exclude a wide range of theoretical DM models and
ultimately move closer to unveiling the nature of DM. Current projections suggest that, in the
absence of a detection, sensitivities approaching the predicted annihilation cross-section will
require on the order of 100 hours of observations. Moreover, rapid developments in telescope
technology including the forthcoming LST array at the La Palma site, supplementary initiatives
such as CTA+ (see Sect. [6.5)), and the CTAO in the coming decades, support the expectation

that these goals may be achieved sooner than anticipated.
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6.3 Study of systematic uncertainties

Among the innovative techniques and methodologies used in this thesis work, the quantification of
uncertainties induced not only by the expected bias in the IRF but also by the analysis methods
introduced (see Sect. [5.3.2), represents another important contribution of this work for future
studies. The LST-1 prototype of CTAO will soon be joined by an array of telescopes observing
together with an increased performance due to better energy coverage, angular resolution
(< 0.05° above 1 TeV energies), and energy resolution (< 10% above 1 TeV energies). Keeping
this in mind, the CTAO collaboration has published DM line-search results based on simulations
of CTAO [[7] with a claim of detection in the coming years. At present, the Abe et al. [7] are
missing the accurate estimate of systematic uncertainties due to a lack of real data, and hence,
this thesis work of LST-1, especially for the estimated systematic uncertainties, is very crucial
for the collaboration. The analysis methods and the models used here are similar to those used in
the Abe et al. publication [7]; hence, this work is expected to provide a critical benchmark for
the future DM line-search analyses within the CTAO collaboration to be developed.

For that reason, the results achieved with this thesis work will be published as part of a
collaboration paper in progress. As already mentioned, the understanding of the impact of
systematic uncertainties on the measured data is of crucial relevance, as shown by the Fermi-LAT
collaboration paper [71] on the search for y ray lines, the potential ~ 133 GeV line reported in
the GC was recognized as a systematic effect later [[17]. Moreover, the tentative signature at ~ 43
GeV [166] from a nearby galaxy cluster sample displays variable temporal characteristics in its
significance across different observation periods, complicating interpretation of its physical nature
[216]. While searching for spectral lines within a complex emission environment may appear
straightforward, a detailed analysis reveals significant challenges requiring careful consideration
of all sources of uncertainty. As a result, comprehensive accounting for the various systematic
effects is essential, underscoring the crucial importance of our systematic uncertainty study for

the robustness and reliability of the results.

6.4 2D binned Poisson maximum likelihood analysis

The sensitivity to DM searches could also be improved by following the approach of 2D binned
Poisson maximum likelihood analysis introduced by the H.E.S.S. collaboration in [130]. We
can make use of the morphological information of the DM density profiles in the likelihood
calculation. A 2D-ring likelihood method can be tried using this data, where we assume several
ring-like regions around the GC, with the inner rings showing more signal than the outer ones.
We can weigh the number of expected signals in each of the rings to use in the likelihood function.
This scenario does not consider the complicated morphology of gamma-ray emissions around the

GC, but we can make use of the morphological information of the DM density. It was performed

3The systematic uncertainty due to a misestimation of energy can be studied by artificially introducing a bias in
the true energy of the IRF (see Sect. [5.3.2)
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by H.E.S.S. and they claimed to improve the sensitivity by 10 —20% [130]. This will also be
employed by LST-1 in the following DM projects. Along with the 2D binned Poisson maximum
likelihood analysis method, the approach of energy-dependent window width definition based on
the careful trade-off between improving statistical sensitivity while reducing systematics due
to large-scale curvature in the spectrum could provide improvements from the standard sliding

window definition.

6.5 Cherenkov Telescope Array Plus (CTA+)

As discussed in the thesis above, LST-1 is the prototype of CTAO-North’s LST array. Among the
proposed upgrades of the future array, the Cherenkov Telescope Array Plus (CTA+) represents
an innovation in the observation of the gamma-ray sky from the southern hemisphere. CTA+ is
a program funded by the Piano Nazionale di Resistenza e Resilienza (PNRR), by the European
Union NextGenerationEU, and approved by the Italian Ministry of Education, Universities and
Research (MIUR). It is aimed to help CTAO build two LSTs and five SSTs to be positioned at
the CTAO-South site. The projecﬂ includes:

* Optimization of electromagnetic follow-ups (Optical/IR/Radio) of the source observation
by CTAO by enhancing the Istituto Nazionale di Astrofisica’s (INAF) guided VST and

TNG observatories and the three Italian VLBI radio antennas.
 Strengthening research and development of the detectors to be used by CTAO.

* Supporting the CTAO headquarters in Bologna, Italy.

The strengthening of the CTAO-South site by adding two LSTs and the SSTs will represent
a major improvement in the results on indirect DM searches as well, along with many other
Key Science Projects (KSPs) of CTAO. The current results discussed in this thesis faced the
limitation of the source visibility, as discussed in the Sec[3.6] This limitation will vanish for
the observations from CTAO-South site, and would improve our results on various grounds
such as visibility for longer periods and low zenith angle observations. Observations of the
GC at low zenith angles are advantageous as they lower the energy threshold of the instrument,
thereby enabling the exploration of DM models at lower mass scales. When observed from the
CTAO-South site, the GC is positioned relatively high in the sky, allowing for such low-zenith
angle observations. Above all this, the addition of the LSTs would provide an even lower energy
threshold than the currently predicted [143]]. The stereoscopic observations by the two LSTs as
compared to the currently employed monoscopic observations by the LST-1 would improve the
angular resolution, allowing us to study the central region of the GC better, along with improving
background rejection and energy resolution. Especially the improvement in background rejection

would allow us to probe models predicting continuum emission of the DM annihilation. The

“https://pnrr.inaf.it/progetto-ctaplus/
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five SSTs would allow detecting photons of higher energies, which would be used to probe
heavy DM particle candidates. For a detailed review, see the discussion in [42]. A quantitative
evaluation of the improvement in the DM results using the additional telescopes from the CTA+

project is beyond the scope of this thesis due to current unavailability of suitable public IRFs.
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Figure 6.6: Expected sensitivity from the CTAO site, as computed by the CTAO simulation team. The
black sensitivity points are evaluated by assuming the CTA+ contribution to the CTAO, which includes 2
LSTs and 5 SSTs to the Alpha configurations consisting of 14 MSTs and 37 SSTs. Sensitivity curves for
individual sub-arrays are also shown in green for LSTs, blue for SSTs, and red for MSTs. [Credits: C.
Aramo - RICAP 2024]
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Chapter 7
Conclusions and future prospects

We have demonstrated that LST-1 maintains strong sensitivity for constraining DM annihilation
scenarios from the observations of the GC, even under the challenging observing conditions at
large zenith angles due to the geographical location of the LST-1 telescope. We have also claimed
that such observations of LST-1 outperform in sensitivity than that of other northern-hemisphere
IACTs, when compared at similar exposure to the source (see Sect. [5.2.2)). The capabilities of
LST-1 are put to use in constraining a model of DM particle candidate, presenting the first DM
line search results by this experiment (see Sect. [5.2.2).

In order to enhance the performance of LST-1 at large zenith and offset angles, significant
advancements were made in the production of MC simulations and observation modes, resulting
in improved telescope sensitivity and accuracy under these challenging observational conditions.
This improved performance is also tested and put to use in this work. Our studies, in agreement
with other large zenith angle studies in the collaboration [201], have uncovered the capabilities of
LST-1 in the form of enhanced effective area and good angular resolution. The effective area for
observations at > 60° zenith angles reaches > 10%m? for energies above 10 TeV and LST-1 is
capable of maintaining an effective area of ~ 10°m? even up to 2° offset from the camera center.
This is a significant improvement in the experimental setup, as for the MAGIC telescopes, the
effective area drops by 50% and 20% at offset angles of 1° and 1.5°, respectively [29]. A major
benefit of LST-1 is the wide FoV, and the enhanced sensitivity across the FoV, as compared to
MAGIC telescopes, which is a significant advantage for studying an extended source like the
GC.

The technical achievements of LST-1 have enabled us to search for DM lines around the
GC, providing a high sensitivity above 1TeV energies, and predicting significantly higher and
competitive sensitivity with more data in the coming years. We also highlight the capabilities of
covering wider regions around GC as compared to the 1.1° circle used by MAGIC collaboration
[171]. In this work, we have exploited the performance of LST-1 at offsets up to 2.5° to

effectively cover a wide region of interest extending up to 2.0° from the GC.

We presented the results of the 95% confidence level (C.L) upper limits on the annihilation

cross-section for 20 logarithmically distributed masses between 1 and 100 TeV with Einasto [39]
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and Burkert[ 73] density profiles, assuming that the branching ratio of the ¥y channel is 100% (see
Sect. [5.1.5)). Although the presented limits are not yet competitive with those from experiments
such as MAGIC [171] and H.E.S.S. [130]], which is largely due to the significantly lower
exposure, even the monoscopic observation of LST-1 towards GC nevertheless demonstrates
strong performance, showcasing its potential for future, more sensitive DM searches. The
projected limits, assuming an exposure similar to that of MAGIC, indicate an improvement in
sensitivity beginning at energies around ~ 3TeV. To study the potential improvement without
being limited by the current lack of observational data, we performed simulation-based studies
which predict an enhancement of the limits by approximately ~ 25% and 20% in the case of
Einasto profile at 10 and 30 TeV, respectively. An improvement by 35% and 30% for the Burkert
density profile at 10 and 30 TeV, respectively is predicted. Our analysis method works effectively
for the cored density profile as well, unlike the approach by DM line search by H.E.S.S. in 2018,
as we do not use the On/Off subtraction (see Sect. for detailed discussion.).

In addition, this study provides a crucial contribution by identifying the large-scale curvature
in the background energy spectrum as a dominant source of systematic uncertainty, with devia-
tions of up to ~ 40% at low energies of 1 TeV up to 5 TeV, underscoring the need for careful
consideration of such effects in future gamma-ray analyses. For this analysis, we developed the
code for a dedicated DM line search based on the Gammapy package, currently being used
by only our collaborators, but soon will be made available for the entire scientific community.
Novelty of our approach lies in introducing new studies of systematic uncertainty from the
analysis methods of DM line search, ultimately strengthening the reliability and interpretability
of the DM constraints.

For the implications regarding the nature of the DM particle, we examined several well-
motivated theoretical models (see Sect. @) For the wino, including the Sommerfeld enhance-
ment cases, we can exclude the models below 2.4 TeV using both the Einasto and Burkert density
profiles. For the Einasto profile, the limits exclude the wino model [[140] around 9 and 20 TeV.
Building on these results, we aim to investigate potential improvements in results by performing
a joint analysis of the LST-1 data combined with the MAGIC data. This is possibly in two ways:
joint observations of the telescopes collecting simultaneously triggered events, and analyzing the
reduced data from both the telescopes at the likelihood level.

In the former case, observations with three telescopes are expected to improve the telescope
performance, such as angular resolution, background rejection, energy resolution, and sensitivity.
This would allow us to search for even smaller annihilation cross-sections of the order of
1072 cm3s! in the near future, which are particularly relevant for testing thermal relic DM
scenarios and constraining models beyond the current experimental sensitivity. Whereas with the
latter option, we gain significantly high statistics of data if we combine ~ 220 hours of MAGIC
data with ~ 40 hours of current LST-1 data. A careful combination of the data would allow us to
have good sensitivity at the central region of GC, thanks to good angular resolution of MAGIC
and good coverage of wider areas from the GC, thanks to the wide FoV of LST-1. Along with

this, the soon-to-be-functional LST array in the CTAO north site would also improve the current
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results significantly. A recent study from simulations for the CTAO-North has claimed a possible
50 detection of a higgsino signal with this decade [[148]]. This motivates us even more to keep
improving the statistical methods of analysis and improve the results as we collect more data in
the coming days.

In conclusion, this thesis gave an overview of the current efforts in the search for DM,
especially in the TeV energy scales. Despite finding no statistical evidence of DM, we have
displayed the commendable performance of LST-1 while highlighting our efforts in developing
and improving the analysis techniques. Considering the analysis point of view, we developed
an analysis pipeline that would work not only for this data, but for any gamma-ray data in the
standard format (FITS) for gamma-ray data analysis, allowing an interesting multi-instrument
approach in the near future. Finally, we discussed one of the models that we believe can be con-
strained strongly in comparison to other models, using the available LST-1 data, and significant
improvement as we gather more observations of the GC region. For robustly detecting or ruling
out theoretical models proposed to understand the nature of DM, significant advancements in
instrumental sensitivity are essential, coupled with the accumulation of several hundred hours of
high-quality observational data. Enhancing detector technologies, optimizing analysis techniques,
and expanding observational time will collectively improve the chances of achieving definitive

constraints or discoveries in the field of DM research.

Throughout my PhD journey, I had the opportunity to present my research findings at
various schools, conferences, and meetings. At the MAGIC, LST-1, and CTAO collaboration
meetings, I discussed my results with the experts in the field and also presented the results of my
work to the collaborations. Along with the internal meetings of the collaborations, I was also
accepted for presenting my results at one of the biggest conferences in our field, [ICRC — 2025
(International Cosmic Ray Conference) [11], where I presented the DM line search results using
LST-1 simulations. While being a part of these collaborations, I also had the privilege to visit
the telescope sites where I spent a few weeks on the Osservatorio del Roque de los Muchachos

(ORM) working as an operator and a deputy shift-leader for the MAGIC telescope.
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Appendix A

A.1 MAGIC data analysis

Building upon the methodologies outlined in preceding chapters, the DM analysis presented
here adopts a framework largely analogous to that employed by the MAGIC collaboration in
2023[[171]. Notably, this study implements key modifications, such as utilizing a narrowly binned
energy analysis in contrast to the unbinned approach previously applied by MAGIC. These
methodological refinements aim to optimize sensitivity within the targeted energy ranges and
adapt to the specific characteristics of the LST-1 dataset. We implemented our analysis pipeline
initially on archival MAGIC data of the GC from 2013 (courtesy of Dr. T Inada, ICRR, J apalﬂ).
Our pipeline was designed to operate with data formatted according to the Data Formats for
Gamma-ray Astronomy (GADF) [188]], which uses the FITS file standard, and was developed
entirely in Python for flexibility and reproducibility. To utilize the archival datasets, originally
stored in the ROOT format alongside MC simulation files produced by the MAGIC collaboration,
we employed the magicDL3 tool [8] to perform the necessary conversion into the FITS format
compatible with our analysis framework.

A sanity check of our analysis pipeline was performed by reconstructing the spectral energy
distribution (SED) of the central black hole, SgrAx, using 38 hours of archival MAGIC data
from 2013. The limited duration of this dataset was a deliberate choice, as it provided a sufficient
testbed to validate our analysis framework without requiring the processing of the entire dataset.
The obtained flux points were consistent with the previously published SED from MAGIC [14]
and H.E.S.S. [12]. The Fig. shows the SED computed using a point-like analysis approach
from the SgrAx region.

The MAGIC data had previously undergone low-level analysis in earlier studies; for this work, we utilized the
pre-processed data provided.
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Figure A.1: Spectral energy distribution of SgrA* computed from the high level analysis of the MAGIC
GC data from 2013. (Low-level analysis was performed by Dr. Tomohiro Inada, ICRR, Japan)
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A.2 Energy dispersion smoothing

Smoothing the energy dispersion matrix is necessary to deal with the impact of statistical
fluctuations inherent in the finite Monte Carlo sample size. This process reduces random noise
in the energy migration probabilities, thereby providing a more stable and reliable representation
of the instrument response. However, care must be taken to balance smoothing with preserving
the intrinsic features of the dispersion, as excessive smoothing can underestimate the associated
systematic uncertainties. For performing the smoothing, we used a Gaussian kernel to convolve
the energy dispersion matrix to make it smooth, and the code used is shown in[A.T] In the figure,
it is also described how the smoothed energy dispersion IRF component is reproduced using
the convolved data. The Gammapy package represents the energy dispersion component of the
instrument response function (IRF) using the class EnergyDispersionQ]ﬂ, which models the
offset-dependent energy migration matrix as a function of true energy, reconstructed energy ratio,

and field-of-view offset.

Listing A.1: Python code of the function used to read and convolve the energy dispersion using a Gaussian

kernel.

import scipy.ndimage
def smooth_edisp(edisp, sigma_fraction=0.15):
# edisp.data: shape (n_energy_true, n_migra, n_offset)
smoothed_data = edisp.data.copy() # shape (n_energy_true,
n_migra, n_offset)
migra_edges = edisp.axes["migra"].edges.value
migra_bin_width = np.mean(np.diff (migra_edges))
sigma_migra = sigma_fraction / migra_bin_width
n_energy_true, n_migra, n_offset = smoothed_data.shape
for i_energy_true in range(n_energy_true):
for i_offset in range(n_offset):
smoothed_row = scipy.ndimage.gaussian_filter1d(
smoothed_datal[i_energy_true, :, i_offset],
sigma=sigma_migra,
mode="nearest"

)

total = smoothed_row.sum()

if total > O:

smoothed_row /= total
smoothed_datal[i_energy_true, :, i_offset] =
smoothed_row

return smoothed_data

smoothed_edisp = EnergyDispersion2D (

2gammapy.irf.EnergyDispersion2D
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axes=edisp.axes.copy (),

data=smooth_edisp (edisp=edisp),

unit=edisp.data.unit if hasattr(edisp.data, "unit") else
edisp.unit,

meta=getattr (edisp, "meta", None),

A.3 Asimov procedure

Here we describe the Asimov procedure using the Python code we used to implement it. A bit of
history behind the name "Asimov" data set, it was inspired by the short story Franchise, by Isaac
Asimov. In this short story, the elections are held by selecting the single most representative voter
to replace the entire electorate. In a way, this is what is happening here: we are estimating the
median significance by replacing the ensemble of simulated data sets with a single representative
one. A detailed mathematical justification can be found in Cowan et al. [[100]. We have used
the basic concept of it, representing the Poissonian distributed counts by a single count in each
bin to compute the result, the upper limit on annihilation cross-section in our case. To do so,
we first perform the null hypothesis test by fitting the spectrum using a background spectral
model, a power law, as explained earlier, assuming no signal is present. This assumption may not
work in all scenarios, but in our case, where a simple joint fit of the counts using a background
model and DM model shows no significant excess signal for DM ("scale" value always very
close to 0), hence this works to compute the upper limit in this case of no-detection. The best-fit
background spectral model serves as the representative value of the background, and using this,
we fit again both models jointly and compute our results. The implementation is shown in[A.2]
As described, the code shows the storage of the best-fit background spectral model for each
mass, producing a fresh dataset (asimov_dataset) with the same IRFs and the name as the
original dataset, and the SpectrumDataset in Gammapy allows quantities like models, npred
(predicted number of counts based on defined model), and counts (observed number of counts)
to easily modify, hence as shown in the code, the asimov_dataset.counts is replaced with
asimov_dataset.npred(). The asimov_dataset is then analyzed as shown in Sec[A.4]to
compute the expected significance from the data as well as simulations.

Listing A.2: Python code describing the implementation of the Asimov procedure to make a representative

dataset to compute the median significance.

bkg_spectrum = PowerLawNormSpectralModel ()

bkg_spectrum.parameters[’norm’].value = 100
bkg_spectrum.parameters[’tilt’].value = 1.0
bkg_spectrum.parameters[’reference’].value = mass.value * (1 +
bias_interp(mass.value))
bkg_spectrum.parameters[’tilt’].frozen = False
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model_fixed = FoVBackgroundModel (spectral_model=bkg_spectrum,
dataset _name=dataset .name)
dataset.models = Models ([model_fixed])

result = fit.run(dataset)

#Store the best-fit model for each mass

best_fit_bkg models[mass] = result.models.copy()

# Create an asimov_dataset for each mass value

asimov_dataset = dataset.copy(name=dataset.name)

bkg_model = best_fit_bkg_models [mass] [0]

bkg_model .datasets_names = [asimov_dataset.name]

asimov_dataset.models = Models ([bkg_model])

#Copy the predicted counts from the best-fit model as counts in

the asimov_dataset.

asimov_dataset.counts = asimov_dataset.npred().copy ()
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A.4 Analysis pipeline

The DM analysis methodology presented in this thesis (see Sect. is largely modeled after the
approach implemented by the MAGIC collaboration in their 2023 DM line search publication
[171]. However, due to the unique characteristics of the LST-1 dataset, several modifications

were necessary to adapt the analysis pipeline accordingly.

¢ Dataset class

The primary objective of generating DL3 files is to transform raw observational data into
dataset classes compatible with the Gammapy framework. This conversion facilitates
standardized, flexible, and efficient scientific analysis by organizing event lists, instrument
response functions, and metadata into accessible, well-defined structures suitable for
advanced high-level workflows. In the Gammapyﬁ] software framework, datasets are
organized into several key classes tailored for different types of analyses. Among these,
the MapDataset class serves as the primary container for binned spatial and spectral
data, integrating observed counts, background models, instrument response functions,
and fitting masks to enable likelihood-based analyse And SpectrumDataseﬂ class in
Gammapy is designed specifically for one-dimensional spectral analyses. It aggregates
binned counts, background models, and instrumental response functions into a single entity
focused on a defined spatial region. In the standard analysis case, we use the spatial maps
of background computed using other packages, external to Gammapy, and once added
to the data files, the functions for defining the background model evaluate the number
of background counts based on the product of the intrinsic background provided and the

spectral model defined.

In our approach, as the spatially summed counts are dominated by residual background,
we do not calculate the background separately. Instead, we directly fit the total counts
spectrum, allowing the background contribution to be inherently accounted for within the
fitting procedure. We modified the existing class to a new class, which we call Spectrum-
DatasetAnalyticBackground, as the dataset only computes the background information
based on the analytical model we define, as shown in the @ This was implemented in
collaboration with Dr Shotaro Abe, ICRR, Japan.

Listing A.3: Python code of the Gammapy class implemented in the analysis for producing a spectrum

dataset, which evaluates background using the analytical function defined.

| import numpy as np
2l from scipy import interpolate, optimize
s)from scipy.stats import chi2

4/ import astropy.units as u

3http://gammapy.org
4gammapy.datasets.MapDataset
>gammapy.datasets.SpectrumDataset.html
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[

from gammapy.datasets import SpectrumDataset, Models

=)

from gammapy.modeling.models import FoVBackgroundModel,

PowerLawNormSpectralModel

s class SpectrumDatasetAnalyticBackground (SpectrumDataset):
9 def npred_background (self):
10 return self.background_model.evaluate_geom(geom=self.

background.geom)

* Energy mask

The energy mask plays an important role in our analysis as it allows us to assume the
backgroun(ﬁ as a power law spectral model. The optimization of the sliding window
widtlﬂ is crucial in this analysis. While a wider energy window improves the statistical
precision by incorporating more counts for fitting the background spectral model, it
simultaneously risks introducing spectral features that could obscure or bias the DM signal
fits. Therefore, a careful balance is necessary to maximize sensitivity while minimizing
contamination from spectral complexities. The explanation of the importance of window
width optimization is described in Fig. [A.2] and Fig. [A.3] These diagrams are purely
schematic representations and should not be interpreted as reflecting actual data analyses

or results.

The expected sensitivity for calculating upper limits on the DM parameters using the
likelihood ratio test is strongly dependent on the quality of the background fit. As the
statistical precision improves with increased data, the accuracy of the background model
fit enhances accordingly, which is illustrated in Fig. [A.2] However, an indiscriminate
increase in the sliding window width can introduce significant uncertainties, including the
appearance of spurious line-like features caused by variations in the underlying spectral
shape, as shown in Fig. [A.3] For defining the energy window, we employed the following
definition (See[A.4)), which was also used in the MAGIC-2023 publication [I71].

The background mentioned in the analysis part refers to the cumulative counts within a region of interest. The
counts distribution after summing over the spatial axes tend to be dominated by residual background with some
contribution from the astrophysical sources in the region.

"The sliding width is the narrow energy mask used to fit the models.
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Figure A.3: The energy binned counts distribution is plotted around an expected DM mass with an
arbitrary width of sliding energy window shown in the green shaded region. The best-fit models are shown
in the blue and orange lines. The background model fit only using a power law for background and both
background and DM model fit simultaneously are shown in blue and orange lines, respectively.
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Listing A.4: Python code implemented to define the energy mask for each choice of expected DM mass

in the line search analysis pipeline.

1

2

3

class EnergyMask:
def __init__(self, dataset):
self .dataset = dataset

def apply_energy_mask(self, mass, bias, energy_resolution, mu

=4):

energy_center = mass.to_value(’TeV’) * (1 + bias)

energy_min = energy_center * (1 + energy_resolution) **
(-mu)

energy_max = energy_center * (1 + energy_resolution) x*x*
mu

mask = self.dataset.counts.geom.energy_mask(energy_min =*

u.TeV, energy_max * u.TeV)
self .dataset.mask_fit = mask

return mask

In order to optimize the analysis, we conducted several tests, including an assessment of the
curvature in the analytical spectral model by employing a log-parabola function. Following
the methodology outlined in Sect. [5.3.2] we repeated the analysis across multiple energy

windows to evaluate the impact of spectral curvature on the fit, as shown in Fig.

The analysis presented in this thesis adopts an energy window width of 40, which we
selected as an optimal compromise to maximize statistical sensitivity while minimizing
systematic uncertainties. Although this thesis does not explicitly explore an energy-
dependent window width, we believe that extending the procedure to incorporate such a

dynamic selection could lead to more robust and precise results.

Upper-limit computation

The final results include the computation of upper limits on (ov) for 20 logarithmically
spaced DM masses between 1 and 100 TeV. The analysis pipeline, along with its key
functions (The functions were developed in collaboration with Dr. Shotaro Abe, ICRR,

Japan), is shown in[A.5][A.6][A.7] and[A.§]

Listing A.5: Python code of the class for fitting the defined background and DM model to the datasets

class FitModels:
def _ _init__(self, dataset, models):
self .dataset = dataset

self .models = models

def get_best_models(self):
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Figure A.4: The relative difference in the (ov) computed from simulations, compared with the ideal case
of no curvature, is plotted for varying window width of the sliding energy window. The p represents the
width of (Lo at any given energy.

from gammapy.modeling import Fit

fit = Fit(

optimize_opts={"print_level": O, "ncall":

None, "

iterate": 2000, "tol": 1le-12, "strategy": 2}

)
self .dataset .models = self.models
fit_result = fit.run(datasets=self.dataset)

return fit_result.optimize_result.models

Listing A.6: Python code of the class for storing the array of test statistic values, to be used to compute

the upper limit on the DM parameter.

1

2

3

class StatisticalProfile:
def __init__(self, dataset):
self.dataset = dataset

def get_stat_profile(self):

from gammapy.modeling import Fit

fit = Fit(

optimize_opts={"print_level": O, "ncall":
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iterate": 2000, "tol": le-12, "strategy": 2%}

)

scale_min = 1le-5
scale_max = 1le2
nscan = 100
niter_max = 10

ts_threshold = 5

increament_ratio = 2.0

scan_values = np.geomspace (scale_min, scale_max,
nscan)

scan_values = np.insert(scan_values, 0, 0)

parameter = self.dataset.models.parameters.

free_parameters[’scale’]

parameter.scan_values = scan_values
stats = []
for _ in range(niter_max):
stat_profile_ = fit.stat_profile(datasets=self.

dataset, parameter=parameter, reoptimize=False

)

stats += stat_profile_["stat_scan"].tolist ()

ts = np.min ([
np.max (stats) - np.min(stats),
np.max (stats) - stats[0]

D)

if ts > ts_threshold:
break
else:

scale_max *= increament_ratio

scan_values np.linspace(scale_min, scale_max, nscan

scan_values = np.insert(scan_values, 0, 0)
parameter.scan_values = scan_values

stat_profile = fit.stat_profile(datasets=self.dataset

, parameter=parameter, reoptimize=True)
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45 return stat_profile

Listing A.7: Python code of the class for rearranging the test statistic value along with the parameter scan

of the DM parameter.

ifclass ScanResult:

2 def _ _init__(self, dataset, models):

3 self .dataset = dataset

4 self .models = models

5

6 def get_scan_result(self, stat_profile):

7 import operator

8

9 fit_models = FitModels(self.dataset, self.models)

10 best_models = fit_models.get_best_models ()

11

12 scale_best = best_models[’DarkMatter’].parameters|[’
scale’].value

13 stat_best = self.dataset.stat_sum()

14

15 params = stat_profile[’DarkMatter.spectral.scale_scan
7]

16 stats = stat_profile[’stat_scan’]

17 stat_null = stats[0]

18

19 operator_1lt = operator.lt

20 is_bounded = operator_lt(scale_best, 0.0)

21

2 if not is_bounded:

23 ts_scan = stats - stat_best

2 ts_best = stat_best - stat_best

25 else:

26 ts_scan = stats - stat_null

27 ts_best = stat_best - stat_null

28

29 scan_result = {

30 "scale_scan": params.tolist (),

31 "scale best": float(scale_best),

2 "stat_scan": stats.tolist (),

33 "stat _best": float(stat_best),

34 "ts_scan": ts_scan.tolist (),

35 "ts_best": float(ts_best),

36 }
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37 return scan_result

Listing A.8: Python code of the class to combine the information from the fit and compute the upper
limit on the parameter of interest corresponding to the 95% C.L.. The class returns the upper limit on the

annihilation cross-section by multiplying by the thermal relic cross-section value.

class UpperLimitCalculator:
2 def __init__(self, dataset, models, mass, bias,

energy_resolution):

3 self .dataset = dataset

4 self .models = models

5 self .mass = mass

6 self .bias = bias

7 self.energy_resolution = energy_resolution
8 self.scale_values = []

9 self .scale_errors = []

1" def prepare_dataset (self):
P em = EnergyMask(self.dataset)
13 em.apply_energy_mask(self.mass, self.bias, self.

energy_resolution)

15 bkg_spectrum = PowerLawNormSpectralModel ()

16 bkg_spectrum.parameters[’norm’].value = 100

17 bkg_spectrum.parameters[’tilt’].value = 1.0

18 bkg_spectrum.parameters[’reference’].value = self.

mass.value * (1 + self.bias)

19 bkg_spectrum.parameters[’tilt’].frozen = False
20
21 model_fixed = FoVBackgroundModel (spectral_model=
bkg_spectrum, dataset_name=self.dataset.name)

2 self.dataset .models = Models ([model_ fixed] + 1list(
self .models))

23

24 def run_ fit(self, fit):

25 result = fit.run(self.dataset)

26 best_models = result.optimize_result.models

27 scale_value = best_models.parameters["scale"].value
28 scale_error = best_models.parameters["scale"].error
29 self.scale_values.append(scale_value)

30 self.scale_errors.append(scale_error)

31 return result

32
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def

def

def

def

get_stat_profile(self):
stat_profile_obj = StatisticalProfile(self.dataset)
return stat_profile_obj.get_stat_profile()

get_scan_result(self, stat_profile):
scan_result_obj = ScanResult(self.dataset, self.
models)

return scan_result_obj.get_scan_result(stat_profile)

compute_upper_limit(self, scan_result):
p_value = 0.95
def get_one_sided_ci(p, df=1):
return chi2.isf (2x(1-p), df=1)
def get_intercept(func, y, xmin, xmax):
f = lambda p: func(p) -y
x = optimize.brentq(f=f, a=xmin, b=xmax)

return x

func = interpolate.interpld(scan_result["scale_scan"

], scan_result["ts_scan"], kind="quadratic")

pmin np.max ([0, scan_result["scale_best"]])

pmax = np.max(scan_result["scale_scan"])

ci = get_one_sided_ci(p_value)
scale_ul = get_intercept (func=func, y=ci, xmin=pmin,

Xmax=pmax)

cross_section = self.models[’DarkMatter’].

spectral_model . THERMAL_RELIC_CROSS_SECTION

print (cross_section)

return scale_ul * cross_section

calculate_upper_limit (self, fit):

self .prepare_dataset ()

self.run_ fit(fit)

stat_profile = self.get_stat_profile()
scan_result = self.get_scan_result(stat_profile)

return self.compute_upper_limit(scan_result)
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