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Abstract

The High Energy Stereoscopic System (H.E.S.S.) detectors detect gamma-ray
events by capturing the Cherenkov light emitted from extensive air shower par-
ticles as elliptical images in its camera plane. Conventionally, these images are
characterized using Hillas parameters, the geometric moments that describe the
shape, orientation, and intensity distribution of the shower to perform energy and
angular reconstruction. In this work, we present an alternative method of char-
acterization and reconstruction based on fitting an asymmetric two-dimensional
Gaussian function to the shower images. This model provides parameters such as
the centroid, major and minor axes, amplitude, direction, and skewness of the
shower image. Using simulated gamma-ray showers, we compare the performance
of our asymmetric Gaussian fitting approach with the standard Hillas-based
parametrization.
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1 Introduction

The universe presents itself to us through two distinct faces: one governed by
thermal processes, the other by extreme relativistic phenomena. On the one hand,
we observe the familiar thermal universe, from the cosmic microwave background
to starlight and accretion disk emission, which dominates the observable sky
and informs much of our astrophysical understanding. Yet coexisting with this
thermal realm is a more enigmatic, high-energy universe, where particles are
accelerated to extraordinary energies through processes that we cannot recreate in
terrestrial laboratories. This non-thermal universe manifests most conspicuously
through cosmic rays, whose origins remain uncertain despite nearly a century
of study, though likely born in the shock waves of supernova explosions. These
particles, some carrying energies millions of times greater than what our most
powerful particle accelerators can produce, follow a characteristic power-law
distribution that immediately distinguishes them from thermal sources. While
thermal emission reveals the universe in equilibrium, these relativistic processes
illuminate the most violent and energetic phenomena in nature.

In the late 19th century, scientists using gold-leaf electroscopes noticed unex-
plained slow discharges in gases, even when isolated from known radiation sources.
In 1901, Elster and Geitel in Germany and C.T.R. Wilson in England indepen-
dently concluded that this was caused by unknown ionizing radiation, with Wilson
speculating that it might originate beyond Earth’s atmosphere. The breakthrough
came in 1907 when Theodore Wulf invented a portable electroscope to measure
radiation at different altitudes[excerpt from McDonald and Ptuskin, 2001]. Con-
trary to the expectations of this radiation to decrease at higher altitudes (based
on the assumption that the source is terrestrial), measurements proved otherwise.
Intrigued by this phenomenon, an Austrian nuclear physicist, Victor Hess, con-
ducted a series of balloon flights on 12 August 1912. In his paper, Hess[Hess,
1912] determined that these findings were most likely caused by highly penetrating
radiation entering Earth’s atmosphere from space, which produced ionization even
in ground-level instruments. This radiation was later named ’cosmic rays’ by
Robert Millikan[Millikan and Cameron, 1928].

Cosmic rays are high-velocity charged particles consisting of 90% protons, 9%
heavy nuclei, and 1% electrons. Their elemental and isotopic composition offers
insight into their origins, acceleration mechanisms, and propagation through
interstellar space. A complete understanding of cosmic-ray acceleration and
transport through the interstellar medium is essential for refining cosmological
models. In recent years, gamma-ray and neutrino astronomy have become pow-
erful observational tools for investigating cosmic ray properties. Unlike charged
particles(cosmic rays), these neutral messengers propagate undeflected by galactic
or extragalactic magnetic fields, thereby preserving directional information about
their acceleration sites. Consequently, the detection of these particles may provide
an indirect means of identifying cosmic-ray sources and probing the physical
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processes occurring within particle acceleration regions. Neutrinos possess excep-
tionally small weak interaction cross sections[Di Sciascio, 2019], enabling them to
escape dense astrophysical environments. This unique property allows neutrinos
to carry direct information from the interiors and immediate vicinities of compact
cosmic sources such as supernovae and active galactic nuclei(AGN). However, the
fundamental experimental challenge involves achieving statistically significant sep-
aration between neutrino-induced muon signals and the overwhelming background
of atmospheric muons produced by hadronic showers from primary cosmic rays.

The high-energy universe reveals its nature through non-thermal gamma-ray
emission, which escapes the obscuring thermal foreground radiation that dominates
lower energies. While relativistic processes like AGN jets require multiwavelength
observations to fully constrain particle acceleration mechanisms, gamma-ray
emission provides critical insights into the highest-energy processes. This makes
gamma-ray astronomy essential for probing extreme astrophysical environments
inaccessible to other wavebands. The main objective of high-energy gamma-
ray astronomy is to identify and study various emission sources, ranging from
compact objects to diffuse structures. Additionally, this field enables exploration
of extreme astrophysical processes and contributes to cosmological and particle
physics research.

Gamma rays form the highest-energy portion of the electromagnetic spectrum.
By astronomical convention, photons with energies above 100keV are classified as
gamma rays. Measurements by the LHAASO collaboration in 2021 have extended
the known gamma-ray energy range to petaelectronvolt (PeV) scales [Cao et al.,
2021], demonstrating that this spectral band spans at least ten orders of magnitude
(from 105 eV to 1015eV). This extraordinary breadth makes the gamma-ray domain
both the widest in the electromagnetic spectrum and the most diverse in terms
of physical characteristics. Gamma-ray astronomy began with Explorer XI’s
first detections[Kraushaar et al., 1965], but significant progress came with SAS-2
(1972–73), which collected 8000 photons (30MeV–5GeV; Fichtel et al., 1975).
Imaging Atmospheric Cherenkov Telescopes (IACTs) have proven to be one of the
most successful instruments in the history of Very High Energy (VHE) gamma-ray
astronomy. Among these, the High Energy Stereoscopic System (H.E.S.S.) array
stands out as a premier facility, having detected more than 70 VHE gamma-ray
sources to date. Located in Namibia, H.E.S.S. utilizes an array of large optical
telescopes to detect the faint Cherenkov radiation emitted by extensive air showers
produced when gamma rays interact with Earth’s atmosphere.

This thesis examines the traditional analysis techniques used to reconstruct gamma-
ray air showers from H.E.S.S. observations, which rely heavily on parameterizations
of the Cherenkov light distribution. Building on these established methods, an
improved analysis approach is proposed that enhances statistical significance.
This new technique aims to improve energy and angular resolution through better
shower profile characterization.
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2 Production of γ rays

The acceleration of charged particles(cosmic rays) to relativistic energies also
leads to the production of gamma rays via non-thermal processes, such as inverse
Compton scattering, bremsstrahlung, and pion decay. Since gamma-rays propagate
unimpeded by galactic and extragalactic magnetic fields due to their neutral
charge, their trajectories retain the directional information from their source.
Consequently, the detection and spectral analysis of very high-energy (VHE)
gamma-rays serve as a direct probe for identifying cosmic-ray acceleration sites.
This method enables the study of extreme astrophysical environments such as
supernova remnants, active galactic nuclei, and gamma-ray bursts, where particle
acceleration mechanisms operate under non-thermal conditions. In the past twenty
years, very high-energy (VHE) gamma-ray astronomy has undergone significant
advancements, marked by the detection of over two hundred sources spanning
different astrophysical classes and categories. This chapter aims to discuss different
mechanisms for VHE gamma-ray emission in astronomical environments and gives
a brief overview of detected sources.

VHE gamma-ray emission arises from either leptonic (inverse Compton, syn-
chrotron) or hadronic (pion decay) processes, driven by particle acceleration to
ultra-relativistic energies. Possible mechanisms for cosmic-ray particle acceleration
are:

• Second order Fermi acceleration: Proposed by Enrico Fermi in 1949[Fermi,
1949, this mechanism describes the gradual energization of charged particles
through repeated collisions with magnetized plasma clouds or turbulent
structures in the interstellar medium (ISM). These clouds, linked to irregu-
larities in Galactic magnetic fields, act as scattering centers.

• First order Fermi acceleration: Also known as diffusive shock accelera-
tion, this mechanism involves the efficient acceleration of charged particles
at collisionless shock waves. Unlike stochastic (second-order) processes, it
relies on systematic energy gain per shock crossing, making it a dominant
mechanism for producing cosmic rays up to ultra-high energies (∼ PeV).

• Magnetic reconnection: This process occurs when oppositely directed
magnetic field lines in a highly conductive plasma undergo topological
rearrangement through breaking and subsequent reconnection. The recon-
figuration of magnetic field topology results in efficient conversion of stored
magnetic energy into kinetic energy of plasma flows, thermal heating, and
non-thermal particle acceleration to high energies.

The following section examines the dominant VHE gamma-ray production mecha-
nisms, organized by their physical origin: leptonic processes and hadronic pro-
cesses.
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2.1 Leptonic Processes

2.1.1 Inverse Compton scattering

The quantum phenomenon of Compton scattering describes how photons undergo
wavelength shifts when interacting with electrons due to relativistic effects. When
a photon scatters off a stationary electron, its wavelength changes following the
relation:

∆λ

λ
=

(
ℏω
mec2

)
(1− cosα) (2.1)

where α represents the photon’s deflection angle. It is evident from this equation
that the energy of the scattered photon cannot be larger than the energy of
the incident photon. However, when low-energy photons collide with extremely
fast-moving electrons, the photons can gain energy through inverse Compton (IC)
scattering, a process in which the electron’s kinetic energy is effectively transferred
to the photon. This mechanism becomes particularly significant in high-energy
astrophysics, where it becomes a gamma-ray production channel in environments
containing both dense photon fields and high-energy electrons like Active Galactic
Nuclei(AGN) jets, Pulsar wind nebulae etc.

2.1.2 Synchroton radiation

Synchrotron radiation serves as the primary mechanism for high-energy photon
production in magnetized astrophysical environments. The trajectories of relativis-
tic charged particles are governed by Lorentz forces exerted by ambient magnetic
fields, causing them to follow curved paths. As these accelerated particles spiral
through magnetic field lines, they emit characteristic synchrotron radiation across
a broad spectrum, typically peaking in the X-ray to gamma-ray range for ultra-
relativistic electrons. For an electron population following a power-law energy
distribution N(E) ∝ E−p, where p is the power law index and E is the energy of
the electron, the resulting synchrotron photon spectrum takes the form:

ϕγ(Eγ) ∝ E−(p+1)/2
γ (2.2)

where Eγ is the energy of the photon after scattering.

This fundamental process dominates the initial phase of high-energy emission in
numerous cosmic sources, including pulsar wind nebulae, active galactic nuclei jets,
and supernova remnants, where strong magnetic fields and particle acceleration
coexist.

2.1.3 Relativistic Bremsstrahlung

The process in which a charged particle is accelerated in the Coulomb field of
another charged particle to emit electromagnetic radiation is called Bremsstrahlung
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or free-free emission. From classical electrodynamics, the ion’s Coulomb field
transforms into a short, intense pulse of nearly transverse electromagnetic radiation.
For the stationary electron, this pulse resembles an incoming photon beam. The
electron then scatters this radiation via the Compton process, generating the final
observed gamma-ray emission. Assuming that the electrons follow a similar power
law as in the previous case, the emmitted radiation spectrum is given as

ϕγ(Eγ) ∝ E−p
γ (2.3)

A visual representation of the discussed gamma-ray production mechanisms is
shown in Figure 2.1

(a) (b) (c)

Figure 2.1: Schematic of leptonic gamma ray production mechanisms (a)
Inverse Compton scattering, (b) Synchrotron radiation, and (c) relativistic
Bremsstrahlung[Murthy and Wolfendale, 1993]

Figure 2.2 illustrates how high-energy electrons evolve over time and the radiation
they produce in the Galactic center region. The light gray curve shows the initial
power-law energy distribution of injected electrons (spectral index α = 2), where
energy is equally distributed across logarithmic scales. As these electrons age
(here, over 1,000 years), they lose energy through synchrotron radiation and
inverse Compton scattering, causing the spectrum to steepen (dashed dark gray
line). A distinct ”cooling break” appears near 1.2TeV, beyond which the electron
spectrum drops more sharply due to accelerated energy loss at higher energies.
The resulting radiation, synchrotron (peaking in X-rays) and inverse Compton
(peaking in gamma-rays), is shown in orange, with the IC spectrum suppressed
above ∼ 10TeV due to Klein-Nishina effects, where scattering becomes inefficient.
A weaker magnetic field (3µG, light gray curve) shifts the cooling break higher
and reduces synchrotron emission, demonstrating how environmental conditions
alter spectral features.
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Figure 2.2: A spectral energy distribution showcasing the electron spectrum
depicted in light gray alongside the emitted Synchrotron and Inverse Compton
radiation depicted in orange[Funk, 2015]

2.2 Hadronic Processes

High-energy protons can, in principle, produce gamma rays just like electrons
through processes like Bremsstrahlung, but protons are far less efficient because
of their large mass. Protons mainly rely on strong force interactions with matter
or radiation, producing unstable particles(mesons) that decay into gamma rays.
When protons interact with other protons or matter, they produce neutral and
charged pions in almost equal numbers. The charged pions decay into muons and
neutrinos, while the neutral pions decay into two gamma-ray photons. Secondary
pions maintain the spectral shape of their parent protons. It is believed that cosmic
rays are accelerated through first-order Fermi processes (yielding p ≈ 2 spectra),
the resulting hadronic gamma-rays should correspondingly display E−2 spectra.
The correlated production of neutral and charged pions in these interactions
implies that neutrino observations would provide definitive proof of cosmic-ray
acceleration environments.

The figure 2.3 shows how high-energy protons interact with interstellar matter to
produce gamma rays and secondary particles. The gray curve in the top right
represents the initial proton spectrum, a power law with index α = 2.0 that cuts
off sharply at 100TeV. At lower energies (below ∼ 500MeV), the gamma-ray
spectrum turns over due to fundamental physics of pion decay: there’s a minimum
energy needed to create these particles, causing the dramatic drop below 67.5MeV.
The plot also shows secondary electrons/positrons (dashed gray curve) made when
charged pions decay, which then emit synchrotron radiation peaking at 1− 10eV
as they spiral through the galaxy’s 30µG magnetic field. The shaded area marks
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where current gamma-ray telescopes like Fermi-LAT operate, allowing scientists
to compare these predictions with real observations.

Figure 2.3: A spectral energy distribution showcasing the hadron(proton) spectrum
depicted in light gray alongside the emitted gamma radiation due to Pion decay
depicted in orange[Funk, 2015]

2.3 Sources of VHE γ rays

The Crab Nebula marked a pivotal milestone in the study of VHE gamma-
ray astronomy when it became the first source detected with high statistical
significance by the Whipple imaging atmospheric Cherenkov telescope (IACT)
in 1989[Weekes et al., 1989]. However, progress in the field was initially slow;
by the year 2000, only eight VHE gamma-ray sources had been identified. This
changed drastically after 2005, thanks to significant advancements in IACT
sensitivity. Today, over 240 VHE gamma-ray sources have been detected, a
remarkable increase attributed to the development of stereoscopic IACT arrays
such as H.E.S.S., MAGIC, and VERITAS. These modern telescopes can detect
the Crab Nebula at a 5σ significance level in just minutes, a task that required 25
hours of observation during the Whipple era. The upcoming Cherenkov Telescope
Array Observatory(CTAO) is expected to revolutionize the field further, improving
sensitivity by an order of magnitude and enabling the detection of the Crab Nebula
in under a minute. By the end of the decade, the number of known VHE sources
is projected to reach around a thousand, vastly expanding our understanding of
the high-energy universe. An illustration of known VHE gamma-ray sources is
shown in Figure 2.4.
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Figure 2.4: The TeV sky as of mid-2019, showcasing a compilation of known
VHE gamma-ray sources from TeVCat alongside high-energy sources from the
Fermi-LAT 3FHL catalog[Hinton and Ruiz-Velasco, 2020]

VHE gamma rays originate from a diverse range of astrophysical sources, both
within and beyond our galaxy. Galactic sources include supernova remnants
(SNRs), pulsar wind nebulae (PWNe), and pulsars, which are among the most
prominent emitters of VHE radiation. Extragalactic sources, on the other hand,
include AGN, whose relativistic jets produce intense gamma-ray emission, as
well as starburst galaxies (SBGs) and gamma-ray bursts (GRBs), which exhibit
transient but extremely energetic afterglows. Despite these discoveries, a significant
number of VHE sources remain unidentified, particularly along the galactic plane,
necessitating further multi-wavelength observations to determine their nature.
The continued expansion of VHE gamma-ray astronomy promises to uncover new
classes of high-energy phenomena, deepening our knowledge of particle acceleration
and extreme astrophysical environments.
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3 Detection of γ rays

Gamma rays interact with matter through different physical processes depending
on their energy. At lower energies, they are primarily absorbed via the photo-
electric effect, while at medium energies, Compton scattering dominates. At the
highest energies (above 1 MeV), pair production becomes the main interaction
mechanism. Because of these fundamental differences, astronomers must use spe-
cialized detection techniques tailored to specific energy ranges, from scintillation
detectors and Compton telescopes at MeV energies to atmospheric Cherenkov
telescopes for TeV gamma rays. This chapter examines how gamma-ray interac-
tions with matter vary across different energy levels. It then presents an overview
of modern detection techniques, focusing specifically on the instrumentation and
methodologies most relevant for the energy ranges discussed in this paper.

3.1 Photon interactions

Gamma rays interact with matter through three primary mechanisms, each
dominating at different energy ranges. At low energies (typically below ∼ 500keV),
the Photoelectric Effect prevails, where an incident photon transfers all its
energy to a bound electron, ejecting it from the atom. The probability of this
interaction scales strongly with atomic number (Z). This explains why dense,
high-Z materials like lead or cadmium are commonly used in gamma-ray shielding
and detection.

At intermediate energies (∼ 500keV − 5MeV), Compton scattering becomes
dominant. Here, the photon scatters off a loosely bound or free electron, trans-
ferring only part of its energy and changing direction. Unlike the photoelectric
effect, Compton scattering depends less on atomic number and more on electron
density. In thick materials, a photon may undergo multiple Compton scatterings
before eventually being absorbed via the photoelectric effect. At even higher
energies (> 1.022MeV), Pair Production takes over, where the photon converts
into an electron-positron pair in the presence of a nucleus. This process requires
a minimum photon energy of twice the electron rest mass (1.022MeV) and be-
comes increasingly probable at higher energies. The relative importance of these
interactions varies with photon energy, as illustrated in Figure 3.1

As mentioned above, gamma rays cover energies from keV to PeV, a range so vast
that no single detector can measure them all efficiently. The detection process
involves detecting numerous gamma-ray photons while precisely measuring their
arrival time, direction, and energy with the highest possible resolution in terms
of timing, spatial accuracy, and energy. This means that a huge section of the
sky needs to be monitored 24/7. An ideal detector would excel in sensitivity,
angular and energy resolution, while also covering a wide portion of the sky and
operating almost continuously without downtime. However, no single detector can
perfectly achieve all these capabilities simultaneously. For example, instruments
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with wide fields of view generally have worse angular or energy resolution. To
address the detection challenges posed by gamma rays across different energy
ranges, astronomers employ specialized instrumentation tailored to each energy
band, as conventional optical methods are ineffective due to the highly penetrating
nature of these photons. The detection efficiency is fundamentally governed by
the physical interaction cross-sections between gamma rays and detector materials,
necessitating distinct technological approaches: scintillation crystals or semicon-
ductor trackers for MeV −GeV energies, and extensive atmospheric Cherenkov
telescope arrays for TeV energies. Consequently, the geometric dimensions and
material composition of the detector systems become the primary determinants
of both effective collection area and angular resolution, making the detector’s
physical scale and design critical factors in observational capability. This energy-
dependent detection paradigm requires optimizing trade-offs between sensitivity,
field of view, and energy resolution for each specific scientific application.

Figure 3.1: The mass absorption coefficient of high-energy photons in lead, showing
the relative contributions from three dominant interaction processes: photoelectric
absorption, Compton scattering, and electron-positron pair production[Longair,
2011]

Gamma-ray detectors are broadly classified into two categories based on their
deployment: space-based and ground-based telescopes. Space telescopes, such
as Fermi-LAT, operate under strict size and weight limitations, restricting their
effective energy range to ≤ 100GeV. However, they offer two key advantages: (1)
significantly low background interference since there are no atmospheric particles,
and (2) a wide field of view, enabling all-sky monitoring. Conversely, ground-based
instruments like Cherenkov telescopes must contend with substantial atmospheric
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background noise and narrower fields of view. Yet their massive detection areas
(≥ 10, 000 m²) make them uniquely capable of detecting ultra-high-energy gamma
rays from 100GeV up to several PeV through extensive air shower observations.
The advantages and challenges of these approaches will be explored in detail
through the various detectors and detection techniques discussed in the following
sections, mainly focusing on the relevant detector for this paper.

3.2 Space Telescopes

Direct detection of γ rays requires a space-based telescope since most of them are
blocked or absorbed by the Earth’s atmosphere.

Low-energy gamma-rays (< 10MeV) are detected using either scintillation detec-
tors or semiconductor detectors, both converting photon energy into quantifiable
electronic signals. Scintillation detectors are a class of instruments that convert
high-energy radiation (e.g., gamma rays) into detectable optical or near-visible
light. These detectors utilize materials, typically inorganic crystals such as
thallium-doped sodium iodide (NaI(Tl)) or bismuth germanate (BGO), that emit
light when excited by ionizing radiation. When a high-energy photon interacts
with the scintillator, it produces a flash of light that is then amplified and recorded
by photomultiplier tubes (PMTs) or silicon photomultipliers (SiPMs). The key
advantages of scintillators include their nanosecond-scale response time, and
they can be divided into small, precise sections to better track where radiation
hits. Due to their fast timing and large field of view, scintillation detectors are
particularly well-suited for detecting fast transients, such as gamma-ray bursts
(GRBs). Historically, they were among the first technologies used in gamma-ray
astronomy. Some notable examples are: BATSE(Burst and Transient Source
Experiment) onboard the Compton Gamma-Ray Observatory(CGRO), which
used eight NaI(Tl) detectors covering the full sky to provide rapid burst triggers
and GBM (Gamma-ray Burst Monitor) on Fermi, which combines twelve NaI
detectors (sensitive from 8 keV to 1 MeV) and two BGO detectors (150 keV–30
MeV)[Prandini et al., 2023] to achieve broad spectral coverage and a near-all-sky
field of view (9.5 steradians). Upon detecting a transient, GBM rapidly calculates
preliminary positions to enable follow-up observations by other instruments, such
as Fermi’s Large Area Telescope (LAT).

Compton telescopes are used for detecting gamma rays in the MeV energy range,
where Compton scattering dominates photon interactions. These instruments
employ a two-stage detection system: an initial scattering detector (typically
a low-Z material) measures the photon’s recoil angle and energy loss, while a
second absorption detector (often a high-Z calorimeter) captures the remain-
ing energy, enabling reconstruction of the incident photon’s properties. One
example is COMPTEL aboard the Compton Gamma-Ray Observatory (CGRO),
which used a liquid scintillator for scattering and NaI crystals for absorption,
surrounded by plastic scintillator anticoincidence shields to reject charged-particle
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background[Schönfelder et al., 1993]. Future missions like e-ASTROGAM plan to
operate in the energy ranges of 0.3 MeV–3 GeV with two orders of magnitude
improved sensitivity over COMPTEL and added polarization measurement capa-
bilities [De Angelis et al., 2018], advancing multi-messenger studies of extreme
astrophysical phenomena.

In the energy range of 100MeV to 100GeV, gamma-ray telescopes primarily rely
on pair production. As discussed before, this interaction becomes more efficient
with higher atomic number (Z) materials, which is why detectors incorporate
dense metals like tungsten or lead as conversion layers. Once the pairs are created,
their paths are tracked through precision detectors (such as silicon strips or spark
chambers), while their energy is measured by a scintillating calorimeter. By
analyzing the trajectories and energy deposits of these particles, astronomers can
reconstruct the original gamma ray’s direction and energy with high accuracy. A
major evolution in this field began with NASA’s EGRET (1991–2000), which used
a spark chamber for tracking and a NaIf calorimeter, achieving the first all-sky
survey in this energy range[Thompson et al., 1993]. The real breakthrough came
with Fermi-LAT (launched in 2008), which introduced silicon strip detectors for
superior tracking, along with a segmented CsI calorimeter and a plastic scintillator
anticoincidence system to reject cosmic-ray background[Atwood et al., 2009].
Fermi-LAT’s design has set the standard for modern GeV gamma-ray astronomy,
providing over a decade of high-precision data. Future missions aim to further
improve sensitivity and angular resolution, building on Fermi’s legacy.

3.3 Ground-based Telescopes

In the Very High Energy (VHE) range (typically gamma rays above 100 GeV),
astrophysical sources exhibit extremely low photon fluxes and steep spectral energy
distributions. The detection of these faint and rare signals requires detectors with
large effective areas. Due to these size requirements, space-based telescopes become
impractical, necessitating the use of ground-based observation systems for VHE
gamma-ray astronomy. However, Earth’s atmosphere effectively shields against
these gamma rays through interactions with atmospheric nuclei, making direct
detection impossible. Consequently, only secondary effects of this atmospheric
absorption can be observed, requiring the properties of the primary gamma rays
to be reconstructed from measurements of the resulting secondary particles.

When high-energy gamma rays interact with matter, they primarily undergo pair
production, creating electron-positron pairs. These relativistic charged particles
then generate secondary gamma rays via bremsstrahlung radiation, initiating an
electromagnetic cascade that propagates through the atmosphere and the resulting
shower has on average, a maximum at 10km altitude. Each charged particle
in this shower exceeding the Cherenkov threshold velocity (v > c/n, where n is
the atmospheric refractive index) emits characteristic blue Cherenkov radiation.
The emission occurs at a characteristic angle θ. Notably, as the refractive index
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increases with decreasing altitude, the Cherenkov angle widens from approximately
0.66◦ at 10 km altitude to 0.74◦ at 8 km. There are two primary methods for
ground-based VHE astronomy(represented in Figure 3.2):

• Water Cherenkov Detectors(WCDs) located at high altitudes measure
the charged particles of the air shower.

• Imaging Atmospheric Cherenkov Telescopes(IACTs) located at
moderate altitudes collect the Cherenkov light emitted by charged particles.

Figure 3.2: Schematic illustration of gamma-ray propagation through Earth’s
atmosphere, depicting the resulting electromagnetic cascade and the two ground-
based detection methods at different altitudes[SWGO Collaboration, 2023]

The next sections provide an overview of WCD detectors and IACTs, with a
focused analysis of the High Energy Stereoscopic System (H.E.S.S.), the key
instrument for this paper.

3.3.1 EAS

When a high-energy gamma-ray photon penetrates Earth’s atmosphere, it primar-
ily engages in electromagnetic processes. The initial interaction typically involves
pair production, whereby the gamma ray converts into an electron-positron pair.
These relativistic charged particles then emit bremsstrahlung radiation as they
decelerate in the atmospheric medium, producing secondary gamma rays of sub-
stantial energy. This electromagnetic cascade perpetuates through successive
generations of pair production and bremsstrahlung, effectively multiplying the
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number of particles while progressively diminishing their energies, this is visualized
in Figure 3.3a. The cascade reaches its peak development when the average energy
per particle approaches the critical energy threshold of approximately 84MeV,
at which point the particle population within the air shower attains its maxi-
mum. The atmospheric altitude corresponding to this state of maximum particle
multiplicity is termed the shower maximum. Beyond this point, as the shower
propagates deeper into the atmosphere, energy dissipation occurs predominantly
through ionization losses rather than the creation of additional particles, as shown
in Figure 3.3b. Consequently, the number of particles within the air shower
gradually diminishes with increasing atmospheric depth, marking the decay phase
of the cascade.

(a) (b)

Figure 3.3: (a) Schematic of an air shower development[Steppa, 2022], (b) Longi-
tudinal development of an EAS shower simulated for various primary gamma-ray
energies. The x-axis shows atmospheric depth in radiation lengths(Key atmo-
spheric depths include sea level ( 28 radiation lengths), 2600 m ( 20), 4300 m
( 16.5), and 5200 m ( 14.7).)[Sinnis, 2009]

Not only high-energy gamma rays, but also cosmic-ray particles undergo a similar
process. When high-energy protons and nuclei (the primary components of cosmic
rays) interact with atmospheric molecules, they initiate hadronic processes that
predominantly produce neutral and charged pions. Neutral pions decay almost
immediately into pairs of gamma rays, while charged pions undergo a sequential
decay process, ultimately yielding electrons, positrons, and neutrinos. These
interactions also generate extensive air showers that exhibit a complex composition
that combines both hadronic and electromagnetic components. A key distinction
between these components lies in their spatial distribution and development(shown
in Figure 4.4). Hadronic interactions are characterized by significant transverse
momentum transfer, leading to broader and more irregular shower structures
compared to the more compact and predictable electromagnetic cascades produced
by gamma rays. This difference arises because electromagnetic showers result
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primarily from pair production and bremsstrahlung, which follow a more symmetric
and constrained propagation pattern. The presence of hadronic cosmic rays thus
introduces a substantial background in astrophysical observations, complicating
the detection and analysis of purely electromagnetic signals generated from high-
energy gamma rays. Hence, identifying the differences between electromagnetic
and hadronic cascades becomes one of the main targets of ground-based γ-ray
astronomy since the ratio of γ-rays to cosmic rays is extremely small. The methods
of background separation will be discussed later in this paper.

Figure 3.4: Schematic showing the difference in spatial distribution between a
γ-ray induced shower and a hadron induced shower[Völk and Bernlöhr, 2009]

3.3.2 Air shower particle detectors and WCDs

To observe these extensive air showers, researchers employ ground-based arrays
of particle detectors. Several key factors govern the overall sensitivity of such
an array: its effective detection area across different energies, its capability to
discriminate gamma-ray signals from the dominant cosmic-ray background, as well
as its angular and energy resolution. The relative significance of each parameter
varies depending on the nature of the gamma-ray source being investigated. The
detector’s energy response can be analyzed by applying a basic trigger condition
and evaluating its efficiency as a function of both the primary gamma-ray energy
and the detector’s altitude. The spatial density of the sensitive detector elements
plays a crucial role, as it determines the fraction of shower particles that are
successfully recorded within the coverage area of the array. Consequently, a
densely packed array typically achieves a lower energy threshold compared to a
sparser configuration.

A common method for detecting air shower particles involves arrays of plastic
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scintillators, typically covering ∼ 1m[Errando and Saito, 2024] surface areas with
thicknesses of a few centimeters. These detectors are sparsely distributed over
large areas to sample the extensive air showers. When electrons and positrons
with energies as low as a few MeV pass through the scintillators, they produce
measurable flashes of scintillation light, which are collected by photomultiplier
tubes (PMTs). However, since scintillators only respond to charged particles, a
significant fraction of the shower energy carried by photons remains undetected.
To address this limitation, the scintillators are often covered with ∼ 1[Errando
and Saito, 2024] radiation length of lead or another high-atomic-number metal.
This layer converts photons into detectable electron-positron pairs via pair pro-
duction while minimally attenuating the existing charged particle flux. Prominent
observatories utilizing scintillator arrays include the Chicago Air Shower Array
(CASA), the Tibet Air Shower gamma experiment (Tibet-ASγ), and the Large
High Altitude Air Shower Observatory (LHAASO), which leverage these detectors
to study cosmic rays and gamma rays over vast detection areas.

Another approach for detecting air shower particles utilizes Cherenkov light emis-
sion in water, which can be collected by photomultiplier tubes (PMTs) submerged
in large water volumes. The Milagro Gamma-Ray Observatory, operating at
2, 630m elevation in New Mexico, pioneered this technique by achieving an un-
precedented 100GeV energy threshold[Collaboration, 2004]. It made landmark
detections including the Crab Nebula, blazar Markarian 421[Vernetto, 2012],
and Galactic diffuse emission before its 2008 decommissioning. One of the most
pioneering WCDs is the High-Altitude Water Cherenkov (HAWC) Observatory
located in Mexico. The HAWC Observatory has revolutionized our understand-
ing of the VHE universe through its detection of over 100 gamma-ray sources
across both galactic and extragalactic environments[Collaboration, Albert, et al.,
2020a]. Its wide field-of-view and continuous monitoring capability have enabled
groundbreaking studies of diverse astrophysical phenomena, including AGNs [Col-
laboration, Albert, et al., 2021], gamma-ray bursts [Collaboration, Albert, et al.,
2022], and Galactic particle accelerators like PeVatrons [Collaboration, Albert,
et al., 2020b] – potential sources of cosmic rays up to petaelectronvolt energies.
The observatory has also made significant contributions to cosmic-ray physics
through measurements of arrival direction anisotropies [Abeysekara et al., 2019],
energy spectrum characterization, and composition studies.

3.3.3 Imaging Atmospheric Cherenkov Telescopes

The Imaging Atmospheric Cherenkov Technique takes advantage of the Cherenkov
light(discussed in Section 3.3) emitted by the secondary atmospheric charged
particles induced by photons or cosmic rays. Figure 3.5a shows how Cherenkov
light is emitted at different heights in an air shower. The light is brightest from
showers that develop between 10 − 20km altitude. Although light from lower
altitudes (the shower tail) has a wider emission angle, it travels a shorter distance
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to reach the ground. Typically, this light spreads over a large area, about 300
meters across at 2200m altitude. This substantial spread enables detection of
showers with large Impact Parameters(the perpendicular distance between the
shower axis and detection point).

(a) (b)

Figure 3.5: Schematic of (a)Cherenkov light emission at different altitudes[Prandini
et al., 2023], (b) a high-energy gamma ray from a cosmic source entering Earth’s
atmosphere, triggering an extensive air shower and illuminating an array of
telescopes[Völk and Bernlöhr, 2009]

The IACTs detect the spatial distribution of Cherenkov light emitted by elec-
tromagnetic cascades in the atmosphere, allowing for the reconstruction of both
the longitudinal and lateral development of air showers as well as the energy and
arrival direction of the primary gamma rays. This method employs large optical
reflectors (typically parabolic or spherical mirrors) that focus the faint Cherenkov
photons onto high-sensitivity photomultiplier tube (PMT) arrays in the focal
plane. This requires operation under dark, moonless conditions to maximize
sensitivity to the nanosecond-scale light flashes. The principal advantage of the
atmospheric Cherenkov technique lies in its capacity to achieve an exceptionally
large effective collection area while simultaneously maintaining high angular and
energy resolution.

Currently, there are three major IACTs in operation: The High Energy Stereo-
scopic System(H.E.S.S.) observatory located in the southern hemisphere, The Very
Energetic Radiation Imaging Telescope Array System(VERITAS) and The Major
Atmospheric Gamma-ray Imaging Cherenkov(MAGIC) located in the northern
hemisphere.
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3.4 The H.E.S.S. Telescopes

The H.E.S.S. is an array of five IACTs located in the Khomas Highlands of Namibia
(23◦16′18”S, 16◦30′00”E) at an elevation of 1, 835 meters. Designed to detect
very high-energy gamma rays within an energy range of approximately 30GeV
to 100TeV, H.E.S.S. began operations in 2003 with four telescopes (CT1–CT4)
arranged in a square configuration with 120-meter sides as shown in Figure 3.6.
Each of these telescopes features a 107m reflector and a camera equipped with
960 photomultiplier tubes (PMTs), providing a 5◦ field of view for high-resolution
imaging of cosmic-ray-induced air showers.

Figure 3.6: A layout of the 5 H.E.S.S. telescopes[Hofman, 2012]

In 2012, a fifth telescope (CT5) was installed in the center of the array to enhance
the low-energy sensitivity of the system, reducing the threshold from 100 GeV
to ∼ 30GeV. CT5 is equipped with a significantly larger 614m mirror, high-
quantum-efficiency photosensors, and improved electronics to minimize dead
time, enabling it to trigger on air showers at a rate of ∼ 3kHz, ten times higher
than CT1–4. This upgrade allows H.E.S.S. to operate in two distinct modes: a
stereoscopic mode, requiring coincident triggers from at least two telescopes for
enhanced reconstruction accuracy, and a monoscopic mode, where CT5 operates
independently to detect lower-energy events. As the world’s first hybrid IACT
array, H.E.S.S. combines the advantages of a large effective area, high event rate
capability, and broad energy coverage, making it a cornerstone instrument in VHE
gamma-ray astronomy.

3.4.1 Scientific achievements

Since its commissioning in 2003[H.E.S.S. Collaboration, 2003], the H.E.S.S.
collaboration has made transformative contributions to very-high-energy (VHE)
gamma-ray astronomy through groundbreaking discoveries across galactic and
extragalactic sources. The experiment’s 15-year survey of the Milky Way[H.E.S.S.
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Collaboration, 2018a] revealed over 100 VHE emitters, including pulsar wind
nebulae, supernova remnants, and previously unknown source classes like gamma-
ray binaries and stellar bow shocks. Its Galactic Plane Survey[Abdalla et al.,
2018], shown in Figure 3.7 provided the deepest view of the inner galaxy at
teraelectronvolt energies, uncovering particle acceleration sites and mapping
cosmic-ray interactions with interstellar matter. Notably, H.E.S.S. identified
several ”PeVatron” candidates through their hard spectra extending beyond
100TeV, offering crucial insights into the origins of Galactic cosmic rays up to the
knee region (∼ 1PeV)[H.E.S.S. Collaboration, 2016]

Figure 3.7: A significance map of the γ-ray sources in the galactic plane observed
by H.E.S.S.[Abdalla et al., 2018]

H.E.S.S. has provided unparalleled insights into extragalactic particle accelera-
tion through its studies of the radio galaxy Centaurus A. Combining Fermi-LAT
(0.1–100GeV) and H.E.S.S. (> 250GeV) data revealed a spectral hardening above
∼ 3GeV in the core emission, inconsistent with a simple power-law extrapo-
lation[H.E.S.S. Collaboration, 2018b]. This deviation challenges single-zone
synchrotron self-Compton models, suggesting either multiple emission zones or an
additional accelerator.

Since initiating its Gamma-Ray Burst (GRB) observation program in 2008, the
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H.E.S.S. collaboration has conducted follow-up observations for approximately
68 GRB alerts across diverse observational conditions. Significantly, 39 of these
bursts were monitored using the large CT5 telescope, which provides the system’s
lowest energy threshold (∼ 30 GeV) and highest sensitivity for detecting VHE
emission. Despite this enhanced capability, no conclusive VHE gamma-ray signals
were detected during either the prompt or afterglow phases of these events before
August 2018[Piel, 2019]. Even though H.E.S.S. didn’t detect any VHE gamma rays
from these bursts at first, these ”non-detections” were still extremely useful. They
helped scientists fine-tune how H.E.S.S. responds to GRB alerts and analyze the
data. These improvements paid off when H.E.S.S. made its first major discovery,
catching high-energy gamma rays from GRB180720B. Together with MAGIC’s
detection of GRB 190114C[Mirzoyan, 2019], these findings have revolutionized
our understanding of gamma-ray bursts. For the first time, scientists observed
gamma rays with energies above 100GeV lingering long after the initial explosion,
something earlier theories didn’t expect. This forces us to rethink how particles
accelerate in GRB jets and challenges long-standing models of how these cosmic
explosions produce high-energy light.
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4 Analysis of γ rays

The Cherenkov radiation observed by the H.E.S.S. telescopes must undergo a
reconstruction process to extract information about the originating gamma-ray
photon. This reconstruction involves analyzing the spatial and temporal properties
of the detected Cherenkov light and employing these measurements to infer
the energy and incoming direction of the primary gamma ray. The traditional
technique for this purpose is the Hillas parameterization[Hillas, 1985], which
characterizes air shower images using geometric and intensity-based parameters.
This chapter provides a detailed examination of the Hillas analysis method,
including the computation of its key parameters, the methodologies for energy and
angular reconstruction, techniques for background rejection, and an assessment of
the limitations in this approach.

4.1 The Hillas Method

As illustrated in Figure 4.1, a typical gamma-ray event captured by an IACT
camera resembles an elliptical light distribution. The Hillas parameterization
method involves computing the statistical moments of this elliptical image, which
yield Hillas parameters, quantities that encode geometric, positional information,
and orientation of the ellipse.

Figure 4.1: Gamma ray event recorded by one of the HESS telescopes

Measurable geometric properties characterize the elliptical shape of the Cherenkov
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light image. The length and width of the ellipse correspond to its major and minor
axes, which describe the longitudinal and lateral spread of the light distribution.
The center of gravity (CoG) marks the intensity-weighted midpoint of the image,
calculated from the brightness and positions of the camera pixels. The local
distance measures how far this center is offset from the camera’s central axis. The
orientation of the ellipse is defined by two angles: α (alpha), the angle between
the major axis and the line connecting the CoG to the camera center, and φ (phi),
the direction of the major axis within the camera’s coordinate system, which
relates to the direction of arrival of the primary gamma ray. Figure 4.2 provides
an illustration that identifies these parameters. The next section will go through
the mathematical aspects of calculating the Hillas parameters.

Figure 4.2: Schematic of an elliptical image visualizing the Hillas parame-
ters[Dubenskaya et al., 2023]

4.2 The Hillas Parameters

When a gamma-ray shower is detected, each triggered pixel records three key
pieces of information: its precise (x, y) coordinates within the camera plane and
the intensity (or amplitude) ai of each signal. The first step is to calculate the
CoG coordinates of the image. This is computed separately for the dimensions x
and y using intensity values as weights. Mathematically, this is expressed as:

CoGx =

∑
xi · ai∑
ai

(4.1)

CoGy =

∑
yi · ai∑
ai

(4.2)

where:

22



• xi and yi represent the coordinate positions of each triggered pixel

• ai corresponds to the light intensity (typically measured in photoelectrons)
recorded at that particular pixel

• The summation runs over all pixels that were activated by the event

Once the CoG coordinates are determined, the coordinate system is transformed
to place the origin at this calculated center:

xnew = xi − CoGx (4.3)

ynew = yi − CoGy (4.4)

The arrival direction of the air shower is derived through analysis of the second-
order spatial moments of the Cherenkov light distribution. The computation
proceeds as follows: The second central moments of the intensity-weighted centroid
are computed as:

Sxx =

∑
i aix

2
i∑

i ai
− x̄2 (4.5)

Syy =

∑
i aiy

2
i∑

i ai
− ȳ2 (4.6)

Sxy =

∑
i aixiyi∑

i ai
− x̄ȳ (4.7)

These moments describe the spread and correlation of the intensity distribution
in the x and y directions. The covariance matrix is given as:

Σ =

[
Sxx Sxy

Sxy Syy

]
(4.8)

We define intermediate quantities:

rk = Syy − Sxx (4.9)

rl =
√
r2k + 4S2

xy (4.10)

These are used to calculate the numerator and denominator for the angle expres-
sion:

Numerator (u) = (rk + rl)
∑
i

aiyi + 2Sxy

∑
i

aixi (4.11)

Denominator (d) = 2Sxy

∑
i

aiyi − (rk − rl)
∑
i

aixi (4.12)

23



The principal orientation angle φ is then given by:

φ = tan−1 2(u, d) (4.13)

This angle enables the rotation of the coordinate system such that the x-axis
aligns with the major axis (length) of the elliptical shower image and the y-axis
aligns with the minor axis (width) as visualized in Figure 4.3. The coordinate
transformation is given by:

x′ = xnew cosφ+ ynew sinφ (4.14)

y′ = −xnew sinφ+ ynew cosφ (4.15)

(a) (b)

(c) (d)

Figure 4.3: Step by step procedure of calculating the Hillas parameters visualized
as (a) the original shower image, (b) the CoG coordinates calculated and the
image transformed to the origin, (c) the direction calculated and the image rotated
such that its major axis lies on the x-axis and (d) the final image with the shower
length and width shown in red brackets

The n-th order moments of the distribution are defined in the rotated coordinate
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system as:

⟨X ′n⟩ =
∑

x′n
i ai∑
ai

(4.16)

The fundamental Hillas parameters - length and width - are derived from the
second-order moments of the rotated distribution:

Hillas length =
√

⟨X ′2⟩ (4.17)

Hillas width =
√

⟨Y ′2⟩ (4.18)

Skewness: Skewness quantifies the asymmetry in the distribution, where a value
of zero indicates perfect symmetry. The skewness of the rotated shower image is
calculated as:

Skewness =
⟨X ′3⟩

⟨X ′2⟩3/2
(4.19)

Kurtosis: Kurtosis is defined as the measure of the sharpness of the curve, given
by:

Kurtosis =
⟨X ′4⟩
⟨X ′2⟩2

(4.20)

These Hillas parameters serve as an important tool for energy and angular recon-
struction. This will be discussed in detail in the following section.

4.3 Energy and Angular reconstruction

The camera image has been successfully characterized, yet essential information
regarding the originating gamma ray remains undetermined. To recover this
critical data, the shower must be reconstructed to infer the properties of the
parent gamma ray. By determining the energy and arrival direction of the gamma
ray, it becomes possible to trace its origin back to the astrophysical source. To
achieve accurate reconstruction of the shower, including both energy and direction,
a Neural Network is employed, which is trained on Monte Carlo simulations
of gamma-ray events with predefined energies. The network utilizes the Hillas
parameters derived from simulated shower images as input features, learning the
underlying correlations between these parameters and the true gamma-ray energies
through an iterative training process. The conventional H.E.S.S. analysis procedure
employs a dual neural network system implemented using the tensorflow.keras
deep learning framework.

For energy reconstruction, a Neural Network utilizes a set of Hillas variables: Hillas
length, Hillas width, Hillas skewness, Hillas image amplitude, and Hillas logdensity
as input to model the relationship between shower characteristics and gamma-ray
energy. The network is trained for up to 2000 epochs on simulated gamma-ray
events with known (”true”) energies, allowing it to learn the underlying patterns
and correlations. Once trained, the Neural Network predicts reconstructed energies,
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which are then evaluated against the true energies to assess reconstruction accuracy.
Key performance metrics, such as bias and energy resolution, are computed to
quantify any systematic deviations or dispersion in the predictions. Crucially, an
accurate reconstruction depends on the precise determination of the shower ellipse
properties, as these parameters fundamentally influence the network’s ability to
infer the original gamma-ray energy.

Bias measures the systematic deviation from true energies, and Resolution mea-
sures the spread of the reconstructed energies. They are calculated as follows:

Bias =

〈
EReco − ETrue

ETrue

〉
(4.21)

Resolution = σ

(
EReco − ETrue

ETrue

)
(4.22)

The Bias and Resolution plots for both the methods will be shown and discussed
in the next chapter.

Similarly to energy reconstruction, a Neural Network is employed to estimate
the disp parameter, the angular distance between the shower centroid and a
known source position in the camera plane. The network is trained on simulated
gamma-ray events where the true disp values are known, allowing it to learn the
relationship between shower image features and the actual displacement. Once
trained, the model predicts the reconstructed disp values, which, along with
the measured shower centroids, are used to calculate the position of the source
on the camera. The calculation depends on the skewness of the shower image,
which determines the directionality of the gamma-ray arrival. The mathematical
formulation is as follows:

If the corresponding Skewness value is < 0:

creco,xi
= CoGx,i + dispreco,i · cos(φi) (4.23)

creco,yi = CoGy,i + dispreco,i · sin(φi) (4.24)

If the corresponding Skewness value is > 0:

creco,xi
= CoGx,i − dispreco,i · cos(φi) (4.25)

creco,yi = CoGy,i − dispreco,i · sin(φi) (4.26)

where:

1. creco,xi
, creco,xi

are the reconstructed x, y coordinates of the source position

2. dispreco,i is the reconstructed disp values

3. CoGx,i, CoGy,i are the x, y Hillas centroid coordinates of the images
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4. φ is the Hillas direction of the images

The reconstructed source positions are compared with the known true positions
from Monte Carlo simulations to assess the performance of the reconstruction.
This is done by calculating the angular distance between the known source position
and the reconstructed source position and plotting the distance as a function of
energy.

4.4 Background rejection

As discussed in section 3.2, one of the biggest challenges of ground-based detectors
is background(in this case, hadronic showers) separation. As seen in Figure 4.4,
gamma-ray showers produce cleaner, more compact elliptical patterns in the
camera compared to the messier, more spread-out images from cosmic rays. The
Hillas width and length parameters, exhibit statistically significant differences
between the two shower types due to fundamental differences in their development
processes.

Figure 4.4: The difference between a gamma ray induced shower(left) and a
hadronic shower(right)[Völk and Bernlöhr, 2009]

The analysis process involves a two-step background rejection process[Berge et al.,
2007] to isolate the gamma-ray events from the hadron showers. In the first stage,
optimized selection criteria are applied to the Hillas parameters, with different
cut configurations (loose, standard, and hard) tailored for specific scientific objec-
tives. For enhanced discrimination, the analysis incorporates machine learning
algorithms, particularly Boosted Decision Trees (BDTs), which utilize the full
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correlation structure of the Hillas parameters along with additional image charac-
teristics. These BDTs are trained on comprehensive sets of simulated gamma-ray
events and actual background data, producing a continuous discriminant (the zeta
parameter) that quantifies the gamma-ray likeness of each event. The threshold
for this parameter (typically zeta > 0.8)[H.E.S.S. Collaboration, 2012] is carefully
optimized through studies of the quality factor, which evaluates the trade-off
between signal efficiency and background rejection. Finally, any remaining back-
ground is subtracted using specialized methods that compare the source region to
carefully chosen background regions.

4.5 Limitations

The Hillas parameterization, while a powerful tool for analyzing air-shower images
in gamma-ray astronomy, has a fundamental limitation: it relies on the assump-
tion that the Cherenkov light distribution is perfectly elliptical. This makes it
unsuitable for truncated shower images, where part of the shower falls outside
the camera’s field of view as shown in Figure 4.5. When the light pool extends
beyond the camera’s edge, the resulting image is artificially clipped, distorting
key parameters such as the shower’s width, length, and centroid position. Since
Hillas moments assume full light containment, this truncation introduces biases
in reconstructing both the shower’s arrival direction and energy. These biases
become particularly problematic for high-energy showers or telescopes with narrow
fields of view, where truncation effects are more pronounced.

Figure 4.5: Two shower images showing the difference between a fully detected
event(left) and a truncated event(right)

The degree of truncation depends on several factors. First, the impact distance,
which is the perpendicular distance between the shower’s core and the telescope,
plays a crucial role. Showers with larger impact distances are more likely to be
truncated, as their light pools spread over a wider area. Figure 4.6 displays the
relationship of Hillas length and local distance with impact distance across three
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distinct energy bins. The plots reveal two key trends: first, the local distance
systematically increases with larger impact distances, reflecting the expected
geometric expansion of the air shower footprint on the ground. More notably, the
Hillas length exhibits a non-monotonic behavior, initially following the expected
correlation with impact distance before decreasing beyond a certain threshold.
This reversal occurs because showers with large impact parameters are more likely
to be truncated at the edges of the camera’s field of view, reducing the Hillas
calculated length despite the shower’s physical extent. Secondly, the energy of
the primary gamma particle influences truncation: higher-energy showers produce
broader Cherenkov light distributions, increasing the chance that part of the
shower spills beyond the camera’s edge. Finally, the telescope’s field of view is a
determining factor, cameras with smaller fields of view (such as the smaller HESS
I telescopes) are more prone to truncation than those with wider fields (like the
larger HESS II telescope).

Figure 4.6: (a) Linear correlation between local distance and impact parameter
across three energy ranges (colored bands), demonstrating the expected geometric
expansion of air showers. (b) Non-monotonic relationship between Hillas length
and impact parameter, where initial linear growth transitions to decreasing length
measurements beyond ∼ 150m due to increasing image truncation at large impact
distances. The energy-binned presentation demonstrates how this effect varies
across different shower sizes.

To quantify the severity of truncation, two edge parameters (EP1 and EP2) are
introduced as shown in Figure 4.7. EP1 measures the fraction of the total shower
light detected in the outermost pixel ring of the camera, while EP2 extends this
measurement to include both the outermost and the penultimate pixel rings.
These parameters help assess how much of the shower’s light is concentrated near
the camera’s edge. If EP1 or EP2 is close to zero, the image is fully contained,
whereas values approaching one indicate severe truncation. The calculation of
these parameters relies on summing the light amplitudes in the respective pixel
rings and normalizing them by the total image amplitude.
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Figure 4.7: Schematic of a detectors camera showing its pixels. The outermost
pixels are highlited in red while the penultimate pixels are in yellow.

When truncated images are analyzed using Hillas moments, systematic biases
arise due to the missing light distribution. The most significant effect is the
shift in the centroid position, since light is cut off at the edges, the reconstructed
center of gravity moves inward toward the camera’s center. This distortion
affects the estimated major axis orientation, which is crucial for determining
the arrival direction of the shower. Additionally, the total image amplitude is
underestimated, leading to an incorrect energy reconstruction. Because of these
biases, truncated events are often discarded in conventional analyses, reducing the
effective detection efficiency, particularly for high-energy showers or telescopes
with limited fields of view. However, the Hillas method remains widely used due
to its computational efficiency, making it essential to understand its limitations
when analyzing gamma-ray data.

This work focuses on developing an improved method for reconstructing air-shower
images, particularly those that are truncated. Unlike conventional methods
such as the Hillas parameterization, which rely on complete light containment,
our approach aims to mitigate biases introduced by truncated events, thereby
improving the reconstruction of shower direction and energy. By optimizing
this method, we seek to enhance the sensitivity of HESS telescopes(or IACTs in
general) to gamma-ray showers that would otherwise be discarded due to partial
detection.
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5 Asymmetrical Gaussian Fit

To address the limitations of the Hillas parameterization in handling truncated
shower images, we introduce an advanced reconstruction technique based on
an asymmetric 2D Gaussian model. The Hillas method characterizes showers
using discrete moments (width, length, orientation, etc) calculated from pixel
amplitudes, while the Gaussian approach fits a continuous asymmetrical 2D
function with seven free parameters (centroid x/y, σx, σy, rotation φ, amplitude
A, skewness α).

The asymmetric Gaussian function is defined as:

G(x, y) = A · exp
(
− x′′2

2σ2
x

− y′′2

2σ2
y

)
︸ ︷︷ ︸

Symmetric Gaussian

·
[
1 + erf

(
αx′′

σx

√
2

)]
︸ ︷︷ ︸
Asymmetry correction

(5.1)

Here, the first term represents a standard 2D Gaussian, which describes
the symmetric spread of light, while the second term introduces a skewness
correction via the error function (erf). The rotated coordinate frame (x′′, y′′)
ensures that the Gaussian aligns with the shower’s principal axis:

x′′ = (x−mx) cos θ + (y −my) sin θ (5.2)

y′′ = −(x−mx) sin θ + (y −my) cos θ (5.3)

with parameters:

• (x, y): Pixel coordinates of the shower image in the camera plane.

• (mx,my): Centroid position of the shower image.

• (σx, σy): Standard deviations along the major and minor axes, corresponding
to the length and width of the shower.

• A: Amplitude, representing the peak brightness of the shower.

• θ: Rotation angle that aligns the Gaussian with the shower axis.

• α: Skewness coefficient, controlling the direction and strength of asymmetry.

The error function term modifies the Gaussian shape along the major axis, allowing
the model to adapt to asymmetric showers. The skewness parameter α plays a
crucial role in determining the asymmetric properties of the Gaussian fit. When
α > 0, the error function term introduces a right-skewed distortion to the light
profile along the major axis (x′′), and α < 0 produces a left-skewed distribution.
The magnitude of α controls the strength of this asymmetry, with larger absolute
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values resulting in more pronounced skewness. Importantly, when α = 0, the error
function term reduces to unity, and the model reverts to a symmetric Gaussian
distribution.

The Hillas parameterization characterizes air showers through geometric moments
derived from pixel amplitudes, providing an efficient but constrained representation
that can struggle with truncated events. In contrast, the asymmetrical Gaussian fit
offers significantly greater flexibility by accommodating variations in the shower’s
lateral distribution, making it far more adept at characterizing incomplete or
edge-truncated images. The asymmetric Gaussian model provides several key
improvements compared to traditional symmetric fitting approaches. First, it
offers better handling of truncated showers by accounting for and fitting the
missing information, allowing the model to infer the probable light distribution
in regions where the camera did not capture the full shower. Second, it reduces
bias in centroid and orientation determination; unlike Hillas moments, which shift
inward when truncation occurs, this method maintains more accurate estimates of
the shower’s true centroid and major axis. Third, the model improves the energy
reconstruction since the fit accounts for missing light.

(a) (b)

Figure 5.1: (a) A truncated image fitted using Hillas parameters vs (b) fitted
using asymmetric gaussian fit.

An example of this fitting process is illustrated in Figure 5.1, where the asymmetric
Gaussian successfully reconstructs the expected light distribution, even when part
of the shower is missing, while the Hillas parameters only account for the existing
shower information. The figure demonstrates how the asymmetrical Gaussian fit
extends in the appropriate direction, effectively ”recovering” the truncated portion
of the shower while maintaining agreement with the observed light distribution.
This visual confirmation supports the mathematical formulation and shows the
practical utility of the method for real observational data.

While the asymmetric Gaussian model shows promise, a detailed performance
comparison with the Hillas method is necessary to quantify its advantages. Our
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analysis will examine several key aspects: reconstruction accuracy for direction,
energy, and shape parameters across different truncation levels (edge parameter
values). This systematic evaluation will demonstrate where and to what extent
the asymmetric approach outperforms traditional methods, providing concrete
evidence for its adoption in gamma-ray astronomy analyses. The comparison will
use simulated shower data with known gamma-ray energy values.
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6 Hillas vs Asymmetrical Gaussian comparisions

This chapter presents a systematic comparison between the traditional Hillas
parameterization(discussed in 4.2) and the proposed asymmetric Gaussian fitting
method, using a dataset of simulated gamma-ray showers with precisely known
energies. The simulations provide a controlled environment where the true shower
properties are known, allowing for an objective evaluation of each method’s
reconstruction accuracy. For consistency, both techniques are applied to the same
set of simulated events, ensuring a fair comparison. To focus on well-defined shower
images, selection criteria are applied: only events with a total amplitude exceeding
300 photoelectrons (Σai > 300) and at least 10 triggered pixels (Nai > 10) are
included in the analysis. These cuts help eliminate faint or poorly sampled showers
that could introduce unnecessary noise into the comparison.

The performance evaluation focuses on two critical aspects of shower reconstruc-
tion: energy estimation and angular resolution. Crucially, these comparisons are
performed across different ranges of the edge parameter (EP), which quantifies
the degree of image truncation. By binning events according to their EP values,
we can isolate how each method performs for showers with varying levels of trun-
cation—from fully contained images (EP ≈ 0) to severely truncated ones (EP →
1). This stratified analysis addresses the core objective of the thesis: to determine
whether the asymmetric Gaussian method outperforms Hillas parameterization
for truncated showers.

The datasets used consists of a combination of events with various truncation
levels, making it essential to understand how truncation patterns vary across
energy ranges for accurate methodological comparisons. Figure 6.1 presents the
distribution of truncated versus non-truncated events across energy bins, revealing
a clear and significant trend: non-truncated images overwhelmingly dominate at
lower energies, while truncated events become progressively more prevalent as
energy increases. In fact, at the highest energy levels, non-truncated images are
virtually absent, with nearly all events exhibiting some degree of truncation.

Ultimately, this chapter validates the asymmetric Gaussian fitting method as a
robust and reliable alternative for reconstructing truncated air showers. Through
systematic comparisons with traditional approaches, the analysis not only confirms
its superior performance in managing edge effects and incomplete images but also
rigorously maps out its limitations. These findings provide essential guidance for
its practical application, clearly delineating where the asymmetric Gaussian fit
can be confidently applied and where alternative or complementary reconstruction
techniques must be developed. By establishing both its strengths and boundaries,
this work lays a foundation for future improvements in gamma-ray air shower
analysis, ensuring more accurate and adaptable event reconstruction in next-
generation experiments.
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Figure 6.1: Plot showing the Fraction of events of various truncation levels vs the
energy. This is explicitly for the dataset used in this work.

6.1 Hillas vs Asymmetrical Gaussian Parameters

This analysis begins by comparing three fundamental shower properties recon-
structed by both methods: the position (Center of Gravity), size (length and
width), and direction. The Center of Gravity (CoG) comparison, illustrated in
Figure 6.2, demonstrates how the x and y coordinates differ between the asymmet-
ric Gaussian fit and traditional Hillas parameterization, particularly highlighting
their relative performance for truncated showers. The results are stratified by the
severity of the truncation, EP = 0 (no edge effects), 0 < EP < 0.3 (moderate
truncation) and EP > 0.3 (strong truncation), to isolate how edge effects influence
performance.

The results in Figure 6.2 demonstrate that the Hillas and Gaussian methods
produce nearly identical CoG measurements for most events. However, significant
differences emerge as the CoG positions move farther from zero. This systematic
variation occurs because events near zero position represent central showers where
the full light distribution is captured, allowing both methods to perform equally
well. In contrast, events with larger offsets correspond to showers near the camera
edges where truncation effects become prominent. The growing discrepancy at
larger offsets suggests that the Gaussian method handles truncation more effec-
tively by accounting for missing light, while the Hillas method becomes increasingly
inaccurate for edge events due to incomplete images. Notably, these differences
are minimal for events with zero edge parameter (non-truncated showers) and
appear predominantly for events with positive EP values. This pattern confirms
that the observed discrepancies are specifically caused by truncation effects rather
than systematic biases between the two reconstruction methods.
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(a) (b)

Figure 6.2: Comparison plots between the Hillas calculated and asymmetrical
Gaussian fitted (a) x-coordinate and (b) y-coordinate of the shower’s centroid
position

A similar comparison is done for the length and width measurements, presented
on a logarithmic scale for clearer visualization.

(a) (b)

Figure 6.3: Comparison plots between the Hillas calculated and asymmetrical
Gaussian fitted (a) Length and (b) Width of the shower image

As shown in Figure 6.3, the asymmetric Gaussian method systematically produces
longer length estimates than the Hillas approach, with the difference becoming
particularly pronounced for events with positive edge parameter values. This
consistent offset suggests the Gaussian method’s skewness correction successfully
accounts for truncated light distributions that would otherwise be missing from
the analysis, while the Hillas method’s symmetric fitting naturally underestimates
lengths with positive EP values.

The width comparison plot reveals key differences between the Gaussian and
Hillas methods when measuring shower dimensions. For non-truncated showers,

36



both methods show excellent agreement, with data points clustering tightly along
the diagonal - this confirms the Gaussian method maintains consistency with
traditional approaches for fully-contained events. However, as truncation increases,
systematic differences emerge. In most cases, the Gaussian method estimates
larger widths than Hillas, particularly for heavily truncated showers (EP > 0.3).
However, systematic differences emerge as truncation increases. Moderately
truncated showers (orange points, 0 < EP < 0.3) show more scatter but generally
follow the main trend, and heavily truncated events (green points, EP > 0.3)
mostly lie above the diagonal.

The instances where the Gaussian fitting produces lower width estimates than
the Hillas method can be attributed to its asymmetric correction along the
shower’s major axis. While the Gaussian model’s skewness term (α, shown in
(5.1)) primarily helps recover missing light for truncated images, this adjustment
can sometimes lead to a tighter concentration of light along the minor axis
(width direction). As the fit stretches the light distribution asymmetrically to
compensate for truncation, resulting in longer reconstructed lengths, it may
simultaneously produce a narrower profile perpendicular to this elongation. This
occurs because the error-function-based correction redistributes light along the
major axis, effectively ”pinching” the lateral spread in some cases.

Figure 6.4: Comparison between the Hillas calculated and asymmetrical Gaussian
fitted direction of the shower image

Figure 6.4 compares the shower direction estimates (in radians) reconstructed
by the Hillas and Gaussian methods. For the majority of events, both methods
produce consistent angular measurements, demonstrating reliable performance
for well-contained showers where the light distribution is fully sampled. However,
the plot reveals two notable types of discrepancies. First, a scattering of points
shows minor deviations between the methods, likely caused by subtle differences
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in how each technique handles edge effects or noise in partially truncated images.
More strikingly, a distinct cluster of events appears where the two methods
produce nearly opposite direction estimates (differing by ∼ π radians). These
direction reversals are symmetrically distributed at both ends of the angular range,
suggesting a systematic rather than random occurrence.

The π-radian discrepancies most frequently arise when analyzing highly symmetric
shower images, where the elliptical light distribution lacks a clearly defined major
axis orientation. In such cases, small asymmetries introduced by truncation
or pixel noise can cause the fitting algorithms to arbitrarily select either of two
possible, equally valid axis orientations 180 degrees apart. While both solutions are
mathematically plausible for perfectly symmetric cases, only one corresponds to
the true shower direction. This ambiguity affects both methods but may manifest
differently depending on how each approach weights edge pixels or handles missing
light. The presence of these flipped solutions highlights a fundamental challenge
in reconstructing direction from elliptical shower images, particularly for events
with near-perfect symmetry or significant truncation.

A comparison between Hillas and Gaussian parameters by dividing each Hillas
parameter into equal intervals and calculating the mean value of the correspond-
ing Gaussian parameter for events within each bin is demonstrated in Figure
6.5. This binned analysis visualizes the relationships discussed throughout the
chapter, confirming that while both methods mostly agree for non-truncated
showers, the Gaussian method produces larger length and width estimates for
truncated events (particularly at higher edge parameter values). These binned
comparisons quantitatively validate the key trends observed in the event-by-event
analyses, demonstrating the Gaussian method’s better handling of edge effects
while maintaining consistency with Hillas for well-contained showers.
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(a) Center of Gravity x coordinate (b) Center of Gravity y coordinate

(c) Length (d) Width

Figure 6.5: Comparison of shower reconstruction parameters between the Hillas
and asymmetric Gaussian methods, showing the mean Gaussian parameter values
(y-axis) calculated within equal-interval bins of Hillas parameters (x-axis)

6.2 Energy Reconstruction

To evaluate the performance of energy reconstruction, a neural network (as
described in Section 4.3) was trained using Hillas and asymmetrical Gaussian pa-
rameters. Two-dimensional histograms were generated for each method comparing
true versus reconstructed energies, with the results stratified by edge parameter
(EP) values. Figure 6.6 reveals a clear systematic bias for truncated events, where
both methods tend to underestimate the true energy.
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Figure 6.6: Two-dimensional histograms comparing true versus reconstructed
gamma-ray energies in logarithmic scale for the Hillas (left) and asymmetrical
Gaussian (right) reconstruction methods.

To address this issue, the neural network architecture was modified by incorpo-
rating the edge parameter (EP) as an additional input feature. This adjustment
allows the network to explicitly account for truncation effects during the energy-
reconstruction process. The ’edge parameter values’ provide insights into the
missing details in these truncated images, enabling the Neural Network to adjust
and compensate for this loss of information. After retraining with this enhanced
input set, the new reconstructed energies were compared to the true values for
both methods. The improved results, as shown in Figure 6.7, show that including
EP information helps mitigate bias, especially for moderately truncated showers
(0 < EP < 0.3). However, some residual underestimation persists for severely
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truncated events (EP > 0.3), suggesting that additional corrections or more so-
phisticated network architectures may be needed to fully compensate for extreme
edge effects. These findings highlight both the potential and limitations of the
Hillas parameterization and also the asymmetrical Gaussian fitting.

Figure 6.7: Two-dimensional histograms comparing true versus reconstructed
gamma-ray energies for the Hillas (left) and asymmetrical Gaussian (right) meth-
ods, now incorporating the corresponding Edge Parameter values as input to the
neural network.

To comprehensively evaluate the performance of both reconstruction methods, all
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subsequent comparisons will analyze two distinct neural network configurations:
one trained with traditional parameters alone, and another incorporating Edge
Parameter (EP) values as additional input. This dual approach enables a direct
assessment of how explicitly accounting for truncation effects improves the accuracy
of energy reconstruction. By maintaining parallel analyses for both conditions, we
can systematically identify which parameter set, Hillas or asymmetrical Gaussian,
benefits most from EP inclusion, and determine the optimal combination for
minimizing reconstruction errors. The accuracy of each method will be quantified
through two key metrics: energy bias (the systematic deviation from true energies)
and resolution (the statistical spread of reconstructed values). These metrics
will be calculated across the full energy spectrum and stratified by EP ranges to
isolate truncation-dependent effects.

(a) Edge Parameters not included (b) Edge Parameters included

Hillas Method

(c) Edge Parameters not included (d) Edge Parameters included

Asymmetrical Gaussian Method

Figure 6.8: Comparison of energy reconstruction bias versus true energy for the
Hillas method(top) and the asymmetrical Gaussian fit(bottom), evaluated both
with and without Edge Parameter inclusion in neural network training.
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In an ideal scenario with perfect energy reconstruction, the bias plot would follow
a horizontal line at zero across all energy values, indicating no systematic deviation
from the true energies. However, reconstruction challenges—particularly at low
energies—often distort this pattern. Low-energy events are more susceptible to
truncation effects or may produce insufficient light for accurate analysis, typically
resulting in larger biases. As shown in Figure 6.8, this manifests as a distinct
trend: bias values are elevated at low energies but gradually converge toward zero
as energy increases, reflecting improved reconstruction accuracy for brighter, well-
contained showers. To further investigate truncation-dependent effects, Figure
6.9 stratifies the bias by different Edge Parameter (EP) levels, revealing how
reconstruction errors scale with the severity of image truncation.

(a) Edge Parameters not included (b) Edge Parameters included

Hillas Method

(c) Edge Parameters not included (d) Edge Parameters included

Asymmetrical Gaussian Method

Figure 6.9: Comparison of energy reconstruction bias versus true energy for the
Hillas method(top) and the asymmetrical Gaussian fit(bottom), evaluated both
with and without Edge Parameter inclusion in neural network training. The bias
is calculated and plotted for different levels of truncation(EP values).
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The plots in Figure 6.9 compare the energy reconstruction bias for the Hillas
method and a neural network-based approach, evaluating two distinct training
strategies: one that excludes edge parameters (EPs) and another that explicitly
incorporates them in the training. Across all panels, the inclusion of EPs during
training profoundly impacts the model’s behavior, particularly for truncated
events. This demonstrates that EP-aware training adapts the reconstruction to
edge-induced distortions(this overall improvement can be seen in Figure 6.8),
though the efficacy varies by energy range and truncation level.

When edge parameters are excluded (left panels a and c), a critical flaw emerges:
events with strong truncation (EP > 0.3, green curves) exhibit a steepening
negative bias as energy increases. This reveals that the NN underestimates
energies for edge-affected showers, with growing severity at higher energies. The
trend suggests the model, lacking truncation context, misinterprets missing edge
light as lower total energy. In contrast, EP-inclusive training (right panels b
and d) dramatically mitigates this issue. The green curve’s negative bias at high
energies flattens, showing the model now better accounts for lost light. However,
this improvement introduces a compensatory effect: low-energy showers with
EP > 0.3 now display a positive bias, indicating occasional overestimation.

A key observation is that the Asymmetrical Gaussian method consistently produces
lower bias across most energy ranges and edge parameter conditions compared to
the Hillas method. For example, when edge parameters are not included (plots
a and c), the Asymmetrical Gaussian method (plot c) shows less pronounced
bias, particularly for the 0 < EP < 0.3 group (orange line), which remains more
stable and less negatively biased than in the Hillas method (plot a). Similarly,
when edge parameters are included (plots b and d), the Asymmetrical Gaussian
method (plot d) again shows a more gradual and controlled bias trend, especially
at higher energies, where the orange curve remains closer to zero than in the Hillas
counterpart. This indicates that the Asymmetrical Gaussian method is inherently
better at handling reconstruction near camera edges, even before considering edge
parameters.

Notably, non-truncated events (EP = 0, blue curves) remain stable across both
training schemes, confirming that EP inclusion specifically targets edge-related
distortions without disrupting well-contained showers. Ultimately, these results
advocate for EP-inclusive training as a better strategy. While imperfect, it yields
a more balanced bias distribution overall, particularly for the most challenging
truncated events.

The second key metric used for comparison is Resolution, which is illustrated in
Figure 6.10 through plots of Resolution versus true energy for both reconstruction
methods, with and without the inclusion of edge parameters in the neural network
training. The behavior of Resolution closely mirrors that of Bias, exhibiting higher
values at lower energies and progressively improving as energy increases. While
all configurations show relatively poor resolution in the low-energy regime, the
integration of edge parameters into the training process leads to a noticeable
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enhancement in resolution at higher energies.

(a) Edge Parameters not included (b) Edge Parameters included

Hillas Method

(c) Edge Parameters not included (d) Edge Parameters included

Asymmetrical Gaussian Method

Figure 6.10: Comparison of energy reconstruction resolution versus true energy
for the Hillas method(top) and the asymmetrical Gaussian fit(bottom), evaluated
both with and without Edge Parameter inclusion in neural network training.

The energy resolution of the reconstruction methods must be evaluated as a
function of truncation severity, similar to the bias analysis. Figure 6.11 presents
the resolution versus true energy for different EP ranges. The resolution improves
at higher energies, particularly for moderately truncated showers (0 < EP < 0.3),
where both methods perform similarly. For heavily truncated events (EP > 0.3),
resolution degrades significantly, highlighting the need for improved reconstruction
techniques to handle these images.
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(a) Edge Parameters not included (b) Edge Parameters included

Hillas Method

(c) Edge Parameters not included (d) Edge Parameters included

Asymmetrical Gaussian Method

Figure 6.11: Comparison of energy reconstruction resolution versus true energy
for the Hillas method(top) and the asymmetrical Gaussian fit(bottom), evaluated
both with and without Edge Parameter inclusion in neural network training. The
resolution is calculated and plotted for different levels of truncation(EP values)

6.3 Angular Reconstruction

The evaluation of angular reconstruction accuracy focuses on how well the Hillas
and asymmetrical Gaussian methods recover the true source position on the
camera plane. This process depends mainly on three critical parameters: the
calculated centroid and direction values, and the disp value, which is the angular
distance between the centroid and the true source position. The disp values are
reconstructed using a neural network trained similarly to Section 6.3. The neural
network is trained under two distinct conditions: one excluding edge parameters
(EPs) and another incorporating them, allowing us to isolate how truncation
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awareness impacts positional accuracy. The final source coordinates are derived by
combining the centroid, disp, and direction parameters, with adjustments based
on the shower’s skewness to account for asymmetrical light distributions(discussed
in detail in section 4.3).

Using this method, the source position values are calculated for both the Hillas
and asymmetrical Gaussian methods with their respective parameters. The
reconstruction accuracy of both the Hillas and asymmetrical Gaussian methods is
quantified by computing the angular distance between each reconstructed source
position and its corresponding true position. To characterize the performance,
the 68th percentile of these angular offset(a statistical measure that indicates
the radius within which 68% of the reconstructed source positions fall relative
to their true positions) is calculated and this metric is plotted as a function
of energy, allowing an assessment of how reconstruction accuracy varies across
different energy ranges. This energy-dependent analysis is particularly valuable,
as lower-energy showers typically produce fainter and more diffuse images that are
more challenging to reconstruct accurately, while higher-energy events generally
yield more precise measurements.

(a) (b)

Figure 6.12: (a) Comparison of source position reconstruction accuracy between
the asymmetrical Gaussian and Hillas methods, without EP inputs in the neural
network training. The 68th percentile angular resolution (y-axis) is plotted as
a function of energy (x-axis). (b) Reconstruction performance with EP-aware
neural network training.

In an ideal scenario with perfect reconstruction, the 68th percentile of angular
distances between reconstructed and true source positions would approach zero,
indicating flawless pointing accuracy. However, systematic biases emerge across
the energy spectrum due to physical and geometrical constraints. At low energies,
showers produce faint, compact images that challenge reconstruction algorithms,
leading to significant angular offsets. The limited light pool and poor signal-to-
noise ratio make precise centroid and direction determination difficult. As energy
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increases, the bias typically diminishes due to brighter, more extended showers
that yield better-sampled images, allowing both Hillas and asymmetrical Gaussian
methods to converge toward the true position. At the highest energy ranges, the
bias increases again, primarily because these energetic showers frequently produce
large light pools that exceed the camera’s field of view (high edge parameter
values). This truncation effect distorts key parameters like the centroid and major
axis orientation, particularly in symmetric Hillas reconstruction. Thus, the angular
resolution follows a U-shaped trend versus energy: poorest at the low-energy
regime (due to small shower size), optimal at intermediate energies (where showers
are bright but not truncated), and degraded again at the highest energies (due to
edge truncation). This trend is clearly visible for Hillas reconstruction in Figure
6.12.

The results demonstrate that the proposed asymmetrical Gaussian method con-
sistently outperforms the traditional Hillas approach in angular reconstruction
accuracy across both training configurations, with and without edge parameter
inputs to the neural network. While both methods show expected degradation for
truncated showers, the asymmetrical Gaussian maintains better resolution due to
its inherent ability to model skewed light distributions through its shape parame-
ters. The improvement becomes particularly dramatic when edge parameters are
included in the training, compared to the EP-aware Hillas reconstruction. This
enhanced performance stems from the method’s dual advantages: (1) its physical
skewness correction that better handles edge-clipped shower geometries, and
(2) its synergy with EP-informed neural networks that learn truncation-specific
corrections. The consistent superiority across all energy ranges and truncation
levels confirms that the asymmetrical Gaussian parameterization more faithfully
characterizes gamma-ray shower properties, especially in challenging cases where
traditional Hillas analysis fails.

To better evaluate the performance gains, Figure 6.13 analyzes angular recon-
struction across different edge parameter (EP) ranges. The results demonstrate
that the asymmetrical Gaussian method achieves higher accuracy compared to
Hillas parameterization across all truncation levels, with particularly striking
improvements for moderately truncated showers (0 < EP < 0.3, green data
points). At high energies (> 1TeV), where traditional Hillas analysis shows severe
biases, the asymmetrical Gaussian maintains low resolution.
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(a) Edge Parameters not included (b) Edge Parameters included

Hillas Method

(c) Edge Parameters not included (d) Edge Parameters included

Asymmetrical Gaussian Method

Figure 6.13: Comparison of angular reconstruction bias versus true energy for
the asymmetrical Gaussian and Hillas methods, evaluated both with and without
Edge Parameter inclusion in neural network training. The bias is plotted for
different levels of truncation(EP values)

However, both methods struggle with heavily truncated showers (EP > 0.3, red
data points), where typically very few pixels record light at the extreme camera
periphery. In these extreme cases, even the asymmetrical Gaussian’s advanced
parameterization cannot fully overcome the fundamental lack of topological infor-
mation; the remaining light fragments often lack sufficient spatial or amplitude
cues to reliably reconstruct the shower core or direction. While the asymmetrical
Gaussian still shows better resolution than Hillas for these challenging events,
their overall poor reconstruction quality suggests such showers should likely be
excluded from scientific analysis when possible. This limitation highlights a
physical boundary in IACT analysis where truncation becomes too severe for any
current reconstruction method to overcome.
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During shower reconstruction, a known challenge is the occasional production of
flipped solutions, where the reconstructed source position appears on the opposite
side of the centroid than physically expected. To quantify this phenomenon, the
flip error rates across energy bins are calculated by analyzing events with positive
skewness values (indicating a preferred directionality in the light distribution). A
flip is identified when the reconstructed x-coordinate (xreco) lies opposite to the
predicted position relative to the centroid (xCoG), specifically when:

xreco > xCoG for positively skewed showers (6.1)

This directional inversion typically occurs when the shower image exhibits near-
perfect symmetry or when edge truncation removes critical directional cues. The
flip error value represents the fraction of such misreconstructed events within each
energy bin.

(a) (b)

Figure 6.14: Fraction of flip errors as a function of energy for both Hillas and
asymmetrical Gaussian reconstruction methods. Results are shown for two neural
network training conditions: without (a) and with (b) edge parameter (EP) inputs.

A comparison of the frequency of flip errors between the Hillas and asymmetrical
Gaussian methods is shown in Figure 6.14. Contrary to typical performance
trends in other reconstruction metrics, the asymmetrical Gaussian method ex-
hibits a slightly higher flip error rate than Hillas parameterization across both
neural network training conditions (with and without edge parameters). This
counterintuitive result likely stems from the asymmetrical Gaussian’s sensitiv-
ity to skewed light distributions: while its skewness correction improves energy
and position reconstruction for truncated showers, it can overinterpret subtle
asymmetries in near-symmetric images, occasionally forcing a preferred direction
where the Hillas method remains ambiguous. The effect is most pronounced for
high-energy showers. Despite this drawback, the asymmetrical Gaussian’s overall
improved accuracy in other reconstruction parameters (angular resolution, energy
estimation) maintains its advantage for comprehensive shower analysis, though
flip errors may require targeted mitigation for precise source localization.
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7 Discussion and Conclusions

This study demonstrates that the asymmetrical Gaussian fit outperforms the
conventional Hillas parametrization in reconstructing shower images, particu-
larly in handling truncated data. When analyzing non-truncated images, both
the Hillas and asymmetrical Gaussian methods yield comparable results, with
their parameters aligning well. However, the key advantage of the asymmetrical
Gaussian fit becomes evident in cases of image truncation, where it significantly
improves parameter estimation by accounting for the missing data. Unlike the
Hillas method, which does not adjust for truncation, the asymmetrical Gaussian
approach effectively accounts for the lost information through its fitting, lead-
ing to more accurate determinations of the shower’s size and centroid position.
Additionally, while both techniques generally agree on the direction parameter
for the majority of events, discrepancies arise in rare instances involving highly
symmetric showers. In these cases, there is a possibility that either of the two
methods may misidentify the major axis, leading to incorrect direction values.

While characterizing secondary shower images is not the primary focus of this
study, the central objective is instead the accurate reconstruction of the parent
gamma-ray’s energy and angular properties. The second and most critical phase
of this work involved utilizing the previously determined shower properties to
estimate the parent gamma-ray’s energy and source direction. Here, a new
approach was introduced: incorporating edge parameters into the neural network
training to enhance reconstruction accuracy. This new addition, combined with
the already superior performance of the asymmetrical Gaussian method over
Hillas parametrization, resulted in a significantly more effective tool for energy
and angular reconstruction. The improvement is especially pronounced at higher
energies, where image truncation becomes more frequent and problematic.

Despite its advancements, the improved asymmetrical Gaussian method still has
notable limitations, particularly when dealing with extreme cases of image trun-
cation (EP> 0.3). In these severe truncation scenarios, the method’s performance
deteriorates for both energy and angular reconstruction, even with the enhanced
neural network training that incorporates edge parameters. This suggests that
while the technique is more resilient than the Hillas parametrization, it does not
fully overcome the challenges posed by heavily truncated images. However, it
is important to emphasize that such extreme truncation cases constitute only a
small fraction (∼ 1%) of the dataset used in this study, making it difficult to draw
definitive conclusions about their impact. Consequently, future work will require a
more sophisticated and refined analysis approach to address these high-truncation
regimes, ensuring reliable reconstruction across all possible shower conditions.
This highlights an important area for further development in gamma-ray shower
reconstruction techniques.
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