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Abstract

The reconstruction of atmospheric showers induced by high-energy gamma rays is crucial for
optimizing the design and performance of the Southern Wide-field Gamma-ray Observatory
(SWGO). Although the primary scientific goal of SWGO is the detection of astrophysical
gamma rays, the presence of cosmic rays represents a major source of background. Accu-
rate modeling of detector responses is thus essential for enabling future improvements in
distinguishing between particle types.

Currently, several design options for the outer array layout of SWGO are under consid-
eration, each with different configurations of Cherenkov detector tanks and photomultiplier
tube (PMT) arrangements. In this work, we focus on one specific tank design known as the
M1ImT1m model—a plastic rotomolded tank equipped with two multi-photomultiplier tube
(multiPMT) arrangements. By simulating the interactions of various particle types with this
design, we aim to model the resulting Cherenkov light signals.

Given the computational cost of full shower simulations at very high energies, this study
contributes to the development of an efficient approach—FastSim—that simulates individual
particle arrivals at the detector and constructs a detailed lookup table (LUT) of detector
responses. The LUT parametrizes the detector’'s response across multiple variables, enabling
fast and reliable predictions of Cherenkov signals under diverse conditions. The analysis
reveals that the multiPMT module provides rich directional information through distinct
photoelectron counts and timing patterns across PMTs, which enhances event reconstruction
capabilities. Future work will refine the fitting procedures and validate the LUT approach by
comparing full simulations with and without the fast simulation method, aiming to confirm
its accuracy and computational advantages for large-scale SWGO data processing.
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Chapter 1

Introduction

Astronomical observations have played a key role in the development of scientific knowledge
throughout history, and the act of looking to the skies has been a constant presence across
cultures. Exploring the universe has always been one of the most fascinating areas of science,
and over time, we have developed better and more advanced tools to help us understand the
physics behind what we observe. From optical telescopes to X-ray observatories, our ability
to study space has grown as technology advances.

In the past, studying phenomena in the sky has proven very beneficial to our society,
leading to major scientific breakthroughs with real-world applications. One example is the
discovery of antimatter, which was first predicted by Paul Dirac in 1928 through theoretical
work in quantum mechanics [1], and later confirmed with the discovery of the positron in
1932 by Carl Anderson while studying cosmic rays [2]. This finding not only changed our
understanding of particle physics, but also paved the way for practical technologies and
advances in other fields of study, such as medicine. Today, positrons are used in Positron
Emission Tomography (PET) scanners, a powerful imaging technique that helps diagnose
conditions such as cancer and neurological disorders [3].

Although we have made significant advances in physics and astronomy, many fundamental
questions remain unanswered. We continue to explore some of the most fascinating and
extreme phenomena in the universe, such as the origins of cosmic rays, the behavior of black
holes, and the nature of dark matter. In the last few decades, gamma-ray astronomy has
emerged as a fast-developing field, offering one of the most powerful tools available to study
the most energetic and extreme processes in the cosmos. It also plays a key role in the
broader field of multi-messenger astronomy, where gamma rays are combined with other
cosmic messengers such as neutrinos and gravitational waves to provide a more complete
understanding of astrophysical events.

Gamma rays are essentially high-energy photons that travel across vast distances, and by
studying them we can gain a deeper understanding of our universe. When gamma rays reach
Earth, they can interact with the atmosphere and produce a cascade of secondary particles.
These interactions, along with other methods of detection, such as observing Cherenkov light
or measuring gamma rays directly through space-based observatories, allow us to infer the
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properties of the original gamma-ray source.

There are currently many observatories dedicated to searching for gamma-ray sources
and developing methods to detect and characterize them. One of the next major projects in
this field is the Southern Wide-field Gamma-ray Observatory (SWGO), which will be located
in South America and is expected to begin construction during 2026. Until then, ongoing
efforts are focused on optimizing its design, evaluating different detector components, and
ensuring that its performance and efficiency will meet the scientific goals of the collaboration.

In this context of optimizing the design of SWGO, the collaboration is running simulations
to test different detector designs and array layouts. However, this process faces a major
challenge: since SWGO is aimed at detecting very high-energy particles, the simulations
involved are extremely time-consuming and computationally demanding. However, efficient
simulation strategies are essential, not only to make the best use of available resources, but
also to ensure that the final design makes a strong and meaningful contribution to the field.

One of the solutions currently being developed to tackle the challenge of simulating
high-energy particle showers is a software tool called FastSim (short for Fast Simulation).
Its main goal is to predict the detector response to a given particle shower without having
to simulate every individual interaction, since these are the most computationally expensive
steps.

As part of this effort, this thesis aims to provide one of the components required by
FastSim: the Lookup Table (LUT). This LUT contains precomputed detector responses to
individual particles, and is essential for FastSim to accurately approximate the full simulation
of extensive air showers. In particular, this work focuses on building the LUT corresponding
to one of the water Cherenkov detector (WCD) designs currently under consideration by
the collaboration. This involves simulating individual particles under controlled conditions to
characterize how the detector responds to each type, energy, and geometry of incidence. The
resulting LUT will then be integrated into the fastsim framework to evaluate the performance
of this specific detector configuration as part of the overall optimization process.

1.1 Astrophysical Phenomena in Gamma-ray Astronomy

Gamma-ray astronomy is the branch of astrophysics focused on the detection and study of
gamma rays emitted by different sources throughout the universe. Gamma rays are the most
energetic form of electromagnetic radiation, typically produced in environments involving
extreme conditions, with photon energies ranging from about 100 keV (10° eV) to beyond
100 TeV (10 eV). Because of their high energy, they provide unique insight into physical
processes that cannot be studied through other wavelengths, making them a powerful tool
for understanding the most violent and energetic events in the cosmos.

The path toward gamma-ray astronomy began in 1900 when Paul Villard first identified
gamma rays while studying the products of radioactive decay [5]. At the time, this new form
of penetrating radiation was understood only in the context of terrestrial phenomena, and
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Figure 1.1: Victor Hess discovers Cosmic Rays [4]

its astrophysical relevance remained unexplored. A major breakthrough came in 1912, when
Victor Hess conducted a series of balloon flights using electroscopes to measure ionizing
radiation as a function of altitude [6]. His observations revealed that ionization increased
with height, which he attributed to a penetrating radiation incident on the atmosphere from
above. This led to the discovery of cosmic rays: a stream of high-energy particles, mostly
protons and atomic nuclei, originating from space [7].

Although gamma rays themselves were not detected in these early experiments, Hess's
discovery marked the beginning of high-energy astrophysics. As our understanding of cosmic
rays advanced, it became increasingly evident that similarly energetic photons (gamma rays)
could also originate from extreme astrophysical environments. Theoretical predictions of such
emissions eventually led to their detection in space, beginning with satellite-based observations
in the 1960s [8]. This motivated further research focused on understanding gamma rays
themselves, setting the stage for investigating their nature and what they can reveal about
cosmic events.

Several distinctive properties of gamma rays make them well-suited for probing the
environments in which they originate. As electrically neutral particles, gamma rays do not
interact with the electromagnetic field and therefore travel in straight lines through space.
This lack of deflection allows astronomers to trace their paths back to their astrophysical
sources with high directional accuracy, providing critical information about the location and
nature of the emitting objects [4]. Additionally, because they can originate from nuclear
reactions or particle interactions, gamma rays can provide information about the physical and
chemical conditions of their sources, offering valuable clues about the environments in which
they are produced.

Although gamma rays are very useful for studying extreme astrophysical events, they are
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not easy to detect. When they reach Earth's atmosphere, they interact almost immediately
with atomic nuclei and other particles, producing a cascade of secondary particles known as
an extensive air shower. As a result, ground-based detection is only possible through indirect
methods that observe the byproducts of these interactions. Alternatively, gamma rays can
be detected directly by space-based instruments aboard satellites, which operate above the
atmosphere.

Despite these challenges, gamma rays are produced in a wide range of astrophysical
contexts, making them a rich subject of study. The following sections will look into some of
the main examples.

1.1.1 Transient Sources

Transients are astrophysical phenomena or objects that evolve or appear on short timescales,
ranging from milliseconds to years, which is brief when compared to the typical lifespans of
astrophysical processes, often on the order of millions or even billions of years. They can be
detected across the electromagnetic spectrum, from radio to gamma rays, as well as through
gravitational waves and neutrinos in the context of multi-messenger astronomy [9]. Many
transient events are associated with high-energy gamma-ray emission, such as gamma-ray
bursts (GRBs) and flaring episodes from active galactic nuclei (AGNSs).

Gamma-Ray Bursts

Gamma-Ray Bursts (GRBs) are among the most luminous phenomena in the universe,
releasing in seconds more energy than the Sun will emit over its entire lifetime. While they
are on, they outshine every other source of gamma-rays in the sky. First discovered in
the late 1960s by the Vela satellites [8], GRBs quickly became one of the most intriguing
puzzles in astrophysics. They appear as brief flashes of gamma radiation, lasting from
milliseconds to several minutes, without any immediate precursor or repetition. Their sudden
and unpredictable nature introduced a new observational paradigm: the study of phenomena
that appear only once and vanish rapidly [10].

Initially, the origin of GRBs was the subject of intense debate. Without distance measure-
ments, early hypotheses ranged from nearby neutron stars to sources at cosmological distances.
However, the isotropic distribution of bursts across the sky and the absence of parallax or
solar system signatures ultimately supported an extragalactic origin [11]. Today, GRBs are
broadly classified into two categories: long-duration bursts, associated with the collapse of
massive stars, and short-duration bursts, likely resulting from the merger of compact objects
such as neutron stars [12].

Major observational advances, particularly from the Swift satellite, have confirmed the
existence of these two distinct progenitor classes and enabled the detection of afterglows
across the electromagnetic spectrum. Swift has also extended the reach of GRB studies
to redshifts beyond 6, demonstrating their utility as probes of the early universe. Despite
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this progress, many questions remain open, especially regarding the mechanisms behind their
extreme energy output and the structure of the jets involved. As gravitational-wave and
high-energy neutrino observatories join the effort, GRBs continue to stand as key targets in
the era of multi-messenger astrophysics.

Active Galactic Nuclei

Active Galactic Nuclei (AGNs), as the name suggests, are extremely energetic regions located
at the centers of certain galaxies. The emissions from AGNs span the entire electromagnetic
spectrum (from radio waves to gamma rays) and exhibit features such as rapid variability,
high luminosity, and strong non-thermal components, all of which indicate that their origin
is not stellar [13]. The most widely accepted model attributes this energy output to the
accretion of matter onto a supermassive black hole, typically ranging from millions to billions
of solar masses, situated at the galaxy's core [14].

During this active phase, the black hole grows by consuming surrounding material, releasing
gravitational energy in the form of radiation and sometimes collimated, relativistic jets. These
jets can carry a substantial fraction of the accretion energy and are capable of accelerating
particles to extremely high energies. When the jet is aligned closely with our line of sight, the
object is classified as a blazar: a subclass of AGN that dominates the extragalactic gamma-ray
sky. In addition to powering jets and radiation, this energy output is believed to regulate
star formation in the host galaxy through a process known as AGN feedback, although the
details of how and when this occurs remain uncertain [15]. Despite significant progress, key
questions persist regarding how jets are launched and how energy is transported and dissipated
to produce the observed radiation. High-energy gamma-ray observations, particularly those
from instruments like Fermi-LAT and AGILE, have been instrumental in addressing these
questions and will continue to guide the development of theoretical models [16].

1.1.2 PeVatrons

PeVatrons are astrophysical accelerators capable of energizing particles such as protons, nuclei,
or electrons to at least 10'5 eV (1 PeV). This energy scale marks the so-called “knee” of
the cosmic-ray spectrum (a steepening observed around 3 PeV that is widely interpreted as
marking the upper limit of Galactic accelerators) and represents a fundamental threshold in
high-energy astrophysics. The study of PeVatrons is tightly connected to the question of the
origin of Galactic cosmic rays (CRs).

PeVatrons are typically classified as hadronic or leptonic, depending on the nature of the
primary accelerated particles. In hadronic PeVatrons, gamma-ray emission results mainly
from inelastic collisions between protons and ambient matter or radiation fields (pp and py
interactions), producing neutral pions that decay into high-energy photons. Approximately
10% of the energy from the parent protons is transferred to these secondary particles, so for
protons with energies around 1 PeV, a gamma ray in the 100 TeV range is produced. These
processes are also expected to produce neutrinos, providing a complementary observational
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signature [17]. In leptonic PeVatrons, by contrast, gamma rays are produced via inverse
Compton (IC) scattering, where relativistic electrons boost low-energy photons, such as those
from the cosmic microwave background (CMB), to very high energies. For instance, 1 PeV
electrons interacting with CMB photons can generate gamma rays up to about 370 TeV [18].

From these perspectives, ultra-high-energy (UHE, E > 100 TeV) gamma-ray emission
emerges as a key observational probe for exploring PeVatron sources. Since cosmic rays are
deflected by Galactic magnetic fields, the direct detection of hadronic PeVatrons is not feasible.
This limitation makes indirect signatures, like UHE gamma rays and neutrinos, essential for
their study, emphasizing the importance of multi-wavelength (MWL) and multi-messenger
approaches. Ground-based gamma-ray observatories like HAWC, LHAASO, and the upcoming
SWGO are key instruments in the hunt for Galactic PeVatrons.

Several classes of astrophysical objects have been proposed as potential Galactic PeVatrons.
These include pulsar wind nebulae (PWNe), young massive star clusters, and binary systems
with strong stellar winds, each offering different environments for particle acceleration.
However, one the most prominent candidates are supernova remnants (SNRs), long considered
the main sources of Galactic cosmic rays below the "knee" of the energy spectrum.

SNRs are formed by the explosive deaths of massive stars and generate expanding shock
waves capable of accelerating particles via diffusive shock acceleration. Their energetics,
prevalence in the Galaxy, and observed non-thermal emission make them natural candidates for
cosmic-ray acceleration. Despite decades of study and numerous detections of TeV gamma-ray
emission, conclusive evidence for proton acceleration up to PeV energies remains elusive [19].
SNRs also play a key role in shaping the interstellar medium: they heat surrounding gas,
distribute heavy elements formed in stellar interiors, and fill the universe with the material
necessary to form other stars, planets, and life itself. While around 300 SNRs are currently
cataloged in the Milky Way, population studies suggest many more remain undetected [20].

1.1.3 Dark Matter

Although the evidence for astrophysical dark matter (DM) is extensive, ranging from galactic
rotation curves and galaxy cluster dynamics to observations of the cosmic microwave back-
ground, its elusive nature and the lack of direct detection continue to puzzle scientists [21].
One of the primary directions for DM research is the indirect search for Weakly Interacting
Massive Particles (WIMPs): hypothetical particles in the GeV-TeV mass range with weak-scale
interactions. In this mass range, WIMP annihilation or decay into secondary particles, such as
gamma rays, could produce observable signatures in astrophysical environments [22]. These
signals are expected to be strongest in regions of high dark matter density, such as the
Galactic Center and nearby satellite galaxies.

Dark matter detection is therefore one of the key scientific goals of the Southern Wide-
field Gamma-ray Observatory (SWGO). Its location in the Southern Hemisphere grants it
privileged access to the Galactic Center and the Galactic halo—regions believed to host dense
concentrations of DM. At the highest energies, where SWGOQO's sensitivity peaks, astrophysical
backgrounds are expected to be minimal, enabling the potential detection of extremely faint
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DM signals. The Galactic Center, in particular, is predicted to be the brightest source of DM
annihilation in the gamma-ray sky by several orders of magnitude. Even in the presence of
background contamination from conventional astrophysical sources, it remains one of the
most promising regions to uncover signs of new, massive particles [23].

While WIMPs remain one of the most studied dark matter candidates, the lack of
conclusive signals has led to growing interest in alternative scenarios, such as axion-like
particles or primordial black holes. These possibilities reflect the wide range of viable dark
matter models still under consideration, highlighting the need for diverse and complementary
approaches across theory and observation.

1.1.4 Multi-Messenger Context

Multi-messenger astronomy refers to the coordinated study of astrophysical phenomena
through different types of signals, or "messengers": electromagnetic radiation (ranging from
radio to gamma rays), gravitational waves, high-energy neutrinos, and cosmic rays. This
integrated approach allows us to probe the universe in ways that are not possible using a
single messenger alone. By combining information from multiple channels, we can better
constrain the properties of astrophysical sources, test models of high-energy processes, and
uncover connections between different classes of events.

An example of this approach was the detection of the gravitational-wave event GW170817,
associated with a binary neutron star merger and accompanied by a short gamma-ray burst
and a kilonova. It was the first time that gravitational waves and electromagnetic radiation
were observed from the same source. This event not only confirmed that such mergers are a
source of short GRBs, but also demonstrated that they are sites of r-process nucleosynthesis,
responsible for the formation of many of the universe's heaviest elements, such as gold and
platinum [24]. The optical and infrared emission from the kilonova provided strong evidence
of this synthesis, showcasing the power of multi-messenger efforts to understand fundamental
astrophysical processes.

As part of this growing field, gamma-ray observatories like SWGO will play a key role in
identifying potential counterparts to neutrino or gravitational-wave events, offering critical
temporal and directional information. While SWGO is primarily designed for gamma-ray
detection, its sensitivity to cosmic rays and the potential for real-time alerts make it a valuable
contributor to future multi-messenger efforts.

1.2 Extensive Air Showers

When a high-energy cosmic particle coming from outer space reaches the top of Earth's
atmosphere, it is very likely to undergo a nuclear interaction within a few tens of kilometers
(typically less than 50 km) due to the relatively high density of atmospheric nuclei at those
altitudes [25]. The atmosphere, composed mainly of nitrogen and oxygen, acts as a dense
target for these incoming primaries, which may include protons, heavier nuclei, electrons, and
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gamma rays. Upon interacting with an atmospheric nucleus, the primary particle produces
a number of secondary particles, each carrying a fraction of the original energy. These
secondary particles can then interact again, triggering further particle production. The result
is a cascading process that develops over several generations, forming what is known as an
Extensive Air Shower, or EAS (see Figure 1.2).
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Figure 1.2: Side view of trajectories of particles of energy > 10 GeV
of a photon, a proton and an iron nucleus initiated shower having
a total primary energy of 105 GeV each. The electromagnetic
component is shown in red, hadrons are black and muons green.
The widely spread particles in the lower region of the atmosphere
in the hadron showers are mostly muons. Taken from [25].

The development and structure of the air shower depend strongly on the type of primary
particle. Gamma rays initiate electromagnetic (EM) showers, the interactions dominated by
pair production and bremsstrahlung, with resulting particles being electrons, positrons, and
photons. In contrast, hadronic primaries (such as protons or iron nuclei) produce hadronic
showers, which involve the production of mesons and baryons through strong interactions.
These hadronic showers also give rise to electromagnetic sub-showers via the decay of
neutral pions into gamma rays. Thus, while both types of showers can have electromagnetic
components, the underlying processes and shower profiles are distinct.

1.2.1 Hadronic EAS

Hadronic Extensive Air Showers (EAS) is a general term used to describe showers that
are initiated by primary particles other than gamma rays. These primaries include protons
and heavier nuclei, collectively referred to as cosmic rays. Unlike gamma-induced showers,
hadronic showers proceed through strong nuclear interactions, which involve multiple reaction
channels such as nucleon-nucleon scattering and meson production. These processes can
generate a wide variety of secondary particles, including hadrons, photons, electrons, muons,
and neutrinos [26].
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Hadronic showers typically exhibit a broader and more irregular lateral distribution compared
to electromagnetic (EM) showers. This is primarily due to the nature of hadronic interactions,
where secondary particles, particularly pions and kaons, are produced with significant transverse
momentum (pr) relative to the primary particle's direction. On average, secondary hadrons
are produced with a pp of approximately 350 — 400 MeV, nearly independent of the primary
particle's energy. This large transverse momentum causes the shower to spread more widely
and appear less collimated than EM showers.

One of the key signatures of hadronic showers is the presence of muons. These are mainly
produced from the decay of charged pions ( 7% — u* +v,) and kaons, which are abundant in
hadronic cascades (see Figure 1.3. In contrast, muons are nearly absent in gamma-ray-induced
showers, making muon content an important observable for gamma/hadron separation in
ground-based detectors. Additionally, since many pions are produced at later stages of the
shower and are relatively low in energy, the muons they decay into often have a broad lateral
spread, extending far from the shower core.
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Figure 1.3: Hadronic Shower Development. (a) The hadronic component
of a hadron-induced shower; dashed lines represent neutral particles (z),
and solid lines represent charged particles (7*). Only one charged hadron
interaction is shown for each generation. From [26]. (b) A primary cosmic
ray interacts in the atmosphere, producing a cascade of secondary particles.
The development of the shower through the atmosphere includes the
production of hadrons, muons and electromagnetic sub-showers. From [27].

1.2.2 Electromagnetic EAS

Electromagnetic (EM) showers are particle cascades initiated by a high-energy gamma ray
(or sometimes an electron or positron) interacting with the Earth's atmosphere. The first
interaction of a gamma ray with an atomic nucleus typically results in pair production, creating
an electron and a positron. These charged particles, in turn, lose energy mainly through
bremsstrahlung as they travel through the electric fields of atmospheric nuclei, emitting
more photons. These photons can again undergo pair production, continuing the cycle.
This repeating chain of pair production and bremsstrahlung results in an electromagnetic
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cascade [28] (see Figure 1.4).

Compared to hadronic showers, EM showers are more compact and symmetric, with most
secondary particles being strongly collimated in the forward direction and staying close to
the shower axis. This gives them a narrow lateral profile and makes them appear more “tidy”
and organized in particle detector arrays. In contrast, hadronic showers tend to be wider and
more irregular due to the higher transverse momentum of secondary hadrons [29].

The main constituents of EM showers are photons, electrons, and positrons, with only a
negligible fraction of other particle types. Muons can appear, but their production is highly
suppressed due to the much larger mass of the muon compared to the electron (by a factor
of about 200), which raises the energy threshold for muon pair production significantly.

Importantly, EM showers lack the hadronic core present in cosmic-ray-induced showers.
As a result, their muon content is minimal, typically around 1% of that observed in hadronic
showers of similar energy [26]. This low muon yield is one of the key distinguishing features
that gamma-ray observatories like SWGO exploit to separate gamma-ray events from the
overwhelming background of cosmic rays.

Figure 1.4: Electromagnetic Shower Development: A
high-energy gamma-ray initiates a particle shower, pro-
ducing e~ e* pairs and secondary photons through suc-
cessive interactions developing in new generations n of
the shower. From [30]

1.3 Gamma-ray Detection

Gamma rays cannot be directly detected from the ground, as they are absorbed by the Earth's
atmosphere. However, the secondary particles and radiation produced during the development
of the extensive air showers (EAS) they initiate can be observed using various techniques.
One of the earliest and most successful detection methods involves observing the ultraviolet
fluorescence light emitted by atmospheric nitrogen when excited by shower particles. This
technique, employed by observatories like the Pierre Auger Observatory, allows for precise
reconstruction of the longitudinal development of the shower, but it is limited to operation
during dark, moonless nights, leading to a duty cycle of roughly 10-15% [31].
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Radio detection has emerged as a promising complementary technique. The radio emission
stems from coherent mechanisms like geomagnetic deflection of charged particles and the
Askaryan effect [32]. Radio detectors can operate continuously under virtually all weather
conditions, making them a useful complement to optical systems [33]. Another method
employs scintillator arrays, which detect secondary charged particles that reach the ground
by converting deposited energy into light. While useful for sampling particle densities at the
surface, these detectors lack the ability to discriminate well between electromagnetic and
hadronic components [34].

In addition to ground-based methods, gamma rays can be directly detected from space.
Satellites like Fermi-LAT and AGILE are equipped with pair-conversion detectors that allow
for the reconstruction of both energy and arrival direction of the incoming photon [35].
These instruments are ideal for observing gamma rays below about 100 GeV, but their small
collection areas limit their sensitivity at higher energies.

The following sections focus on ground-based Cherenkov techniques, which are designed to
capture the Cherenkov light emitted by relativistic charged particles passing through water, the
atmosphere, or other material medium. We will put special attention into Water Cherenkov
Detectors (WCDs), the technology that SWGO will be built around. These detectors are
particularly well-suited for high-energy gamma ray detection due to their large field of view,
high duty cycle, and sensitivity to shower particle content.

1.3.1 Cherenkov Radiation

Figure 1.5: Two events displayed for the Super-Kamiokande
detector. Left: a muon event. Notice the cleaner outer ring
of the Cherenkov cone. Right: an electron event. Notice that
the ring is much more ragged due to the many particles of the
electromagnetic shower and multiple scattering of the shower
particles. From [36].

Cherenkov radiation occurs when a charged particle travels inside a dielectric medium at a
velocity higher than the phase velocity of light in that medium. This effect was discovered
by Pavel Cherenkov in 1934, for which he was awarded the 1958 physics Nobel Prize. This
phenomenon is analogous to a sonic boom, where an object moves faster than the speed of
sound, resulting in a shockwave. In the case of Cherenkov radiation, the charged particle
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induces a shockwave of electromagnetic radiation, manifesting as a characteristic blue glow,
commonly observed in nuclear reactors submerged in water.

From a classical perspective, as the charged particle moves through the medium, it
polarizes the surrounding molecules. When these molecules return to their ground state, they
emit photons. If the particle’s speed is less than the speed of light in the medium, these
emissions are out of phase and cancel out. However, if the particle's speed exceeds the
light speed in the medium, the emissions constructively interfere, resulting in the observed
Cherenkov radiation.

The radiation is emitted in a conical shape, as shown in Figure 1.6, with the angle
determined by the relation:
cosf = (nB)~!

where n is the refractive index of the medium and 8 = v/c is the ratio of the particle's velocity
to the speed of light in a vacuum. This relationship indicates that the emission angle depends
on both the particle’s speed and the optical properties of the medium.

(a) (b) (c)
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Figure 1.6: Diagram depicting polarization of molecules while non-
relativistic and relativistic charged particle travelling through a dielectric
medium are shown in (a) and (b), respectively. (c) Diagram showing the
production of Cherenkov light and the geometric expansion of the wave-
front. From [37]

The number of Cherenkov photons emitted per unit interaction depth X by a medium
with refractive index n(1), over a wavelength interval 1; < A < As, is given by [38]:

dN 1 1 1
52271'61’(1—%) (E—/l—l), (11)

where a = (e?/hic) is the fine structure constant. This expression holds under the

assumption that n(1) remains approximately constant over the wavelength interval.

For more general cases where the refractive index varies significantly with frequency, the
Frank—=Tamm formula can be used [39]:

CE _ q_2 (w)w (1 - L) (1.2)

Oxdw  4m v2n2(w)
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which gives the energy emitted per unit frequency per unit path length of a charged

particle. Here, u(w) and n(w) denote the frequency-dependent permeability and refractive
index of the medium, respectively.

The Geant4 framework (see 2.3.1) includes internal routines for simulating Cherenkov
photon emission based on these theoretical expressions. For each charged particle propagating
through a medium, Geant4 checks whether the Cherenkov condition is satisfied and, if so,
generates photons according to the appropriate spectral distribution.

Cherenkov radiation falls within the visible light spectrum, and can be detected using

photomultipliers. These measurements reveal information about the characteristics of the
original particle, such as its type, energy and direction (see Figure 1.5).

1.3.2 Ground-based Detectors

-
o

particle detectors

Field-of-View, uptime
~degrees, 12% | ~steradian, 100%

1 | 1 | | | -
I 1 1 1 1 T »
1GeV 10GeV 100GeV 1TeV 10TeV  100TeV

Energy

Figure 1.7: lllustration of the various complementary
detection techniques of high-energy gamma rays. From
[23].

Ground-based detection has become the dominant technique for observing high-energy
gamma rays today. While satellites were responsible for the initial discovery of cosmic gamma-
ray sources in the 1960s, their role is now primarily limited to lower-energy gamma rays (up
to a few hundred GeV). This is due to the extremely low flux of the highest energy gamma
rays, which is on the order of 1 particle per square kilometer per year for TeV—PeV energies,
which makes it impractical to rely on the relatively small effective area of satellite-based
instruments [40]. While satellites like Fermi-LAT offer excellent angular and energy resolution,
they are limited by size and exposure. To study these rare high-energy events, large-scale
observatories on the ground are required. These installations monitor vast areas—often several
square kilometers, and rely on the detection of the extensive air showers (EAS) produced
when gamma rays interact with the Earth’'s atmosphere.
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Figure 1.8: Schematic representation of air-shower detection at
ground level with a water Cherenkov detector and the imaging
atmospheric Cherenkov telescopes. From [41]

Imaging Air Cherenkov Telescopes (IACTs)

Imaging Air Cherenkov Telescopes (IACTs) detect Cherenkov light produced by the charged
particles in extensive air showers initiated by high-energy gamma rays and cosmic rays. This
Cherenkov light is emitted as the air shower propagates through the atmosphere and is focused
by large segmented mirrors onto a camera composed of sensitive photon detectors such as
photomultiplier tubes (PMTs) or silicon photomultipliers (SiPMs). The resulting images of
gamma-ray showers typically appear elliptical, with orientation and shape encoding information
about the shower direction and geometry. When multiple telescopes observe the same shower
(stereoscopic mode), its arrival direction can be reconstructed from the intersection of the
major axes of the shower images. The energy of the primary gamma ray is estimated from
the total light intensity, corrected for atmospheric effects and impact parameter.

IACTs rely on image shape and distribution to distinguish gamma-ray showers from the
dominant hadronic background. Modern analysis techniques go beyond classical geometric
reconstruction and use likelihood-based methods, comparing recorded images with libraries
of simulated templates. Despite their high sensitivity and low energy thresholds (tens of
GeV to several TeV), IACTs are background-limited at low energies and strongly affected
by observational constraints. They operate only during clear, moonless nights, limiting their
duty cycle to about 10%. Furthermore, their narrow field of view and pointing nature make
them best suited for deep observations of known sources or follow-up of transient alerts.
Major current facilities include H.E.S.S. in Namibia [42], MAGIC and FACT on La Palma,
and VERITAS in the US [43]. The next-generation Cherenkov Telescope Array (CTA) [44]
will extend this capability with dual sites in both hemispheres.
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Water Cherenkov Detectors (WCDs)

Water Cherenkov Detectors (WCDs) offer an alternative ground-based method for gamma-ray
detection. Instead of capturing light in the atmosphere, they measure Cherenkov radiation
produced by the secondary particles in air showers as they pass through water. WCDs are
typically composed of large pools or modular tanks filled with several meters of purified water
and instrumented with PMTs. Event reconstruction in WCDs uses both the timing and the
magnitude of the Cherenkov light signals. The arrival direction of the primary gamma-ray
photon is determined by the timing gradient of the shower front detection across the PMT
array. The energy is determined by the total signal (i.e. the amount of light) observed across
the array. The spatial distribution of signal magnitudes across the array can be used to
distinguish gamma-ray induced air showers from those induced by cosmic rays (the primary
source of backgrounds for gamma-ray searches).

Unlike IACTs, WCDs are not limited by daylight or weather. Their enclosed, light-tight
design allows for continuous operation, with duty cycles close to 100%. While they have
higher energy thresholds (typically hundreds of GeV, depending on altitude), they are capable
of detecting very high energy gamma rays into the PeV regime. Their wide field of view and
high uptime make them particularly suited for surveying the sky and detecting transient or
rare events. This technique was first demonstrated by the Cygnus and Milagro experiments,
and is currently used by HAWC in Mexico [45] and LHAASO in China [46]. SWGO, currently
in development, will expand these capabilities in the Southern Hemisphere. The differences
between IACTs and WCDs enable complementary capabilities for observing the gamma-ray
sky, as detailed in Table 1.1.

IACT Arrays Ground-Particle Arrays
Field-of-view diameter 3° - 10° 90°
Duty cycle 10% - 30% > 95%
Energy range 30GeV—- > 100TeV | ~ 500GeV—- > 100TeV
Angular resolution 0.05° - 0.02° 0.4°-0.1°
Energy resolution ~ 7% 60% — 20%
Background rejection > 95% 90% — 99.8%

Table 1.1: Comparison of typical performance of current and planned IACT
arrays and ground particle arrays for gamma-ray astrophysics. From [23].

1.4 The Southern Wide-field Gamma-ray Observatory (SWGO)

The Southern Wide-field Gamma-ray Observatory (SWGO) collaboration was established
in 2019, emerging from the convergence of several earlier initiatives, including the SGSO
Alliance [23]. The central concept behind SWGO is the development of a gamma-ray
observatory based on ground-level particle detection, featuring a near-continuous duty cycle
of around 90% and a wide field of view on the order of a steradian. The proven success
of similar detectors, such as HAWC, strongly motivated the construction of the first water
Cherenkov detector (WCD) dedicated to gamma-ray astronomy in the Southern Hemisphere.
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Figure 1.9: Layout of the SWGO detector array. Each
orange cylinder represents a Cherenkov detector, while
the red burst illustrates a particle shower arriving at the
array. From [47].

From the begining, South America was the target region for SWGQO, ideally at a latitude
between —30 and —10. This range optimizes sky coverage for southern-sky targets and
provides unique access to the Galactic Center, which is not visible to observatories in the
Northern Hemisphere. In order to detect air showers close to their maximum development,
the observatory must be built at high altitude of at least 4.4 km above sea level, where the
density of secondary particles is greatest. Based on previous observations from experiments
like HAWC and LHAASO, SWGO aims to cover an energy range spanning from hundreds of
GeV up to PeV energies.

To improve upon the sensitivity of its predecessors, SWGO will feature a dense, high fill-
factor core array with a total area significantly larger than HAWC. This will be complemented
by a sparser outer array, designed to enhance sensitivity to the highest-energy gamma rays by
extending the effective area and improving reconstruction of very large showers.

1.4.1 The selected site

In July 2024, the preferred site for SWGO was officially selected. The observatory will be
located near San Pedro de Atacama, in the Calama commune, northern Chile. The site
lies within the Atacama Astronomical Park, specifically in an area known as Pampa La Bola
(coordinates: 22° S, 67° W). Pampa La Bola is placed on a broad plateau at the summit of
the Andes, at an altitude of 4,770 meters above sea level (See Figure 1.11).

The surrounding region is already home to several prominent astronomical facilities, most
notably the Atacama Large Millimeter/submillimeter Array (ALMA) [48], which underscores
the site's proven suitability for long-term scientific operations. The environmental and logistical
conditions at Pampa La Bola make it an excellent location for the SWGO array. A backup
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Figure 1.10: Sky-map in galactic coordinates showing the com-
plementarity of the visibility ranges between HAWC and SWGO.
The color bands correspond to 10° in zenith angle (up to 45°)
for SWGO at latitude 25° South. The dashed contours show
the same for HAWC, with the darkest line marking the edge of
the field-of-view at 45° from zenith. The red markers correspond
to TeV gamma-ray sources discovered by H.E.S.S., MAGIC and
VERITAS. From [23].

site has also been identified: Imata, located in the Arequipa district of southern Peru. The
Imata site is located at 4450 meters above sea level at a latitude of 15.9°S.

1.4.2 Array Layout and Detector stations

As its southern hemisphere counterpart, the structure and operation of SWGO are strongly
inspired by HAWC. Like HAWC, SWGO will consist of numerous Water Cherenkov Detectors
(WCDs) distributed over a large area to maximize the instrumented surface and enhance
detection capabilities. The SWGO array is composed of independent WCD units arranged in a
three-zone configuration:

e Zone 1, the central core, is a disk with a radius of 156 m, featuring a 70% fill factor
and housing 2,587 detectors. This region is densely packed, with minimal spacing
between tanks—just enough to allow for construction and maintenance. Its high density
is crucial for achieving sensitivity to low- and medium-energy gamma rays, as well as
for the detection of transient events and distant gamma-ray sources.

e Zone 2 surrounds Zone 1 as a concentric ring, with an inner radius of 156 m and an
outer radius of 400 m. It has a reduced fill factor of 4%, containing 792 detectors.

e Zone 3 is the outermost region, extending from 400 m to 560 m in radius. This area
has a fill factor of 1.7%, with 384 detectors. The inclusion of these outer zones expands
the instrumented area to approximately 1km?, enhancing the sensitivity to high-energy
gamma rays.

For the inner zones (Zones 1 and 2), the SWGO Collaboration has adopted a double-layer
tank design. Each tank consists of two optically separated detection volumes: the upper layer,
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Figure 1.11: Location of the preferred SWGO site
Pampa La Bola, Atacama Astronomical Park, Chile.
The photo in the bottom right shows the view of the
site and the elevation contour of the site. From SWGO
Collaboration.
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Figure 1.12: (a) Distribution of the WCDs used in the simulations.
The red dots represent the inner dense zone (Zone 1), while the
green (Zone 2) and blue regions (Zone 3) correspond to the outer
rings with lower detector density. (b) lllustration of the detector
design ‘D’ generated with Geant4. From SWGO Collaboration.

optimized for detecting electromagnetic particles, and the lower layer, dedicated to muon
detection. Both layers are instrumented with photomultiplier tubes (PMTs) to collect the
Cherenkov light produced by charged particles traversing the water.

In this configuration, the PMT in the upper layer is mounted at the center of the base
and oriented upward, while the PMT in the lower layer is installed on the ceiling, pointing
downward. Each tank has a height of 4.1m and a radius of 5.2m.

While the detector units for Zones 1 and 2 have already been established, the collaboration
is still conducting simulations to test and decide the best cherenkov tank for Zone 3. This
thesis focuses on the assessment of a specific tank candidate, referred to as Mercedes, which
will be described in detail in the following section.
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Framework

Although the main design specifications of SWGO have already been established, studies are
still being conducted to evaluate possible configurations for the outer array. In this work,
a specific detector unit known as M1mT1m was investigated. It consists of a Cherenkov
tank—commonly referred to as the "Mercedes" tank—equipped with one MultiPMT module
at the bottom (M1m) and another at the top (T1m). In this section, the specifications and
simulation setup associated with the M1mT1m configuration are presented.

2.1 Detector model

The Mercedes tank is an innovative design developed by the collaboration to minimize the
production, installation, and maintenance costs of detector stations for SWGO. Its volume is
significantly smaller than that of other tank options, reducing the amount of water required
for its functioning. The original Mercedes design included three PMTs arranged at 120°
angles, with a potential slot for a fourth PMT at the center, hence the name “"Mercedes,”
due to its resemblance to the car logo.

Since then, the Mercedes design has evolved and different PMT configurations are being
tested, but the name has remained. The collaboration is currently researching into PMT
arrays that strike a balance between cost-efficiency and effective muon detection, which is
essential for improving background rejection in air-shower events.

The Mercedes tank is a rotomolded polyethylene vessel designed and manufactured by
Rotoplastyc, a company based in Rio Grande do Sul, Brazil. This company is also known for
producing the high-quality tanks used in the Pierre Auger Observatory [49], which has operated
in the Argentinean Pampa for over fifteen years and serves as a tested and cost-effective
model for water Cherenkov detectors.

The Mercedes tank features a robust double-wall (jacketed) structure filled with poly-
urethane foam (PU), which provides thermal insulation crucial for high-altitude deployment
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Figure 2.1: Left: 3D Model of the Mercedes tank. Right: Mercedes station
simplified model in Geant4. Both from SWGO Collaboration.

(see Figure 2.2). Both the inner and outer walls are made of high-density polyethylene
(HDPE) using a resin equivalent to Exxon-Mobil 8661, as used in the Auger experiment, but
with improved ultraviolet protection and enhanced mechanical properties. Each wall has a
thickness of 10 mm, designed to withstand the specific mechanical stresses expected in the
field. Additional lateral reinforcements along the tank’s circumference further improve its
structural integrity.

A

Figure 2.2: Jacketed-tank structure. (A) Detail of the jacketed-
tank structure showing the 10 cm polyurethane thermal insulating
layer (in red), and the outer (beige) and inner (carbon black)
HDPE walls. (B) Blown-up image of the jacketed tank showing
the three layer tank structure. From [50].

To achieve the necessary light-tightness and UV resistance, pigments are incorporated
into the composite resin during the molding process. The inner wall contains 2% carbon
black to ensure opacity to photons, while the outer beige wall includes hindered-amine light
stabilizers with a UV-30 protection rating, providing long-term durability at altitudes of up to
5,000 meters above sea level. These materials ensure the tank can operate safely for at least
20 years in harsh environmental conditions.

The 10 cm PU-insulated spacing between the jacketed walls serves not only to prevent

freezing of the water—thereby protecting the Tyvek®) liner from damage—but also acts as a
housing for all cabling and electronics. This allows for complete pre-installation and testing
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of the detector’s internal systems at low altitude, enabling a rapid and reliable “plug-and-play”
deployment in the field with minimal ground preparation. The tanks can be placed directly on
flattened terrain, streamlining the installation process across the array.

Inside, the water volume is enclosed in a flexible bladder lined with DuPont™ Tyvek® 1025-
BL, a high-diffusivity material made from non-woven high-density polyethylene fibers. The
Tyvek layer maximizes the reflection and collection of Cherenkov light by the photodetectors.
Once filled with purified water, the liner remains tightly secured within the tank, maintaining
both water- and light-tightness throughout operation. The hatch cover, composed of dual-
color polyethylene sheets with the same thickness as the tank walls, includes a polyurethane
gasket that acts as a reliable light seal. The structural strength of the tank lid allows it to
support the weight of up to three adults (well over 200kg) without significant deformation,
ensuring safety during maintenance.

A mechanical drawing of the tank design is shown in Figure 2.1 (Left), while the simplified
model used for simulations is illustrated in Figure 2.1 (Right). The simplified tank has an
outer diameter of 360cm, consisting of a water volume with a radius of 178.5cm and tank
walls 1.5cm thick. The height of the cylindrical water volume is 175cm, and the total height
of the tank, including the top and bottom layers of wall, is 178cm. The detector unit under
study corresponds to a shallow plastic tank equipped with two multi-PMT modules: one
installed at the bottom and one at the top. Each multi-PMT contains seven photomultiplier
tubes (PMTs), with one at the center and six evenly spaced along a circular ring. The PMTs
are not in direct contact with the water but are optically coupled to transparent domes.

2.2 Multi-PMT

The multi-PMT (mPMT) module was first proposed for the KM3NeT experiment [51],
where it combines several 3-inch photomultiplier tubes (PMTs), power supplies, and readout
electronics inside a pressure-resistant vessel. Since then, this innovative design has been
adopted (with various modifications) by other large-scale neutrino observatories such as
Hyper-Kamiokande (Hyper-K) [52] and IceCube-Gen2 [53].

For SWGO, a simplified and adapted version of the multi-PMT module is proposed.
Unlike deep-sea or underground detectors, the SWGO environment does not require high-
pressure resistance, allowing for a lighter and more cost-effective design. To match the total
photocathode area of the 8-inch PMTs used in the reference design, the SWGO multi-PMT
module adopts a baseline configuration with seven Hamamatsu R14374 3-inch PMTs arranged
in a hemisphere (see Figure 2.3).

In the module, the PMTs are mounted on a lightweight support structure enclosed in a
transparent acrylic vessel (see Figure 2.4), which also accommodates the front-end electronics
and may include a calibration light source. As illustrated in Figure 2.3, the mechanical design
incorporates a supporting steel plate that adds structural stiffness, provides thermal dissipation,
and balances buoyancy. The dome itself is constructed from UV-transparent G4 Plexiglas
(acrylic), with additional components including optical coupling silicone gel and reflective
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Figure 2.3: Drawings of the multiPMT model we studied. From SWGO Collabora-
tion.

elements to enhance light collection.

The multi-PMT design is being considered for SWGQ's outer array due to its potential to
improve detection and reconstruction in regions where traditional dual-layer configurations
may be less effective. Studies from Hyper-Kamiokande show that using several small PMTs
instead of a single large one can enhance time resolution (thanks to the smaller size and faster
response of the 3-inch PMTs), reduce dark noise, and offer intrinsic directional sensitivity
(from the segmented PMT geometry); features that can help distinguish between gamma
rays and hadronic backgrounds. Additional advantages include greater dynamic range and
improved reliability, as multi-PMT modules distribute the light signal across multiple channels
and have proven robust in large-scale, hard-to-access detectors.

Figure 2.4: Left: 3D printed PMT support structure. Right: The seven PMTs in
the support structure. Both from SWGO Collaboration.

2.2.1 Hamamatsu R14374 3-inch PMTs

A photomultiplier tube (PMT) is a highly sensitive light detector capable of converting faint
optical signals into measurable electrical pulses. Its operation is based on the photoelectric
effect: when a photon strikes the photocathode, it may eject a photoelectron, provided its
energy exceeds the material’'s work function. This photoelectron is then accelerated and
directed toward a series of dynodes (electrodes held at progressively higher voltages) where
each impact releases multiple secondary electrons, resulting in a cascade multiplication process,
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as shown in Figure 2.5.
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Figure 2.5: Schematic of a photomultiplier tube and its working
principle. From [54].

The total amplification of this process, known as the gain, is defined as the number
of electrons collected at the anode per single photoelectron emitted at the photocathode.
Depending on the applied high voltage and the number of dynode stages, the gain can exceed
10 [55,56]. The resulting current is proportional to the intensity of the incident light, enabling
precise time and charge measurements of the detected pulse. This allows reconstruction of
key properties of the original event, such as the number and arrival time of photons, which
in turn provides indirect information about the energy, direction, and nature of the primary
particle. Combined with nanosecond-scale timing resolution, these features make PMTs
exceptionally well suited for detecting low-intensity light signals such as Cherenkov radiation,
as well as for time-of-flight and air shower reconstruction applications.

In the context of this work, the specific model used in the multi-PMT module for this
study is the Hamamatsu R14374. This photomultiplier tube has a 80mm hemisphere and
is designed for high-energy physics applications requiring fast timing, low noise, and high
sensitivity. It features a 10-stage linear-focused dynode structure and a bialkali photocathode
enclosed in a borosilicate glass window. The tube provides a typical gain of 1 x 107 at 1250V,
with a transit time spread (TTS) of approximately 1.3 ns full width at half maximum (FWHM)),
supporting precise time measurements essential for Cherenkov-based particle reconstruction.
The anode pulse rise time is around 2.9 ns, and the electron transit time is about 35 ns.
These timing characteristics, combined with its compact geometry, make it especially well
suited for use in multi-PMT modules.

In terms of sensitivity, the R14374 exhibits a spectral response range from 300 to 650 nm,
with peak quantum efficiency around 420 nm—well aligned with the spectrum of Cherenkov
light in water. The quantum efficiency at 380 nm is approximately 27.5%, ensuring high
detection efficiency in the UV-blue region. The anode dark current, measured after 30 minutes
in darkness, is typically 50 nA, indicating low background noise. The photocathode has a
minimum effective area of 72 mm and the housing follows the JEDEC B14-38 base standard.
Together, these features ensure both high detection efficiency and mechanical compatibility
within densely packed multi-PMT configurations.

The technical details provided here are taken from the official datasheet of the R14374
model, as published by Hamamatsu Photonics [57].
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Figure 2.6: Key specifications of the Hamamatsu R14374 photomultiplier tube. (a)
Dimensional outline of the tube (in mm). (b) Quantum efficiency and cathode sensitivity
as a function of wavelength. (c) Transit time spread (TTS). From [57].

2.3 Simulation Framework and FastSim Development

The simulation framework currently used by the SWGO collaboration follows a structured
chain of software tools, each responsible for a specific stage of the analysis process, often
called ‘simulation and reconstruction chain' (see Figure 2.7). It begins with the generation of
atmospheric particle showers (using CORSIKA), followed by the simulation of the detector’s
response to secondary particles (using HAWCSim), and concludes with the reconstruction
and classification of the primary particles. Each step is handled by a dedicated executable or
library developed and maintained within the collaboration. This work is situated within the
detector simulation stage, where efforts are ongoing to develop a faster alternative to the full
HAWCSIm simulation currently in use.

Program/Library Description Language
corsika simulates particles showers fortran
hawc-sim simulate detector response to particles C++

+ Simulates PMT response.
* Reconstructs air shower properties.

swgo-reco * Outputs: event level parameters, charges C++
and times, muon-tagging info, mc-true
values.
* Reduces output of swgo-reco to only event
pyswgo-make-event-level| level parameters. python

+ Adds variables (including “analysis bin”)
+ Add single variable for GH

-cl ify- t
Pyswgo-classity-events |. Generates cut values for IRFs python
pyswgo-make-izfs Generates from event lists and selection ython
criteria instrument response functions. P
gammapy Simulate and study science benchmarks. python

Figure 2.7: Overview of the simulation and reconstruction chain. From
SWGO Collaboration.
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2.3.1 HAWCSIim

The first step in the simulation chain involves the use of CORSIKA (COsmic Ray Simulations
for KAscade), a well-established Monte Carlo code for simulating the production and develop-
ment of extensive air showers [58]. It models the interactions of primary cosmic or gamma
rays with the atmosphere and tracks the resulting secondary particles down to the ground.

After the EAS simulation, detector response is modeled using HAWCSim, a Geant4-based
simulation tool originally developed for the HAWC observatory and adapted for SWGO.
HAWCSIm is one of the core components of the AERIE framework (Analysis and Event
Reconstruction Integrated Environment), which provides an integrated infrastructure for event
processing and data analysis. AERIE is structured as a set of modular C++ projects that offer
batch execution control, data storage classes, and utilities for managing detector geometry
and timing information, along with the flexibility to integrate custom algorithms.
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Figure 2.8: Simulation of a 10GeV
photon entering a M1mT 1m detector,
made in Geant4. The greyish blue cir-
cles are the multiPMT modules, and
the red lines represent cherenkov pho-
tons. The tank is seen from a tilted
overhead view.

Within this framework, HAWCSim takes as input the secondary particles produced by
CORSIKA air showers and uses the external Geant4 toolkit [59] to simulate their interactions
with the water Cherenkov detectors in a given SWGO configuration. HAWCSim tracks each
particle's path through the detector volume, models the production of Cherenkov photons,
and follows those photons through the water until they are either absorbed or detected by a
photomultiplier tube (see Figure 2.8).

In order to run Geant4, a physics list must be chosen. A physics list is a collection of
physics models that define how different types of particles interact with matter during the
simulation [60]. These lists group together processes such as electromagnetic interactions,
hadronic scattering, decay mechanisms, and optical photon behavior, among others. Because
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no single model performs optimally across all energy ranges or particle types, Geant4 provides
a variety of predefined physics lists and also allows for custom configurations. These options
are designed to balance accuracy and computational efficiency depending on the application,
such as high-energy collisions, medical physics, or space radiation.

To achieve this, Geant4 offers a broad selection of physics models to simulate the
interaction of particles with matter. For applications involving the production and propagation
of Cherenkov radiation, such as this work, two main types of processes are relevant: those
responsible for the electromagnetic interactions of charged particles that produce Cherenkov
light, and those that handle the behavior of the resulting optical photons.

The Cherenkov process is included in Geant4's electromagnetic physics package. When
enabled, this process calculates the number, direction, and energy of Cherenkov photons
emitted as the particle traverses a medium. The emission spectrum is derived from the
Frank—Tamm formula Equation 1.2 (among other relevant theoretical expressions, see [61]),
and the model respects the local refractive index of the medium, allowing for material-
dependent behavior.

Once Cherenkov photons are produced, their transport is managed by Geant4's optical
photon processes. These include bulk absorption, Rayleigh scattering, boundary interactions
(reflection, refraction, and total internal reflection), and wavelength shifting [61]. Boundary
processes are particularly important in detectors where surfaces are defined with specific
optical properties, such as reflective coatings or rough interfaces. These physics models allow
for realistic tracking of each photon until it is absorbed, escapes the geometry, or reaches a
sensitive detector element.

In this work, a physics list that includes the Cherenkov process and optical photon transport
was used to simulate the emission and propagation of Cherenkov light in the detector medium,
with additional configurations reflecting the detector's material properties and geometry.

This detailed photon tracking means that for a single incoming particle, the emission,
propagation, and interaction of each Cherenkov photon with the detector surfaces are
individually simulated. Each photon undergoes processes such as refraction, reflection,
scattering, and potential absorption, depending on the optical properties assigned to the
materials and interfaces in the detector geometry. While this level of precision is essential for
accurately modeling the detector response, it also contributes significantly to the computational
load, as the simulation must follow the individual trajectory of each photon until it is either
absorbed or reaches a photomultiplier tube (PMT). The output of HAWCSim (based on the
Geant4 calculations) consists of individual photon arrival times at the PMT photocathodes.

Table 2.1 summarizes some of the most relevant HAWCSim output variables used in this
work. The abbreviation WH stands for Water Hit, referring to particles that reach the water
volume, and each event contains HAWCSim.Evt.nWHit water hits. The properties of each hit
are stored in vectors (of size HAWCSim.Evt.nWHit) and correspond to those prefixed with
HAWCSIm.WH. Similarly, PE stands for Photo-Electron, representing Cherenkov photons
that successfully reach a PMT and produce a photo-electron. Each event includes Evt.nPE
photo-electrons, whose attributes are likewise stored in vectors prefixed with HAWCSim.PE.
For clarity, the common HAWCSim. prefix has been omitted from the field names. Additional
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Field Description Unit
Evt.Num Event number, monotonically increasing. -
Evt.Energy Primary particle energy GeV
Evt.pType Primary particle type -
Evt. Theta / Phi Zenith / Azimuthal angle of the primary particle | deg
impacting the atmosphere
Evt.nPE Total number of photoelectrons (PE) detected —
by the PMTs
Evt.nWHit Total number of particles that hit the water -
Evt.firstTime Arrival time of the first particle detected in each ns
event
Evt X /Y Event core position for each event cm
WH.XNE / YNE / ZNE | X, Y, Z position of WH entering water cm
WH.Theta / Phi WH zenith / azimuthal angle deg
WH.TankID ID of the tank impacted by the water hit -
WH.Energy Energy of the water hit GeV
PE.PMTID ID of the PMT on which the PE is incident -
PE.Time Time at which PE arrives at photo-cathode ns
PE.Radius Radius from the center of the PMT where the | cm
photoelectron hit
PE.Energy Energy of each photoelectron eV
PE.origPartType Particle type of the particle responsible for the -
PE

Table 2.1: Overview of the main simulation outputs from HAWCSim.

details can be found in the output file structure within the HAWCSim source code.

The output of HAWCSim can then be passed on to subsequent stages, such as digitization
and reconstruction. These steps, while crucial for transforming raw simulation output into
usable physical observables, are handled by other components within the AERIE framework
and are beyond the scope of this work.

2.3.2 FastSim

While full detector simulations using HAWCSim offer detailed and accurate modeling of
particle interactions and Cherenkov photon propagation, they are extremely computationally
expensive, particularly when simulating large arrays. A single extensive air shower (EAS) at
TeV—PeV energies can produce tens of millions of secondary particles. Each of these must be
individually tracked through water volumes, their Cherenkov photon production simulated,
and the resulting photons traced to the photomultiplier tubes. For full array simulations
involving thousands of detector units, this leads to runtimes that are impractical for large-scale
studies. As of now, simulating ultra-high-energy events for full SWGO-like arrays is beyond
our computational reach, making it impossible to generate sufficient statistics in reasonable
timeframes for detector design and layout optimization.

To address this limitation, the SWGO collaboration is developing a fast simulation tool
called FastSim, designed to bypass full Geant4-based tracking. Instead of tracing every particle
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and Cherenkov photon, FastSim uses a parameterized model of the detector response derived
from detailed single-detector simulations. This parameterization is stored in a Lookup Table
(LUT), which describes the expected signal in a tank as a function of key particle variables
such as type, energy, position, and incidence angle. Once a LUT is available, FastSim can
rapidly estimate the response of a full array to a given shower by querying the LUT for each
particle in the event, thus avoiding the computationally expensive full-length tracking.

FastSim takes as input a CORSIKA file describing the particle shower at ground level, an
array layout specifying the position of each detector unit, a configuration file with runtime
parameters, and one or more LUTs — one per detector design in the array. For each
secondary particle in the CORSIKA event, FastSim determines whether the particle intersects
any detector. If so, it identifies the closest matching LUT entry using fast interpolation over
the particle’s parameters and retrieves the corresponding detector response (see Figure 2.9).
This includes information such as the number of photoelectrons detected by each PMT and
the time of the first hit.

These responses are used to generate a simplified event record, which mimics the output
of a full simulation but with drastically reduced computational cost. Once all particles are
processed, the results are saved in a format compatible with downstream analysis tools. This
approach enables high-statistics array simulations that would otherwise be computationally
unfeasible, making FastSim a promising alternative for performance studies and design decisions
at the scale required by SWGO.
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Figure 2.9: Conceptual illustration of the FastSim simula-
tion approach. In the diagram, black dots represent sim-
ulated points in the parameterized phase space. When
a CORSIKA particle (red dot) reaches a detector unit,
the closest set of pre-simulated parameters (purple dot)
is identified and used to determine the corresponding
detector response.

At the time of writing, FastSim is still under active development and has not yet been
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integrated into the official SWGO software stack. This work contributes to the development
of FastSim by generating a dedicated LUT for the M1ImT1m detector configuration introduced
in section 2.1. A standalone simulation setup is used to inject individual particles into a single
tank, systematically scanning over parameters of interest.

Because FastSim relies on parameterized responses, certain considerations are applied
during LUT generation. For instance, electrons and positrons are treated identically, as their
electromagnetic interactions in water are effectively indistinguishable at the energies relevant
to this work. The same assumption is applied to muons and antimuons, reducing the number
of simulated particle types from five (photons, electrons, positrons, muons, and antimuons)
to just three. Another important feature is that gamma rays are electrically neutral and do
not emit Cherenkov light directly. They must first interact, typically by pair production or
Compton scattering, to produce charged particles that can then radiate. As a result, they are
expected to produce fewer photoelectrons on average, their light yield is generally lower and
more variable than that of charged particles, especially at lower energies. These differences in
signal generation are encoded directly in the LUTs, allowing FastSim to preserve key physics
features of particle detection while maintaining computational efficiency.

Despite its advantages, FastSim introduces several approximations that can impact the
accuracy of the simulation. First, the detector response is modeled using parameterizations
fitted to the output of detailed single-tank simulations. These fits, while effective in many
regions of parameter space, are not perfect and may fail to capture more complex behaviors,
especially near the boundaries of validity. Moreover, the lookup tables themselves are dis-
cretized representations of a continuous detector response. To extract predictions from them,
FastSim relies on nearest-neighbor interpolation, which can introduce additional inaccuracies,
particularly in sparsely sampled regions.

Another inherent limitation arises from the simplified treatment of electromagnetic particles
such as electrons and photons. In reality, these particles can traverse multiple tanks and
generate Cherenkov light in each. While FastSim includes an approximate treatment of this
multi-detector crossing behavior, it remains a simplified model that cannot fully replicate
the detailed tracking performed by Geant4. These limitations are the trade-off for the
significant gains in speed, and highlight the importance of validating FastSim outputs against
full simulations in critical regions of phase space.
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Methodology

3.1 Detector parametrization

In order to simulate the detector’s response to different types of particles, the first step is to
develop a suitable parametrization of the detector model. This process begins by identifying the
key parameters that describe the detector’'s geometry and structure. Once these parameters
are defined, appropriate ranges and step sizes are chosen for each of them. Based on these,
the detector is then divided into a finite set of points, which serve as reference positions for
the simulations. This discretization is essential to make the simulation manageable while still
capturing the relevant features of the detector’'s behavior. Once this is done, the intrinsic
symmetries of the tank can be analyzed and exploited to reduce the number of simulations
required to accurately describe its behavior.

3.1.1 Definition of parameter space

To accurately describe a particle interacting with a cylindrical detector, two sets of parameters
are required (see Figure 3.1). The first corresponds to the particle’s position in the tank and is
naturally expressed in cylindrical coordinates (r,a,z) . The second set describes the direction
of the particle’s momentum upon entering the tank, and consists of two angular variables: 8
and ¢ . These angles define the orientation of the momentum vector in three-dimensional
space. Since the particle energy is fixed for each simulation run, the momentum vector has
only two degrees of freedom, which are fully captured by the angular coordinates.

The spatial coordinates (r, @, z) are defined following the standard cylindrical coordinate
system. The radial coordinate r ranges from 0 at the central axis of the tank to the full
radius of the detector, which is 180cm for the M1ImT1m configuration. The azimuthal angle
a spans from 0° to 360°, covering the entire circular cross-section and measured from the
center of the PMT 1 (see Figure 3.3). The vertical coordinate z ranges from the base of the
tank (z =0) to its full height, which is 175cm in the M1ImT1m design.
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Figure 3.1: Graphic representation of the detector parameters. The
left panel shows a side view, and the right panel shows a top view of the
cylindrical tank. The dark grey domes represent the multi-PMTs. The
coordinates (r, a, z) correspond to the standard cylindrical coordinate
system, while 8 and ¢ define the direction of the incident particle’s
momentum.

On the other hand, the incident momentum is defined by two angles: the zenith angle 6,
measured downwards from the vertical axis and ranging from 0° to 90°; and an azimuthal
angle ¢, which describes the deviation of the particle’s direction from a radial trajectory in
the horizontal plane. The second angle, phi, is defined with respect to the radial direction
at the point of incidence, and captures the orientation of the particle’s momentum in the
transverse plane. It ranges from 0° to 360°.

The choice of step sizes was informed by prior experience with similar detector simulations
within the collaboration, and reflects a balance between resolution and computational cost. In
particular, previous studies with different detector geometries indicated that using finer steps
did not yield significant improvements in the accuracy of the detector response, suggesting
that the chosen discretization is adequate for the purposes of this study. Diagrams showing
this discretization are shown in Figure 3.2.

For the vertical coordinate z, it was recommended within the collaboration to avoid step
sizes smaller than 25 — 30cm, regardless of the tank's total height. Given that the MImT1m
prototype has a height of 178cm, six intervals of 25cm were used, with the final bin covering
the remaining 28cm. This approach results in seven discrete levels, preserving the full height
of the tank while keeping the spacing within the advised range.

As for the radial coordinate r, it was recommended to use a total of ten or eleven bins,
regardless of the exact step size. Given that the tank has a total radius of 180cm, a step
size of 18cm was selected. However, this binning applies only at the top of the tank, where
z = tank height = 178cm. This is due to the fact that the parametrization targets the possible
impact points of particles arriving from outside the detector, which necessarily lie on the tank
surface. For all other values of z , r is fixed at 180cm.

The azimuthal coordinate a required a different approach, since this is the first detector
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Figure 3.2: Diagrams showing the binning and step sizes for each variable.
(a) Ten bins with 18cm steps for r ; six bins with 25cm steps for z, plus an
additional bin (in pink) with a width of 28cm. (b) Twelve bins with 30° steps
for . (c) Five bins with 20° steps for 6. (d) Nine bins with 40° steps for ¢.

design in the collaboration that breaks cylindrical symmetry. As a result, this was also the first
time a had to be explicitly included in the parametrization, and there were no prior results to
guide the choice of step size. Given that the six side-facing PMTs in the multi-PMT module
are evenly spaced at 60° intervals, it was natural to adopt 30° steps for @ (resulting in twelve
bins). This allows us to consider two representative cases: particles arriving directly toward a
PMT, and particles arriving midway between two PMTs. This simplified sampling was advised
as a reasonable starting point, with the option to refine the LUT by adding more a values if
needed.

The range for 8 was set between 0° and 80°, excluding the 90° value, as particles with a
zenith angle of 90° do not enter the detector, since the CORSIKA particles are initialized
10m above it. Although particles at larger zenith angles (60° to 90°) must traverse a larger
atmospheric depth, which tends to attenuate the signal and increase variability, previous
studies have also considered this range for 6. In particular, some SWGO simulation studies
have modeled air showers with zenith angles up to approximately 65° [62]. Since secondary
particles often spread over a wider angular range than the primary gamma ray, extending
coverage near 90° is considered reasonable.

Regarding the binning for @, previous LUTs used 10° steps in 6. In this work, 20° steps
(five bins) are used to reduce computational time and to evaluate whether coarser binning
is sufficient for accurately predicting detector response. If successful, this approach could
significantly reduce the resources required for future LUT generation and simulations. To
evaluate the adequacy of this binning, all other parameters, such as NPE distributions and
time histograms, can be held fixed while comparing detector responses across 8. Significant
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changes between bins (e.g., shifts in the mean by an order of magnitude) would justify a finer
resolution.

The initial range for the ¢ angle spans from 0° to 360°, although this will be significantly
reduced after analyzing the symmetries of the model (see subsection 3.1.2). As a first
approach, this work considered 40° steps in ¢, resulting in nine bins (noting that 0° and 360°
represent the same direction).

The ranges and steps for each coordinate are summarized in Table 3.1. The combination
of all parameters results in a total of 9720 PID (Points in Detector). For convenience, the
term PID is used to refer to all parameter combinations, including those describing momentum
direction. These 9720 PIDs represent the full parametrization of the detector unit and define
the entries of the LUT. However, not all of them will be simulated with HAWCSim. A
significant portion will be excluded from simulations by exploiting the symmetries of the
detector.

Variable Unit Range Step | # bins
r cm [0, 180] 18 11
a ° (deg) [0, 360] 30 12
cm [25,150],178 | 25,28 6,1
° (deg) [0, 80] 20 5
o) ° (deg) [0, 360] 40 9

Table 3.1: Summary of the relevant detector parameters,
including their units, ranges, and step sizes. Note that
the additional value at z = 178cm corresponds to the
last bin, which has a different width (28cm).

There are five types of particles considered in this work: gamma rays, electrons, positrons,
muons, and antimuons. However, as mentioned in subsection 2.3.2, this number can be
reduced to three, since the detector response to a particle and its antiparticle is effectively
the same for the purposes of this simulation. Therefore, the focus will be on gamma rays,
electrons, and muons. The energy ranges for these particles are based on previous LUTs,
which were tuned using the energy distributions obtained from CORSIKA simulations; the
specific values are presented in Table 3.2. It is worth noting that, although the muon energy
range extends higher than that of the other particles, it is divided into fewer bins. This is
because the detector response to muons varies less significantly with energy compared to
electrons and gammas, as shown in previous simulation studies (e.g., [38]). Once above the
Cherenkov threshold, muons produce a relatively consistent number of photons, allowing for
coarser energy binning without a loss in accuracy.

When combining all PIDs, particle types, and energy bins, the total number of points

in the LUT reaches an overwhelming 311040. The next step is therefore to analyze the
symmetries of the detector unit in order to simulate as few of those points as possible.
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Particle Energy [GeV] # bins
0.001, 0.003, 0.007, 0.01, 0.03, 0.07, 0.1,
Gamma 13
0.3,0.7, 1,3 7, 10
0.001, 0.003, 0.007, 0.01, 0.03, 0.07, 0.1,
Electron 13
0.3,0.7,1,3, 7, 10
Muon 0.3.1,3, 6
10, 30, 100

Table 3.2: Energy values and number of bins used for each particle type.

3.1.2 Symmetry Considerations

The M1ImT1m detector exhibits several symmetries, the most apparent being its cylindrical
symmetry. Although the inclusion of multi-PMT modules breaks this symmetry to some
extent, some of it is preserved. Since all PMTs are identical and the multi-PMT modules are
located on the axis of the tank, the system is symmetric under rotations of 60° . In practical
terms, it makes no difference, regarding the detector response, whether a particle hits PMT
1 or PMT 3; the signal is the same. Although PMT ID is essential for shower reconstruction,
where directional information about the particle is extracted, it is not a relevant parameter
for the detector response itself.

As a result, the azimuthal coordinate a only needs to take two values: 0° and 30°. The
remaining ten possible positions around the tank can be reproduced by rotating the setup and
relabeling the PMT accordingly. This reduces the simulations by a factor of 83%, leaving
fewer than 1/6 of the original PIDs to simulate. The diagrams in Figure 3.3 show the PMT
numbering convention used in the simulation framework. Although symmetry reduces the
parameter space for LUT generation, maintaining distinct PMT IDs remains essential for
reconstruction.

In order to take full advantage of the remaining symmetries, it is useful to divide the
detector into three regions: Top, Corner, and Side. The Top region corresponds to the tank
cover and includes all PIDs with z = 178cm and r # 180cm. The Corner region corresponds
to the tank rim, where z = 178cm and r = 180cm. The Side region comprises all remaining
PIDs, characterized by z # 178cm and r = 180cm, which form the detector liner. A summary
of these conditions is shown in Table 3.3.

Region | Condition on r | Condition on z Cylindrical Analogue

Top r # 180cm z=178cm Detector cover (top layer)
Corner r = 180cm z =178cm Rim of the tank (outer edge)
Side r = 180cm z # 178cm Liner of the detector (side walls)

Table 3.3: Description of each region of the detector: Top, Corner and Side.
Once the tank is divided, the special considerations for the case 8 = 0° become straight-

forward. In the Top region, and as is typical in spherical coordinates, the azimuthal angle
¢ becomes arbitrary when 8 = 0°; that is, ¢ is not a meaningful degree of freedom in this
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Figure 3.3: Representation of the multiPMT modules
and PMT numbering used in the simulation framework.
Each purple circle represents a PMT. (a) Front view of
the multiPMT units (not to scale). The upper module
is labeled zero, and the lower one is labeled one. For
simplicity, PMTs on the back side are not shown. (b) Top
view of the same modules (not to scale). The central
PMT is numbered first, followed by the surrounding
PMTs in a clockwise direction starting from the x—axis.

case. This leads to two distinct situations: either 8 = 0°, in which case ¢ is undefined and
should not be binned; or 8 # 0°, in which case ¢ takes on defined values. Accounting for this
reduces the number of PIDs to simulate in the Top region by a factor of

(Nbins(¢) - 1)
Nbins(¢) : Nbins(e) ’

where Nping(x) is the number of bins for the variable x. This ammount corresponds to nearly
18% of the Top region, in this case.

In the Corner and Side regions, by contrast, a particle with 8 = 0° will not enter the
detector. At this angle, the particle’'s momentum is entirely along the z—direction, that is,
p = p,. Therefore, 8 = 0° can be directly excluded from the parameter space on Corner and
Side, reducing the number of required simulations in those regions by 20%.

Symmetry considerations for the azimuthal angle ¢ also significantly reduce the amount
of required simulations. An initial observation is that, for Corner and Side regions, not all
values of ¢ correspond to particles entering the detector. Only those particles for which
90° < ¢ < 270° will enter the tank. This restriction, however, does not apply to particles
entering from the Top, where all ¢ values remain valid.

The final symmetry considered is the reflectional symmetry in the azimuthal angle ¢. For
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Figure 3.4: lllustration of the reflectional symmetry in ¢. The
pink vector can be unambiguously described in both frames, (a)
and (b), demonstrating that it is unnecessary to simulate both
the pink and black particle trajectories. In each frame, the angles
are equidistant from the plane ¢ = 180°.

a clearer illustration, see Figure 3.4. In the M1mT1m configuration, this symmetry is more
challenging to exploit, as it requires carefully relabeling the PMT IDs that are not located
along the axis of reflection. However, once this is done, the range of ¢, and thus the number
of simulations, can be reduced by half. For the Top region, this results in five bins of 40°
steps, ranging from 0° to 160°. The value ¢ = 180° is then manually added to complete the
parametrization. It is important to emphasize that 0° # 180° in this region, as shown in
Figure 3.5.

For the Side and Corner regions, applying both considerations related to the azimuthal
angle phi — namely the restriction to particles entering the detector and the reflectional
symmetry — results in a limited set of valid values. To achieve a more refined parametrization,
the binning step for ¢ in these regions is reduced from 40° to 30°, yielding a final range from
120° to 180°. This range is obtained by first excluding the boundary values ¢ = 90° and
¢ = 270°, which correspond to particles that do not enter the detector, and then applying the
reflectional symmetry about ¢ = 180°. In this work, an additional bin of 210° was added to
the simualtions, for testing and validation pur

Loc r step z step @ (7] step ¢ step | PID
T | [0, 162] | 18 178 - 0, 30 0 - - - 20
T | [0,162] | 18 178 - 0, 30 | [20,80] 20 [0,160] 40 | 400
T | [0,162] | 18 178 - 0, 30 | [20,80] 20 180 - 80
S 180 - [25,150] | 25 | 0, 30 | [20,80] 20 | [120,210] | 30 | 192
C 180 - 178 - 0,30 | [20,80] | 20 | [120,180] | 30 24

Total 716

Table 3.4: Definitive summary of the PID (Points in Detector) that will be simulated. The
first column, Loc, indicates the corresponding region in the detector: Top, Side, or Corner..
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Figure 3.5: Diagram evidencing that ¢ = 0° is not
equivalent to ¢ = 180° in the Top region. The parti-
cle trajectories differ in the distances they cover within
the detector, which demonstrates that one cannot be
obtained from the other through any symmetry transfor-
mation.

Table 3.4 summarizes the parameter space after applying all symmetry considerations. The
number of detector points to be simulated has been reduced to 716, a significant reduction
from the original 9720. When the 716 PIDs are combined with the 32 energy and particle-type
bins (shown in Table 3.2), the result is a total of 22912 different parameter combinations,
each corresponding to an individual simulation.

3.2 Conversion of Parameters to Cartesian Coordinates

Although it is natural to describe the detector in curvilinear coordinates for symmetry analysis,
the simulation software HAWCSIm requires input files written in Cartesian coordinates.
Consequently, both the particle's position and momentum must be converted to (x, v, z)
components before running the simulation, as reflected in the format of the generated .in
files.

The angular parameters 8 , ¢ , and a were initially expressed in degrees and were therefore
converted to radians prior to performing any trigonometric operations. Once this conversion is
done, the transformation of the position vector is straightforward, as it was already expressed
in cylindrical coordinates (see Figure 3.1):

r X r cos a
- - .
Fel=|la| - 7Fat=|y|=|rsina
Z Z Z

Unlike the position vector, the momentum vector has not yet been defined explicitly. In
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order to express it in Cartesian coordinates, it is necessary to analyze the angular components
that define its orientation in space—namely, the zenith and azimuthal angles. This is illustrated
in Figure 3.6.

(a) (b) y

Figure 3.6: lllustration of the coordinate systems. (a) The fixed Cartesian system is
shown in red, while the position-dependent curvilinear system (radial and azimuthal
coordinates) is shown in blue. An incoming particle is represented in purple. (b)
Zoomed-in view of the same configuration. In grey, azimuthal angle . In lighter
purple, azimuthal angle ¢.

It can be seen from Figure 3.6 that, if V is a vector representing the direction of an incoming
particle in the plane, it can be expressed in the curvilinear system as

V=cos¢ ' +sin¢g y’

where the two coordinate systems are related through

X' =cosa x+sinay ; y =-sina X+cosa y
And therefore
Vv=cos(¢p+a) x+sin(¢p+a) y

Which evidences that the azimuthal angle of the momentum vector is effectively the sum
of the two azimuthal angles defined in the original coordinate system; that is, ¢eff = ¢ + .
With this established, and recalling that 6 has already been defined as the zenith angle, the
momentum vector can be expressed in spherical coordinates and subsequently transformed
into the Cartesian system as follows

P Px |p| sin 6 cos(¢ + a)
- N S . .
P spher = 0 — Pcart =|Py|= |p|sin @ sin(¢ + )
O+« Pz —|p|cos@

The magnitude of the particle’s momentum is computed based on its energy and rest mass.
For photons, the momentum is equal to the energy, while for electrons and muons, it is
determined using the relativistic energy-momentum relation:

p=VE2—m2
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Particle Type | Mass name Numeric value Units
Photon my 0 -

Electron Me 0.00051099895000 | GeV/c?
Muon my 0.1056583755 | GeV/c?

Table 3.5: Rest mass values (in natural units) for the particle
types considered in the simulation.

assuming natural units, where ¢ = 1. The values used for the masses of each particle are
summarized in Table 3.5.

Conditional checks in the code ensured that momenta were set to zero in directions where
they would be trivially null due to angular symmetry (for example, 8 = 0° yields p, = py, = 0).
The resulting values were used to generate input files with the particle’s type, initial position,
and momentum vector in Cartesian coordinates.

3.3 Simulation Pipeline

3.3.1 Input file generation

The simulation process begins with the creation of input files for HAWCSim. In this work, the
input files were written in ASCII format, a plain-text structure commonly used for specifying
particle event data. Each line in an input file corresponds to a single primary particle event
and follows the format:

ptype rx ry r; px Py Pz

Here, ptype denotes the particle reaching the detector: photon, muon, or electron. The
variables r; (i = x,y,z) represent the components of the particle's position in Cartesian
coordinates, and p; correspond to the components of the particle’s momentum vector, also in
Cartesian coordinates. HAWCSim supports multiple particle input events within a single file,
as long as each line follows the required format and represents a separate particle event. All
quantities are given in Geant4 units, that is, centimeters (cm) for position and Giga-electron
Volts (GeV/c) for momentum.

These input files were generated using a dedicated C++ script, which scans across the
parameter space (see Table 3.4) using nested for loops. The binning for each parameter is
hardcoded directly into the script, allowing full control over the simulation grid and ensuring
reproducibility. The script accounts for the different binning schemes defined for each detector
region (Top, Side, and Corner), as detailed in subsection 3.1.2. This ensures that the full
parameter space is systematically and consistently covered across all configurations.

Each input file corresponds to a unique combination of parameter values and contains
1000 identical primary particles, providing sufficient statistics to compute meaningful average
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detector responses. The filenames follow a structured convention that encodes all relevant
simulation parameters, allowing for automated processing and straightforward identification
of the simulation settings during post-processing. Each filename is constructed as follows:

type_n_e{energy}GeV_theta{f}deg_phi{p}deg_alpha{altdeg_r{r}cm_h{z}cm.in

where:
e type indicates the particle type ("gamma", "mu-", or "e-").
e n is the number of particles in the file. In this work, n= 1000 for every file.

e cnergy is the particle energy, in GeV.

0, ¢, and a are the angular parameters already introduced, expressed in degrees.

r is the radial distance from the detector center, in cm.

z is the particle’s vertical starting height, in cm.

.in is the file extension (ASCII type).

For example, a file named:
mu_1000_e3GeV_theta80deg_phil20deg_alpha30deg_r180cm_h25cm.in

contains 1000 muons of 3 GeV each, incident at a zenith angle of 80°. The particle direction
is offset by 120° from the radial axis and by 30° from the orientation of a PMT. The muons
originate from a radial distance of 180 c¢m and a height of 25 cm above the detector.

3.3.2 HAWCSIm simulations

Due to technical limitations encountered across multiple high-performance computing clusters,
where installation of the simulation framework was not successful despite consultation with
system administrators, all simulations were executed locally on a small set of desktop machines
running Linux Mint 20.3. The simulation software, including HAWCSim and its dependencies,
was installed and managed within a dedicated Conda environment. A Bash automation
script was developed to sequentially execute HAWCSim for each input configuration, manage
input/output files, and monitor the simulation status. Although the computational resources
were modest—consisting of four standalone computers—this setup proved sufficient for
running the full set of simulations through careful scheduling and parallelization.

At the time of this work, the simulation was carried out using a private version of HAWCSim,
which is part of the AERIE software suite developed by the HAWC Collaboration. While the
collaboration intends to make AERIE fully public in the future, it is currently shared privately
within the SWGO Collaboration. Access to the simulation framework, including HAWCSim,
supporting data, and documentation, is restricted to members of this group. Consequently,
version control and public release notes are not yet available. For reproducibility, users
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interested in running the same simulations should request access to the SWGO Collaboration
by contacting the group maintainers.

HAWCSIm relies on Geant4 for modeling particle interactions and optical processes within
the detector. It employs a variety of physical models to accurately simulate the behavior and
interactions of particles and photons with detector materials. These models are registered
within the PhysicsList class of HAWCSim and defined in corresponding header (.hh) files.
A summary of the main physics models employed in this work is presented in Table 3.6. For
more information on the physics models, see [61].

Model Description

EMPhysics Custom electromagnetic physics constructor that han-
dles standard EM interactions and optical processes such
as Cerenkov radiation, absorption, Rayleigh scattering,
Mie scattering, and boundary effects.

G4EmExtraPhysics Adds additional electromagnetic processes not included
in the standard EM package, such as synchrotron radia-
tion and gamma-nuclear interactions.

G4DecayPhysics Handles the decay of unstable particles, such as muons,
pions, and kaons.

G4HadronElasticPhysics Simulates elastic scattering of hadrons, important for
low-energy hadronic interactions.

GAHadronHElasticPhysics An alternative or complementary model for elastic
hadronic interactions based on a high-energy formal-
ism.

G4HadronPhysicsQGSP_BIC Main hadronic interaction model. QGSP (Quark-Gluon
String Precompound) models high-energy inelastic colli-
sions, while BIC (Binary Cascade) handles lower-energy
interactions through intranuclear cascade simulations.

G4StoppingPhysics Models the behavior of particles that come to rest, es-
pecially those that stop and decay, such as muons and
anti-protons.

G4IonBinaryCascadePhysics | Simulates ion-ion interactions using the Binary Cascade
model, relevant for modeling the heavy ion component
of cosmic rays.

Table 3.6: Physics models used in the HAWCSim simulation framework.

All simulations were run in injection mode, meaning that the particles defined in the ASCII
input files are placed at specific positions above the tank with defined momenta. This bypasses
shower development and focuses solely on the local detector response, which is central to the
construction of the Look-Up Table (LUT). Each simulation configuration corresponds to a
single input file containing 1000 identical particles.

Even in injection mode, running HAWCSim across the full parameter space was computa-
tionally expensive. The runtime is strongly dependent on the energy of the primary particle,
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as higher energies produce more Cherenkov photons, which in turn require more detailed
photon tracking and physics processing. The runtime of individual input files ranged from a
few seconds for lower energy particles (e.g., 0.01 GeV photons) to around 30 minutes for the
highest energy particles (such as 10 GeV electrons). In total, completing the entire grid of
simulations took approximately three months of computing time.

3.3.3 Output Processing and Fitting

QOutput Filtering

The output of HAWCSim is an eXplicitly Compacted Data Format (XCDF) file - a binary data
format designed to store structured data fields. These files contain the detector response for
each simulation.

Immediately after generation, these XCDF files are converted into ROOT files to facilitate
further analysis. ROOT is a data analysis framework developed at CERN, widely used in high-
energy physics and astrophysics. It provides an efficient structure for storing and accessing
large-scale datasets. Each converted file contains a TTree with event-level information,
including PMT hits (time, ID), metadata about the event geometry, and simulated truth
information.

To construct the Look-Up Table (LUT), two key observables are needed from the
simulation outputs:

e Number of PhotoElectrons (nPE) recorded per event, for each PMT.

e Time of arrival of the PhotoElectrons at each PMT.

Accurately modeling the full arrival time distribution of all photoelectrons (PEs) at each
PMT is a complex task, and previous efforts have not succeeded in identifying a robust
functional form to describe this observable. Instead, a more practical approach—adopted
in previous LUT constructions—has been to use the arrival time of the first PE per PMT,
commonly referred to as the First Time (fTime). his quantity preserves essential timing
information while avoiding the complications of fitting the complete time distribution, and is
therefore used in this work.

In HAWCSim, the particle's internal clock starts at the point of generation and is not reset
upon reaching the detector. As a result, the simulated arrival times of the photoelectrons at
the PMTs include the propagation time from the generation point to the detector. To isolate
the detector response and obtain physically meaningful timing information, a correction must
be applied. Specifically, the vertex z-position (in meters) is used to compute the time it would
take for the primary particle to reach the detector, assuming it travels at the speed of light c.
This correction is then subtracted from all arrival times:

double time_correction = (vertex_z / c) * 1e9; (in nanoseconds)
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This ensures that the timing information used for analysis reflects only the processes
occurring within the detector volume, independent of the particle’s initial trajectory.

After conversion from XCDF to ROOT format, the files are filtered to isolate these
observables and reduce the dataset to its essential components. This step significantly
decreases storage and processing demands. The filtering is performed using a C++ script that
loops over all events in the TTree and builds histograms for each observable. Specifically, for
each input configuration, the script generates 14 fTime histograms and 14 nPE histograms,
corresponding to the 14 PMTs in the detector. The filtered output is stored in a new,
lightweight ROOT file that contains only the relevant histograms, streamlining subsequent
analysis and fitting.

For each configuration, histograms were filled using the binning schemes shown in Table 3.7.
The binning parameters were selected to balance resolution and statistical robustness. For
the number of photoelectrons (nPE), two different schemes were adopted: the Short nPE
configuration for simulations where the signal per PMT was relatively low, and the Long
nPE configuration for cases with higher PE counts, typically associated with higher-energy
particles. This separation ensures that the histogram resolution is appropriate for the signal
range of each dataset.

Histogram | Number of bins | Range | Units
Short nPE 50 0-50 PE
Long nPE 100 0-250 PE
fTime 100 0-100 ns

Table 3.7: Binning schemes used for the fTime and nPE
histograms generated from filtered simulation output.

The fTime histograms consistently used a fixed binning from 0 to 100 ns, which intended
to capture the typical spread of first-arrival times observed across simulations, balancing
resolution with statistical significance. While this approach works well in most cases, it may
not be optimal for every configuration.

The statistical uncertainties associated with each bin in the histograms were calculated
as the square root of the number of entries N in that bin, i.e., VN. No additional statistical
uncertainties, such as event weights, were applied during the histogram filling process. These
errors are internally used by RooFit during the fitting procedure (see section 3.3.3), although
they are not explicitly shown in the plots.

Fitting Procedure

To model the distribution of First Time (fTime) and number of PhotoElectrons (nPE) values
for each PMT, a composite fit function was employed using the RooFit toolkit [63]. The
chosen model combines a Gaussian and a Crystal Ball (CB) function, which together provide
both flexibility and physical interpretability. The Gaussian component is meant to capture the
core of the distribution—typically dominated by direct Cherenkov photons—while the CB
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function accounts for the asymmetric tail produced by delayed or scattered photoelectrons.

The Crystal Ball function is a widely used probability density function (PDF) in high-energy
physics, originally introduced by the Crystal Ball collaboration at SLAC (see [64]). This
function combines a Gaussian core with a power-law tail, allowing for a smooth modeling of
asymmetric features such as energy loss or detector inefficiencies.

The Crystal Ball function depends on four parameters: the mean u, the standard deviation
o, the shape parameter a, and the exponent n. The parameters u and o define the location
and width of the Gaussian core, while @ controls the point where the distribution transitions
into a power-law tail, and n determines the steepness of that tail. This can be visualized in
Figure 3.7.

u variation ) o variation

- =1.0

. n variation
[ =20
Ak -—n=10.0
E =10
0.06 w—n=02

0.04f

0.02f

Lt e g

Figure 3.7: Crystal Ball probability density functions illustrating the effect of varying
each of the four parameters individually: the mean u (top left), the width o (top
right), the tail parameter a(bottom left), and the exponent n (bottom right). In
each subplot, the other parameters are held fixed.

The parameters of the Crystal Ball in the simulation are denoted by (CB-mean, CB-sigma,
CB-a, CB-n). The Gaussian is described by a mean and sigma (G-mean, G-sigma). A
fractional coefficient (Frac) determines the relative weight of the two components in the
final model. The combined model is constructed as:

model = frac - Gauss + (1 — frac) - CrystalBall
where

Gauss = Gauss(G-mean, G-sigma)

CrystalBall = CrystalBall(CB-mean, CB-sigma, CB-a, CB-n)
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Initial values for the parameters are inferred from the histogram's mean and RMS or based
on educated guesses, and the fit is performed using the fitTo method, which adjusts the
model parameters to best match the data. The method uses the bin errors of the histogram as
statistical weights (via SumW2Error (true)), and each parameter is fitted within user-defined
bounds to ensure numerical stability and physically meaningful results. The Strategy (1)
option was used to select a more robust minimization procedure compared to the default
Strategy (0). Although slightly slower, it increases the chances of successful convergence
for more complex models like the one used in this work.

This hybrid approach provides stable fits across most PMTs and configurations, even
when the fTime distribution exhibits significant skewness or non-Gaussian behavior. The
parameters extracted from the fits are later used as entries in the Look-Up Table (LUT),
serving as the representative observables for each PMT.
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Results

This chapter presents a selection of results from the simulation and fitting procedures.
Specifically, it includes outputs from six distinct simulation configurations, with additional
results provided in the chapter 5. To ensure clarity and consistency, a fixed structure is
followed throughout: each configuration is allocated four pages. The first two pages display
the 14 histograms corresponding to the number of photoelectrons (nPE), shown in pink. The
following two pages present the 14 histograms of first photoelectron arrival times (fTime),
shown in purple. The color scheme of the fitting models remains consistent across all 28
histograms to facilitate visual interpretation.

Each histogram is labeled with the identifier of the corresponding PMT being analyzed. At
the end of each group of 14 histograms, a brief comment summarizes and contextualizes the
most relevant observations. Once all configurations have been presented, a general discussion
of the results follows.

The selected configurations aim to provide a rough sampling of the parameter space.
They are listed below, in order of appearance:

e ¢-_1000_e0.07GeV_theta60deg_phil80deg_alpha30deg_r180cm_h50cm.root
e e-_1000_e7GeV_theta20deg_phiOdeg_alpha30deg_r90cm_h178cm.root

e mu-_1000_e100GeV_theta80deg_phil80deg_alpha30deg_r180cm_h125cm.root
e mu-_1000_elGeV_theta20deg_phi80deg_alphalOdeg_r36cm_h178cm.root

e gamma_1000_e0.3GeV_theta40deg_phid4Odeg_alphaOdeg_r54cm_h178cm.root

e gamma_1000_e10GeV_theta60deg_phil20deg_alphaOdeg_r180cm_h178cm.root

These results are based on a limited number of simulated events (1000 per configuration),
which constrains the statistical precision of the fits. In some cases, particularly at lower
energies, the histograms may exhibit low statistics. Therefore, the results presented here should
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be interpreted as a preliminary step toward a more comprehensive study. The computational
cost of simulations remains a practical constraint.
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Figure 4.1: Number of photoelectrons recorded by PMTs 0 to 7, for configuration
e- 1000 e0.07GeV theta60deg phil80deg alpha30deg r180cm h50cm.root.
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Figure 4.2: Number of photoelectrons recorded by PMTs 8 to 13, for configuration
e- 1000 e0.07GeV theta60deg phil80deg alpha30deg r180cm h50cm.root.

In Figure 4.1 and Figure 4.2, it is evident that the CrystalBall function alone provides
a satisfactory fit to the data for this configuration. As expected for a low-energy particle
(0.07 GeV), there is a strong tendency for the PMTs to register zero photoelectrons. The
large uncertainties observed for G-mean and G-sigma in some histograms may indicate that
the Gaussian component of the model is not converging properly, potentially due to suboptimal
initial parameter guesses or fit ranges. However, this does not significantly affect the fit quality
in this case: all 14 histograms have Frac = 0.0, meaning the Gaussian component contributes
nothing to the model. The fit remains representative of the data, and the Gaussian function
could likely be removed without altering the results.
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Figure 4.3: First PE arrival time (fTime) at PMTs 0 to 7, for configuration
e- 1000 e0.07GeV theta60deg phil80deg alpha30deg r180cm h50cm.root.
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Figure 4.4: First PE arrival time (fTime) at PMTs 8 to 13, for configuration
e- 1000 e0.07GeV thetab60deg phil80deg alpha30deg r180cm h50cm.root.

In Figure 4.3 and Figure 4.4, the fits appear promising. While the nPE histograms for this
configuration showed very similar behavior across PMTs, the fTime histograms reveal clear
differences among the 14 PMTs. The fitting procedure performed well on this dataset, with
uncertainty values falling within reasonable ranges for nearly all PMTs.

It is worth noting that the range of the y-axis is not uniform across the plots; it is automatically
adjusted to fit the range of each dataset. This highlights that PMTs 1 and 2 received a
particularly strong signal, with most photoelectrons detected at early times. This observation
is supported by the corresponding nPE plots for the same configuration, where PMTs 1 and 2
exhibit a G-mean greater than 1, whereas most other PMTs show G-mean values below zero.
These findings underscore the value of jointly analyzing both the number of photoelectrons
and the timing information.
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Figure 4.5: Number of photoelectrons recorded by PMTs 0 to 7, for configuration
e- 1000 e7GeV_theta20deg phiOdeg alpha30deg r90cm h178cm.root.

52



Chapter 4. Results

nPE of PMT 8

P
g r Data
3 _r = == Gaussian
O 50— G-mean = 128.06 +5.31
L G-sigma =17.02 + 2.00
F — -~ Crystal Ball
F CB-mean=94.76 +7.41
40— CB-sigma = 22.31 +4.03
C CB-alpha=1.41 +0.32
L CB-n=15.00 0.00
= w— Model
30— Frac=0.34 +0.20
20—
10—
L o
o o S R .
50 100 150 200 250
nPE
nPE of PMT 10
o F
5 E Data
o 90 = = =+ Gaussian
o F G-mean =59.76 +4.63
80 G-sigma =14.70 136
E — = Ciystal Ball
E CB-mean = 43.96 *6.66
0 CB-sigma=12.28 +2.57
E CB-alpha=2.38 +0.38
60— CB-n=010 +0.02
E w— Model
500 o Frac=0.75 +0.30
= 5
E .
40— 5
E .
E .
30— .
E .
F .
20— /\\
E g
o g N\
E *
= SN SO . .
0 50 100 150 200 250
nPE
nPE of PMT 12
2 90F
% | Data
Is} c = = =« Gaussian
O 80 G-mean=80.14 *3.42
£ G-sigma=14.38 248
70 — - Crystal Ball
C CB-mean =67.19 *3.38
E CB-sigma=2052 114
60— CB-alpha=2.70 025
F CB-n=010 +0.07
r w— Model
50¢ Frac=034 0.1
401~
30— /)
g P
20 DAY
E ’ \
E .
10— 7
E S \
£ o
o Sl o (LS, . .
0 50 100 150 200 250
nPE

Counts

Counts

Counts

nPE of PMT 9
70— Data
C = = = s Gaussian
C G-mean =89.99 *5.25
60— G-sigma=8.62 +4.73
C — = Crystal Ball
F CB-mean=70.64 +1.30
50— CB-sigma = 20.27 +0.57
C CB-alpha=2.86 +0.33
£ CB-n=0.12 +0.66
C w— Model
40 \\ Frac=0.08 007
30— \
20— \!
10 .
C I
£ K .
o SRR PN b . .
50 100 150 200 250
nPE
NnPE of PMT 11
100~
L Data
L = = = = Gaussian
G-mean = 63.73 +10.47
[ G-sigma =13.58 +2.76
80— = = Crystal Ball
r CB-mean = 46.04 +10.58
- CB-sigma=12.73 +2.76
L CB-alpha=2.58 +0.53
60— CB-n=024 +1.07
L Mol
[ Frac = 0.58 +0.59
.
[ 0y
40 y
r .
L /AN
L '
20— a
E L
L .
YAV
o 2 N | |
0 50 100 150 200 250
nPE
nPE of PMT 13
6o~ Data
r = = = = Gaussian
r G-mean = 122.98 +2.58
50— G-sigma=11.90 *2.48
F — = Crystal Ball
C CB-mean = 101.28 +1.91
L CB-sigma =26.72 +1.00
40— CB-alpha=1.71 +0.23
r CB-n=14.99 +164
L w— Model
r Frac=0.16 # 0.06
30—
20—
10
E 0 .
L 4 -
0 L e R S ) I
0 50 100 150 200 250
nPE

Figure 4.6: Number of photoelectrons recorded by PMTs 8 to 13, for configuration
e- 1000 e7GeV theta20deg phiOdeg alpha30deg r90cm h178cm.root.

In Figure 4.5 and Figure 4.6, we first observe that the range of the nPE axis is broader (0 to
250), which is expected given that this configuration involves a higher-energy electron (7 GeV).
Unlike the previous case, the distributions are no longer centered around 0 photoelectrons,
which is consistent with the predicted behaviour, as high-energy particles are expected to
generate a larger number of Cherenkov photons.
The fitting procedure appears to have performed very well, with error estimates falling within

normal ranges across all PMTs.

Additionally, the mean values of the distributions vary

significantly among the PMTs, suggesting that the multi-PMT module provides meaningful
directional information. It is also worth noting that the binning may be slightly too high for
this dataset, as indicated by noticeable fluctuations in height between adjacent bins.

53



Chapter 4. Results

Counts

Counts

Counts

Counts

Time of the first PE detected by PMT 0

E Data
- Gaussian
G-mean=29.36 +5.12
G-sigma=1.73 +5.03
— — Crystal Ball
CB-mean=825 +0.02
CB-sigma=0.59 +0.02
CB-alpha =-0.71 +0.06
CB-n=210 *0.17
—— Model
Frac =0.00_+0.00
i I I I I I N
20 30 40 50 60 70 100
Time [ns]
Time of the first PE detected by PMT 2
C Data
L - - - - Gaussian
500— G-mean=10.65 +0.42
r G-sigma=0.81 +0.24
C — — Crystal Ball
. CB-mean =7.99 #0.02
400— CB-sigma =053 +0.02
r CB-alpha =-1.67 +0.24
C CB-n=358 +1.01
[ e Modiel
300— Frac=0.06 +0.02
200
100
o\ I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
Time [ns]
Time of the first PE detected by PMT 4
E Data
180— = = =« Gaussian
E G-mean =23.69 +0.10
160/ G-sigma=1.34 +0.12
£ — — Crystal Ball
F CB-mean =17.81 +0.35
140— CB-sigma =6.04 +0.19
C CB-alpha = -2.88 +0.67
120 CB-n=2.26 +2.85
£ m— Model
100— Frac=0.41 +0.03
80—
60—
3
'
E N
20 '
E .
ol AT A I I I I ! !
0 10 20 30 40 50 60 70 80 90 100
Time [ns]
Time of the first PE detected by PMT 6
= Data
- - - - Gaussian
G-mean=28.38 +7.92
G-sigma=2.44 +5.82
—— — Crystal Ball
CB-mean=850 +0.03
CB-sigma=0.50 +0.02
CB-alpha =-0.19 +0.01
CB-n=14.96 +0.97
—— Model
Frac =0.00_+0.00
A, I A B W W EE N
10 20 30 40 50 80 90 100
Time [ns]

Counts

Counts

Counts

Counts

Time of the first PE detected by PMT 1

n Data
r = = = - Gaussian
[ G-mean = 29.50 +0.20
500 [ G-sigma =0.20 +0.00
F —— — Crystal Ball
C CB-mean=8.00 +0.02
— CB-sigma = 0.54 +0.01
400 = CB-alpha = -1.47 +0.09
- CB-n=275 %037
r ——— Model
300/— Frac = 0.00 +0.00
200
100
ok \L_‘_LJ\\\\\\
0 10 20 30 40 50 60 70 80 90 100
Time [ns]
Time of the first PE detected by PMT 3
500
r Data
r - - - - Gaussian
I G-mean = 14.23 +0.13
™ G-sigma=1.61 +0.21
400— — — Crystal Ball
C CB-mean =8.46 +0.02
L CB-sigma =033 +0.01
L CB-alpha=-0.95 +0.08
300 CB-n=175 £0.11
[ e ModiEl
L Frac=032 +0.03
200—
100—
ok 1"y I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
Time [ns]
Time of the first PE detected by PMT 5
E Data
180— = = = =« Gaussian
[ G-mean =17.06 +0.71
160— G-sigma =559 +0.33
F — — Crystal Ball
140 CB-mean =2354 +0.10
C CB-sigma =1.66 +0.13
E CB-alpha=-1.82 +0.26
120— CB-n=324 +110
E — Model
100— Frac=045 +0.05
80—
60[—
40—
F g
20— *,
£ I
= A T . I ! ! ! ! !
0 10 20 30 40 50 60 70 80 90 100
Time [ns]
Time of the first PE detected by PMT 7
E Data
400F - - - - Gaussian
= G-mean = 14.89 +0.04
£ G-sigma=0.84 +0.03
350[— — — Crystal Ball
E CB-mean =10.27 +0.28
300 CB-sigma=2.35 +0.17
C CB-alpha=-4.24 +8.74
F CB-n=530 +105.29
250 —— Model
g Frac =0.77 +0.02
200
150
100
50— t
P =0 0 1 N U T W I B W R
0 10 20 30 40 50 60 70 80 90 100
Time [ns]

Figure 4.7: First PE arrival time (fTime) at PMTs 0 to 7, for configuration
e- 1000 e7GeV_theta20deg phiOdeg alpha30deg r90cm h178cm.root.
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Figure 4.8: First PE arrival time (fTime) at PMTs 8 to 13, for configuration
e- 1000 e7GeV theta20deg phiOdeg alpha30deg r90cm h178cm.root.

In Figure 4.7 and Figure 4.8, we observe that the range chosen for the fTime axis appears
too broad. Most PMTs detect the first photoelectrons at approximately 10 ns, except for
PMTs 4 and 5, which show a peak around 25ns. This is consistent with expectations: the
particle enters the detector from the top (h = 178 cm), while PMTs 4 and 5 are located near
the bottom (h ~ 0cm). These PMTs are also spatially distant from PMTs 1 and 2, which are
positioned at @ = 0° and @ = 60°, respectively (see Figure 3.3). Since the particle injection is
configured at either @ = 0° or @ = 30°, it is a promising result that PMTs aligned along the
opposite direction register the first photoelectrons at later times.
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Figure 4.9: Number of photoelectrons recorded by PMTs 0 to 7, for configuration
mu- 1000 e100GeV _theta80deg phil80deg alpha30deg r180cm h125cm.root.
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Figure 4.10: Number of photoelectrons recorded by PMTs 8 to 13, for configuration
mu-_ 1000 e100GeV _theta80deg phil80deg alpha30deg r180cm h125cm.root.

In Figure 4.9 and Figure 4.10, the fits appear satisfactory, with error values within normal
ranges. It is somewhat unexpected that a very high-energy muon (100 GeV) does not produce
a broader distribution in the nPE histograms. However, this may be explained by its incident
angle: with 6 = 80°, the muon’s trajectory is nearly horizontal, limiting the amount of
water it traverses and therefore reducing the production of Cherenkov photons. This angular
configuration may also account for the uniformity observed across the PMTs, as the nPE
distributions are centered around similar values for all channels.
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Figure 4.11: First PE arrival time (fTime) at PMTs 0 to 7, for configuration
mu- 1000 e100GeV _theta80deg phil80deg alpha30deg r180cm h125cm.root.
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Figure 4.12: First PE arrival time (fTime) at PMTs 8 to 13, for configuration
mu- 1000 el00GeV theta80deg phil80deg alpha30deg r180cm h125cm.root.

In Figure 4.11 and Figure 4.12, it is evident that the fixed range for fTime should be adjusted
to better suit the data. In this case, the fTime distributions are tightly clustered around 10 ns,
with no events observed beyond 25ns, making the current range of 0—100 ns unnecessarily
broad. Additionally, several plots report errors of 0.00 for both G-mean and CB-mean, indicating
issues in the fitting process. This may result from overly restrictive parameter bounds for
these means. If the range is too wide, the optimizer may converge to a local rather than a
global minimum; conversely, overly narrow ranges may force the fit to stop at a value that
does not represent the data well.
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Figure 4.13: Number of photoelectrons recorded by PMTs
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Figure 4.14: Number of photoelectrons recorded by PMTs 8 to 13, for configuration
mu- 1000 elGeV theta20deg phi80deg alphaOdeg r36cm h178cm.root.

In Figure 4.13 and Figure 4.14, the results appear very satisfactory. The fit parameters fall
within normal ranges, and the histogram binning and axis limits are appropriately set. While
a high-energy muon is expected to generate a significant number of Cherenkov photons,
the particle's trajectory—defined by 6 = 20° and ¢ = 80°—suggests it traverses only a
limited portion of the water volume. This shorter path length reduces the overall photon
production. Furthermore, PMTs located at the bottom of the detector (0 to 6) received
more photoelectrons than those at the top (7 to 13), which is consistent with the muon's
downward direction. Cherenkov photons emitted along this path tend to travel downward and
may require multiple reflections off the tank walls before reaching the multi-PMT module at
the top.
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Figure 4.15: First PE arrival time (fTime) at PMTs 0 to 7, for configuration
mu- 1000 elGeV theta20deg phi80deg alphaOdeg r36cm h178cm.root.
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Figure 4.16: First PE arrival time (fTime) at PMTs 8 to 13, for configuration
mu- 1000 elGeV theta20deg phi80deg alphaOdeg r36cm h178cm.root.

In Figure 4.15 and Figure 4.16, the contrast between the signals detected by the PMTs at
the bottom and those at the top of the multi-PMT module becomes evident. For the bottom
PMTs (0 to 6), the signal is sharply peaked, resembling a Dirac delta, with first photoelectron
arrival times (£Time) around 8mns. In contrast, the top PMTs (7 to 13) show a broader
distribution with later arrival times. Notably, PMTs 8 and 13 exhibit an additional early peak
near 1ns, likely corresponding to Cherenkov photons arriving directly without reflections.
These early peaks are not captured by the current fitting model but could provide valuable
information for the lookup table (LUT). Once again, the £fTime histogram ranges should be
shortened, and the fitting parameter bounds require careful revision.
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Figure 4.17: Number of photoelectrons recorded by PMTs 0 to 7, for configuration
gamma_ 1000 e0.3GeV theta40deg phi40deg alphaOdeg r54cm h178cm.root.
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Figure 4.18: Number of photoelectrons recorded by PMTs 8 to 13, for configuration
gamma_ 1000 e0.3GeV theta40deg phi40deg alphaOdeg r54cm h178cm.root.

In Figure 4.17 and Figure 4.18, the fitting parameters appear normal and the histogram
ranges are well set. In some of the plots, Frac is very close to zero, suggesting that the
CrystalBall function alone could sufficiently describe the data. Although the particle is a
gamma ray, which must undergo pair production to generate Cherenkov photons, the nPE
counts are rarely zero. This is likely due to the gamma'’s relatively high energy (0.3 GeV).
PMTs 1, 2, 8, and 13 register higher photoelectron counts, consistent with the particle’s
direction. Specifically, phi = 40° indicates that the particle is exiting the detector, implying it
entered the detector across the point where it was placed (see Figure 3.5). This, together
with the other directional parameters, explains why PMT 13 detected a notably higher number
of photoelectrons.
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Figure 4.19: First PE arrival time (fTime) at PMTs 0 to 7, for configuration
gamma_ 1000 e0.3GeV theta40deg phi40deg alphaOdeg r54cm h178cm.root.
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Figure 4.20: First PE arrival time (fTime) at PMTs 8 to 13, for configuration
gamma_ 1000 e0.3GeV theta40deg phi40deg alphaOdeg r54cm h178cm.root.

In Figure 4.19 and Figure 4.20, the differences in the signals between PMTs are very clear.
For instance, PMT 10 and PMT 13, which are positioned across from each other in the
multiPMT at the top, show markedly different fTime signals. This is a promising indication
that the multiPMT module can provide significant advantages compared to a single PMT
unit. Some histograms exhibit peaks that were not captured by the fits, reinforcing the need
to revise the ranges for the fit parameters. At the top, PMTs 3, 4, and 5 display later signals
with lower counts relative to others; similarly, at the bottom, PMTs 10 and 11 show the same
behavior. These observations are consistent with the nPE signals seen in the previous plots
for this configuration.
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Figure 4.21: Number of photoelectrons recorded by PMTs 0 to 7, for configuration
gamma_ 1000 el0GeV theta6Odeg phil20deg alphaOdeg r180cm h178cm.root.
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Figure 4.22: Number of photoelectrons recorded by PMTs 8 to 13, for configuration
gamma_ 1000 el0GeV theta6Odeg phil20deg alphaOdeg r180cm h178cm.root.

In Figure 4.21 and Figure 4.22, it is evident that the binning is finer than necessary. The
fits appear good, with the CrystalBall function effectively capturing the pronounced left tail
in all histograms. For this dataset, the model performs very well, as both the Gaussian
and CrystalBall components are necessary to accurately represent the data. Although the
particle is a gamma, which might typically yield a low signal due to the requirement of pair
production, the statistics are sufficient to produce a reliable fit. This is encouraging for LUT
production and demonstrates that gammas at high energies (10GeV in this case) can be
detected effectively. Additionally, the plots show markedly different distributions across the
various PMTs, once again highlighting the advantages of using a multiPMT module.
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Figure 4.23: First PE arrival time (fTime) at PMTs 0 to 7, for configuration

gamma_ 1000 el0GeV theta6Odeg phil20deg alphaOdeg r180cm h178cm.root.
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Figure 4.24: First PE arrival time (fTime) at PMTs 8 to 13, for configuration
gamma_ 1000 el0GeV theta6Odeg phil20deg alphaOdeg r180cm h178cm.root.

In Figure 4.23 and Figure 4.24, the fitting process appears very successful, with all peaks
properly accounted for. Some plots, such as that for PMT 12, display only a single peak
but were still fitted using both functions in the model. While this does not pose a problem,
reducing the number of fit parameters when possible is preferable. This suggests that the
fitting process could be optimized by segmenting it according to whether the data requires
one or two distributions.
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4.1 Discussion of Results

The analysis of the nPE and fTime distributions across different simulation configurations
reveals several key insights into the performance of the multiPMT detector module and the
behavior of Cherenkov photons under varying particle conditions.

First, it is evident that the range selection for fTime histograms and fit parameters is
crucial. For some configurations, the selected range (0-100ns) was too wide, resulting in
uninformative histograms and misleading fits. Conversely, excessively narrow parameter ranges
led to fit values fixed at boundaries, as evidenced by some of the G-mean and CB-mean errors
being exactly 0.00. This highlights the need for adaptive range setting, possibly based on a
more thorough preliminary scan of the data.

The comparison between PMTs at the top and bottom of the detector consistently showed
significant asymmetries in both nPE and fTime. The bottom PMTs (0-6) often detect earlier
and stronger signals than the top PMTs (7-13), reflecting the downward motion of particles
(and the Cherenkov photons they produce) and evidencing the importance of the optical
properties of the tank. In some cases, top PMTs exhibited delayed and weaker signals, likely
due to reflections or longer optical paths. In some cases, specific PMTs- such as PMTs 8 and
13 in Figure 4.16- showed early secondary peaks in fTime, suggesting some photons reached
them directly, bypassing multiple scattering or reflections. These features were not captured
by the fits, suggesting that the current fitting model might need to be revised or extended.

Encouragingly, several configurations exhibited very successful fits. The chosen fit model,
combination of Gaussian and CrystalBall functions, accurately captures the behavior observed
in the simulations. In particular, the simulation of a 10 GeV gamma shown in Figure 4.21 and
Figure 4.22 demonstrates that, at higher energies, gamma-induced events produce enough
Cherenkov photons to be effectively described by this model. The resulting nPE and fTime
distributions show good agreement with the fits and reveal distinctive patterns across the
PMTs.

For the lowest-energy particles, the number of detected photoelectrons was often too
small to produce statistically meaningful results. This led to poor, or in some cases empty,
histograms and correspondingly vague or unreliable fits. A few examples are included in the
chapter 5. This highlights a limitation of the current analysis: the absence of a systematic
method to assess data quality. For instance, introducing a threshold on the minimum number
of photoelectrons could help determine whether a dataset is suitable for further analysis.

For some of the highest-energy particles, even the extended range used in the nPE plots
proved insufficient. The number of photoelectrons was higher than expected, with the data
mean approaching the upper limit of the x-axis. Examples of this behavior can be found in the
chapter 5. This indicates that the nPE range definitions should be re-evaluated, potentially
introducing a third, extra-long range option to accommodate such cases.

Another important observation is that not all PMTs require both fitting components. In an

important fraction of the cases, a single peak was present, but both Gaussian and CrystalBall
functions were used for fitting. This implies that the fitting process could be made more
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efficient by tailoring the model to the data, fitting only one component when appropriate.

Finally, it is important to remember that directionality is one of the main features we aim
to study through the detector response. The geometry of the multiPMT module—with its
many individual detectors, each collecting its own set of measurements—Ieads to distinctive
patterns in both spatial and timing distributions. These patterns contain valuable information
that can enhance reconstruction methods, particularly those based on LUTs.

Overall, these results underline the potential of the multiPMT detector configuration.
The angular and spatial sensitivity observed in the response maps can significantly enhance
event characterization. However, refinements in the fitting procedure and histogram settings
are still needed to ensure robustness and maximize the physics reach of the LUT approach.
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Conclusions and Future Work

This work contributes to the ongoing development of the Southern Wide-field Gamma-ray
Observatory (SWGO) by enhancing the understanding of detector responses in multiPMT
modules. Accurate modeling and reconstruction of particle-induced signals are crucial for
improving gamma-ray detection and background rejection in SWGO. The insights gained here
help pave the way toward more efficient and reliable simulations of the M1mT1m tank, which
are essential for the design and optimization of the future observatory.

The analysis revealed significant variation in responses among individual PMTs within a
single multiPMT module, highlighting the rich directional information these configurations
can provide. Both the number of photoelectrons (nPE) and the arrival time of the first
photoelectron (fTime) distributions exhibit distinctive patterns that can be leveraged to
improve event reconstruction. The fitting model combining Gaussian and CrystalBall functions
successfully captured the behavior of higher-energy events, although fits for the lowest-energy
simulations suffered from limited statistics and vague parameter estimation, ultimately resulting
in unreliable fits.

Additionally, the current histogram ranges for both number of PhotoElectrons (nPE) and
arrival time of the first PE (fTime) should be carefully reassessed—especially since some
of the highest-energy events produce nPE values that exceed the preset limits—potentially
adding a third, extended range option for such cases. As for the fTime plots, in the majority
of the configurations a shorter range was needed.

The multiPMT module demonstrated remarkable capability in capturing directional in-
formation. The significant differences observed between individual PMTs within the same
module—uvisible in both the nPE and fTime distributions—were beyond initial expectations,
revealing intrinsic spatial and timing diversity. This richness of information provides valu-
able complementary data for enhancing particle direction reconstruction, highlighting the
multiPMT setup as a strong candidate for the SWGO outer array configuration.

Looking forward, the fitting process could be improved by adopting a staged approach:

first fitting a single distribution and introducing additional components only if necessary. To
do this effectively, it will be important to define quantitative criteria to assess fit quality and
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establish a minimum photoelectron threshold to exclude low-statistics simulations from further
analysis. Prior to filling the LUT, it is crucial to finalize the histogram range adjustments
and implement these quality controls to ensure reliable and efficient parametrization of the
detector response.

Finally, future work should focus on testing full detector simulations both with and without
the FastSim LUT approach. Such comparisons will evaluate the potential computational
speed gains and verify the accuracy of this parameterized method, ultimately determining
whether the LUT-based fast simulation offers a reliable and efficient solution suitable for
large-scale data production and analysis within the SWGO framework.
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Appendix

More results are shown in this chapter. Below is the list of configurations included in this file,
in order of appearance.

e e-_1000_e0.001GeV_theta20deg_phil80deg_alphaldeg_r72cm_hl178cm.root

e e-_1000_e0.003GeV_theta20deg_phil50deg_alphalOdeg_r180cm_h75cm.root

e e-_1000_e0.007GeV_theta60deg_phil50deg_alpha30deg_r180cm_h178cm.root

® ¢c-_1000_e0.3GeV_thetaOdeg_phiOdeg_alphaOdeg_r36cm_h178cm.root

® e-_1000_elGeV_theta60deg_phil80deg_alpha30deg_r180cm_h100cm.root

e e-_1000_elGeV_theta80deg_phi40Odeg_alpha30deg_r18cm_h178cm.root

e e-_1000_e7GeV_theta60deg_phil50deg_alpha30deg_r180cm_h178cm.root

® e-_1000_e7GeV_theta80deg_phil80deg_alpha30deg_r180cm_h100cm.root

e gamma_1000_e0.001GeV_theta60deg_phil50deg_alpha30deg_r180cm_h178cm.root
e gamma_1000_e0.003GeV_theta20deg_phil80deg_alpha30deg_r72cm_h178cm.root
e gamma_1000_e0.007GeV_theta20deg_phil50deg_alpha30deg_r180cm_h150cm.root
e gamma_1000_e10GeV_theta60deg_phi40Odeg_alphaldeg_r126cm_h178cm.root

e gamma_1000_e10GeV_theta80deg_phil80deg_alphaOdeg_r180cm_h50cm.root

e gamma_1000_e3GeV_thetad40deg_phi40Odeg_alphalOdeg_rb54cm_h178cm.root

e gamma_1000_e7GeV_thetad40deg_phiOdeg_alpha30deg_r144cm_h178cm.root

e mu-_1000_e0.3GeV_theta60deg_philb50deg_alpha30deg_r180cm_h178cm.root

e mu-_1000_e100GeV_thetaOdeg_phiOdeg_alphalOdeg_r72cm_h178cm.root

e mu-_1000_el10GeV_theta20deg_phil80deg_alpha30deg_rb54cm_h178cm.root

e mu-_1000_elGeV_theta20deg_phil20deg_alphaldeg_r180cm_h178cm.root

e mu-_1000_elGeV_theta60deg_phil20deg_alpha30deg_rb54cm_h178cm.root
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e mu-_1000_e30GeV_thetad40deg_phil20deg_alphalOdeg_r180cm_h50cm.root
e mu-_1000_e3GeV_theta20deg_phil20deg_alpha30deg_ri144cm_h178cm.root

e mu-_1000_e3GeV_theta80deg_phil80deg_alphalOdeg_r180cm_h75cm.root
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Figure 5.1: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
e- 1000 e0.001GeV theta20deg phil80deg alphaOdeg r72cm h178cm.root.

78



Chapter 5. Conclusions and Future Work

Counts

Counts

Counts

Counts

nPE of PMT 6

0.9

0.8

0.7

0.6

Data

Gaussian

G-mean =13.00 +0.00
G-sigma = 1.00 + 0.00
Crystal Ball

CB-mean = 0.50 +0.00
CB-sigma = 0.60 +0.00
CB-alpha =-1.50 +0.00
CB-n=2.00 %0.00
Model

Frac=0.50 +0.00

0
0 5 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 8
1
Data
= = =1 Gaussian
0.9 G-mean = 13.00 *0.00
G-sigma =1.00 *0.00
0.8 — — Crystal Ball
CB-mean =0.50 +0.00
0.7 CB-sigma = 0.60 + 0.00
CB-alpha =-1.50 *0.00
0.6 CB-n=2.00 +0.00
w— Model
05 Frac =0.50 #0.00
0.4
0.3]
0.2
0.1}
o I i L I
0 5 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 10
1
Data
0.9 = = =+ Gaussian
: G-mean =13.00 +0.00
G-sigma = 1.00 + 0.00
0.8 — = Crystal Ball
CB-mean = 0.50 +0.00
0.7 CB-sigma = 0.60 + 0.00
CB-alpha =-1.50 +0.00
0.6 CB-n=2.00 +0.00
) w—— Model
05 Frac=0.50 +0.00
0.4
0.3]
0.2
0.1}
o I i I i I I
0 5 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 12
1
Data
0.9 = = =« Gaussian
) G-mean =13.00 +0.00
G-sigma =1.00 *0.00
0.8 = = Crystal Ball
CB-mean = 0.50 0.00
0.7 CB-sigma = 0.60 +0.00
CB-alpha =-1.50 +0.00
0.6 CB-N=200 +0.00

Model
Frac = 0.50 +0.00

Counts

Counts

Counts

Counts

nPE of PMT 7

Data
0.9 = = =« Gaussian

G-mean =13.00 +0.00

G-sigma =1.00 + 0.00
0.8 = = Crystal Ball

CB-mean =0.50 +0.00
0.7 CB-sigma = 0.60 +0.00

CB-alpha=-1.50 +0.00
0.6 CB-n=200 +0.00

w—— Model
Frac = 0.50 #0.00

0
0 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 9
Data
= = = = Gaussian
09 G-mean =13.00 #0.00
G-sigma =1.00 +0.00
0.8 — — Crystal Ball
CB-mean =0.50 +0.00
0.7 CB-sigma =0.60 +0.00
CB-alpha=-150 *0.00
0.6 CB-n=2.00 +0.00
w—— Model
05 Frac = 0.50 #0.00
0.4
0.3
0.2
0.1
o I i I I
0 5 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 11
Data
0.9 = = =+ Gaussian
) G-mean = 13.00 +0.00
G-sigma=1.00 *0.00
0.8 — = Crystal Ball
CB-mean = 0.50 +0.00
0.7 CB-sigma =0.60 + 0.00
CB-alpha=-1.50 +0.00
0.6 CB-n=2.00 +0.00
: w—— Model
05 Frac = 0.50 #0.00
0.4
0.3]
0.2
0.1}
0 . I i L e I I
0 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 13
Data
0.9 = = =« Gaussian
: G-mean =13.00 #0.00
G-sigma =1.00 *0.00
0.8 = = Crystal Ball
CB-mean = 0.50 #0.00
0.7 CB-sigma =0.60 *0.00
CB-alpha=-1.50 +*0.00
0.6 CB-n=200 +0.00

Model
Frac = 0.50 +0.00

Figure 5.2: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
e- 1000 e0.001GeV _theta20deg phil80deg alphaOdeg r72cm h178cm.root.
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Figure 5.3: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
e- 1000 e0.001GeV theta20deg phil80deg alphaOdeg r72cm h178cm.root.
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Figure 5.4: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
e- 1000 e0.001GeV _theta20deg phil80deg alphaOdeg r72cm h178cm.root.
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Figure 5.5: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
e- 1000 e0.003GeV theta20deg phil50deg alphaOdeg r180cm h75cm.root.
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Figure 5.6: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
e- 1000 e0.003GeV _theta20deg phil50deg alphaOdeg r180cm h75cm.root.
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Figure 5.7: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
e- 1000 e0.003GeV theta20deg phil50deg alphaOdeg r180cm h75cm.root.
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Figure 5.8: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
e- 1000 e0.003GeV _theta20deg phil50deg alphaOdeg r180cm h75cm.root.
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Figure 5.9: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
e- 1000 e0.007GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.10: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
e- 1000 e0.007GeV _thetabOdeg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.11: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
e- 1000 e0.007GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.12: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
e- 1000 e0.007GeV _thetabOdeg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.13: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
e- 1000 e0.3GeV thetaOdeg phiOdeg alphaOdeg r36cm h178cm.root.
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Figure 5.14: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
e- 1000 e0.3GeV _thetaOdeg phiOdeg alphaOdeg r36cm h178cm.root.
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Figure 5.15: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
e- 1000 e0.3GeV thetaOdeg phiOdeg alphaOdeg r36cm h178cm.root.
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Figure 5.16: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
e- 1000 e0.3GeV _thetaOdeg phiOdeg alphaOdeg r36cm h178cm.root.
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Figure 5.17: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
e- 1000 elGeV thetabOdeg phil80deg alpha30deg r180cm h100cm.root.
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Figure 5.18: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
e- 1000 elGeV theta60deg phil80deg alpha30deg r180cm h100cm.root.
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Figure 5.19: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
e- 1000 elGeV theta60deg phil80deg alpha30deg r180cm h100cm.root.
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Figure 5.20: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
e- 1000 elGeV theta60deg phil80deg alpha30deg r180cm h100cm.root.

97



Chapter 5. Conclusions and Future Work

e- 1000 elGeV theta80deg phi40deg alpha30deg r18cm h178cm.root

Counts

Counts

Counts

nPE of PMT 0

Data

Gaussian

G-mean =15.34 +0.00
G-sigma = 4.68 + 0.00
Crystal Ball

CB-mean = 17.62 +0.00
CB-sigma = 6.61 +0.00
CB-alpha =-7.52 +0.00
CB-n=3.17 +0.00
Model

Frac=0.63 +0.00

00 5 30 35 40 45 50
nPE
NPE of PMT 2
E Data
80— + Gaussian
E G-mean =21.78 +0.84
G-sigma =2.68 +0.64
70: — = Crystal Ball
c CB-mean =23.42 +0.28
60— CB-sigma=7.15 +0.27

40

30

20!

CB-alpha=-2.33 +0.44
CB-n=435 1161
Model

Frac =0.11 +0.06

2 Lo o o Lo o LR Lo Lo
1615 20 25 30 35

nPE of PMT 4

40
nPE

100{—

80—

60

40!

20

Data
Gaussian
G-mean=11.71 +0.14
G-sigma=4.09 +0.10
Crystal Ball

CB-mean =17.73 +0.52
CB-sigma =4.46 +0.33
CB-alpha = -4.33 +1149.65
CB-n=12.82 +47401.30
Model

Frac=0.85 +0.02

45 50

Counts

Counts

Counts

NPE of PMT 1
E Daa
90— = = = s Gaussian
E G-mean =13.92 +1.80
80 G-sigma =4.27 +1.06
E — — Crystal Ball
70 CB-mean =19.25 +2.40
£ CB-sigma=5.28 +3.15
C CB-alpha =-5.58 + 26330048.91
60— CB-n=11.38 *6242258497|88
C w—— Model
50 Frac =043 +0.41
£ N
40— U
E o 4 \
30— 5 X
E o/
20 o s
£ 4 .
10 / *
E .
o\ i o B B IR/ P . .
0 5 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 3
E Data
90— = = = s Gaussian
E G-mean = 15.80 +0.00
80— G-sigma =3.46 +0.00
= = = Crystal Ball
70 CB-mean = 18.69 *0.00
E CB-sigma =6.01 +0.00
£ CB-alpha = -5.69 +0.00
60— CB-n=166 *0.00
C w—— \Vodel
50— Frac = 0.06_+0.00
40—
30
20—
10—
00 5 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 5
- Data
= = = = =« Gaussian
100— G-mean =13.18 +49.89
F G-sigma=4.18 +8.55
- — — Crystal Ball
- CB-mean =890 #28.25
80— CB-sigma =3.25 +13.11
F CB-alpha = -3.88 +347.45
F CB-n=7.78 +0.80
= m— Model
60 Frac=0.54 *9.10
40!
20
00 5 10 15 20 25 30 35 40 45 50
nPE

Figure 5.21: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
e- 1000 elGeV theta80deg phi40deg alpha30deg r18cm h178cm.root.
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Figure 5.22: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
e- 1000 elGeV theta80deg phi40deg alpha30deg r18cm h178cm.root.
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Figure 5.24: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
e- 1000 elGeV theta80deg phi40deg alpha30deg r18cm h178cm.root.
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Figure 5.25: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
e- 1000 e7GeV thetabOdeg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.26: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
e- 1000 e7GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.27: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
e- 1000 e7GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.28: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
e- 1000 e7GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.29: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
e- 1000 e7GeV theta80deg phil80deg alpha30deg r180cm h100cm.root.
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Figure 5.30: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
e- 1000 e7GeV theta80deg phil80deg alpha30deg r180cm h100cm.root.
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Figure 5.31: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
e- 1000 e7GeV theta80deg phil80deg alpha30deg r180cm h100cm.root.
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Figure 5.32: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
e- 1000 e7GeV theta80deg phil80deg alpha30deg r180cm h100cm.root.
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Figure 5.33: Number of photoelectrons recorded by PMTs 0 to 5, for configuration

gamma_ 1000 e0.001GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.34: Number of photoelectrons recorded by PMTs 6 to 13, for configuration

gamma_ 1000 e0.001GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.35: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
gamma_ 1000 e0.001GeV theta60deg phil50deg alpha30deg r180cm h178cm
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Figure 5.36: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
gamma_ 1000 e0.001GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.37: Number of photoelectrons recorded by PMTs 0 to 5, for configuration

gamma_ 1000 e0.003GeV theta20deg phil80deg alpha30deg r72cm h178cm.root.
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Figure 5.38: Number of photoelectrons recorded by PMTs 6 to 13, for configuration

gamma_ 1000 e0.003GeV theta20deg phil80deg alpha30deg r72cm_h178cm.root.
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gamma_ 1000 e0.003GeV theta20deg phil80deg alpha30deg r72cm h178cm

116

.root.



Chapter 5. Conclusions and Future Work

Counts

Counts

Counts

Counts

0 e oI N I T T e

Time of the first PE detected by PMT 6

[ baa |
Gaussian
G-mean =9.00 +0.00
G-sigma =2.21 +0.39
—— = Crystal Ball
CB-mean =19.50 *0.10
CB-sigma = 0.10 +0.00
CB-alpha =-1.83 +0.95
CB-n=0.18 +0.22
w—— Mode!
Frac=0.50 +0.09

T o e e e

40 50 60 70 80 90 100
Time [ns]

Time of the first PE detected by PMT 8

Data
= = =+ Gaussian
G-mean =17.19 #1.00
G-sigma =2.14 +0.63
— = Crystal Ball
CB-mean =325 +0.11
CB-sigma=0.62 +0.08
CB-alpha =-2.77 +0.11
CB-n=0.10 +0.00
m— Model
Frac=0.11 #0.05

— " e (] n "

"
0 10 20 30 40 50 60 70 80 90 100
Time [ns]

Time of the first PE detected by PMT 10

Data
= = =+ Gaussian
G-mean = 18.27 +1.46
G-sigma =220 +1.03
— = Crystal Ball
CB-mean = 37.33 +4.29
CB-sigma =9.15 +4.04
CB-alpha =-0.61 +0.84
CB-n=0.69 *+166
w—— Model
Frac=0.14 +0.09

CalSV I Y TRH RSN SN T
10 20 30 40 50 60 70 80 90 _ 100
Time [ns]

Time of the first PE detected by PMT 12

Data
= = =« Gaussian
G-mean =10.50 +0.21
G-sigma =0.20 *0.00
= = Crystal Ball
CB-mean = 35.53 *3.66
CB-sigma = 15.20 +3.14
CB-alpha=-1.93 +0.38
CB-n=0.10 +0.03
wm— Model
Frac=0.04 +0.04

0 10 20 30 40 50 60 70 80 90 100
Time [ns]

Figure 5.40: First PE arrival time (fTime) at PMTs 6 to 13, for

Counts

Counts

Counts

Counts

Time of the first PE detected by PMT 7

3.5 Data
F = = = Gaussian
C G-mean =17.29 +0.00
3= G-sigma=1.86 +0.00
= = = Crystal Ball
C CB-mean = 27.08 +0.00
25— CB-sigma =25.32 +0.00
C CB-alpha=3.30 +0.00
F CB-n=162 +0.00
2 w— Model
r Frac=0.33 +0.00
15
1
0.5
£ »
. .
Obetemeda v Iy L L L T "
10 20 30 40 50 60 70 80 90 100
Time [ns]
Time of the first PE detected by PMT 9
35— Data
C = = =« Gaussian
E G-mean=19.49 +0.94
3 G-sigma =2.69 +0.61
F — = Crystal Ball
C CB-mean =51.58 +12.27
25— CB-sigma =29.75 +12.91
C CB-alpha=-0.38 +0.47
F CB-n=7.67 +12047
2 m—— Model
r Frac=0.27 +0.08
15
1
0.5
O0 10 20 30 40 50 60 70 80 90 100
Time [ns]
Time of the first PE detected by PMT 11
241
E Data
2.2 = = =« Gaussian
E G-mean=16.90 +0.45
2 G-sigma=1.02 +0.32
= — — Crystal Ball
1.8 CB-mean =21.51 +0.10
E CB-sigma=0.10 +0.02
1.6 CB-alpha = -0.01 #0.01
E CBn=353 +4.35
14— m—— Model
1 zi Frac=0.20 +0.08
1=
0.8~
0.6
0.4
0.2~
ok I | SO L R Y v o
0 10 20 30 40 50 60 70 80 90 100
Time [ns]
Time of the first PE detected by PMT 13
E Data
20 = = =« Gaussian
£ G-mean=17.93 +1.76
18 G-sigma=2.01 +1.71
C = = Crystal Ball
16 CB-mean=3.13 +0.10
E CB-sigma=0.59 +0.07
14F CB-alpha = -2.71 +0.48
E CB-n=0.13 +0.21
12F — Model
£ Frac=0.05 +0.04
10
oF
6
4
1
ol A_ B | | N " " " L
0 10 20 30 40 50 60 70 80 90 100
Time [ns]

configuration

gamma_ 1000 e0.003GeV theta20deg phil80deg alpha30deg r72cm h178cm

117

.root.



Chapter 5. Conclusions and Future Work

gamma_1000 e0.007GeV theta20deg phil50deg alpha30deg r180cm h150cm.root

Counts

Counts

Counts

nPE of PMT 0
Data
- - - - Gaussian
600 G-mean=9.00 *3.07
G-sigma = 8.62 + 1716.11]
— — Crystal Ball
| CB-mean = 0.50 +0.00
500 CB-sigma =0.10 +0.00
CB-alpha =-1.66 +0.09
CB-n=146 +0.11
400(jf- e Model
Frac =0.00 +0.00
300
20041
100
oku L | L L | L | |
0 10 15 20 25 30 35 40 45 50
nPE
NPE of PMT 2
600 Data
- - - - Gaussian
G-mean =9.00 #+3.20
G-sigma =7.90 + 1395.34|
500 — — Crystal Ball
CB-mean = 0.50 0.00
CB-sigma = 0.10 +0.00
| CB-alpha=-1.35 +0.08
400 CB-n=149 +0.09
— Model
Frac =0.00 +0.00
300
200
100
ol I I [P I I A S
0 10 15 20 25 30 35 40 45 50
nPE
NnPE of PMT 4
700/~ Data
- - - - Gaussian
G-mean =9.00 *4.68
600~ G-sigma =8.02 +4275.23
—— — Crystal Ball
CB-mean =0.50 +0.00
500 CB-sigma = 0.10 + 0.00
CB-alpha =-1.84 +0.10
CB-n=140 +0.11
200 m— Model
Frac=0.00 #0.00
300
2001~
100
oku | L | L | AL L L
0 10 15 20 25 30 35 40 45 50

nPE

Counts

Counts

Counts

nPE of PMT 1
Data
600 - - - - Gaussian
G-mean=9.00 + 156627.49|
G-sigma =8.40 + 29350;
s00ff- — — Crystal Ball
CB-mean=0.50 +0.00
CB-sigma=0.10 +0.00
CB-alpha =-1.37 +0.03
400 CB-n=153 +0.03
—— Model
Frac=0.00 +0.00
300(
200
100
ol I I I 1 I L I I
0 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 3
Data
- - - - Gaussian
600(f- G-mean=9.00 +2.98
G-sigma =5.39 +2393.95
—— — Crystal Ball
500 CB-mean =050 +0.00
CB-sigma=0.10 +0.00
CB-alpha =-1.57 +0.09
CB-n=151 +0.11
4004 —— Model
Frac=0.00 +0.00
300
2001
100
ol L Lol Lo o Lo g
0 10 15 20 25 30 35 40 45 50
nPE
nPE of PMT 5
7009
Data
- = = - Gaussian
| G-mean=9.00 +71.33
600 G-sigma =8.31 +5791.67
— — Crystal Ball
CB-mean=0.50 +0.00
500 CB-sigma=0.10 +0.00
CB-alpha=-1.73 +0.10
CB-n=146 +0.11
400{j1 s Model
Frac =0.00 #0.00
3001
2001
100
ol I I I 1 I L I
0 10 15 20 25 30 35 40 45 50
nPE

Figure 5.41: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
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Figure 5.43: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
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Figure 5.46: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
gamma_ 1000 el0GeV theta60deg phi40deg alphaOdeg r126cm h178cm.root.
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Figure 5.48: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
gamma_ 1000 el0GeV theta60deg phi40deg alphaOdeg r126cm h178cm.root.
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Figure 5.49: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
gamma_ 1000 el0GeV theta80deg phil80deg alphaOdeg r180cm h50cm.root.
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Figure 5.50: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
gamma_ 1000 el0GeV theta80deg phil80deg alphaOdeg r180cm_h50cm.root.
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Figure 5.51: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
gamma_ 1000 el0GeV theta80deg phil80deg alphaOdeg r180cm h50cm.root.
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Figure 5.52: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
gamma_ 1000 el0GeV theta80deg phil80deg alphaOdeg r180cm_h50cm.root.
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Figure 5.53: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
gamma_ 1000 e3GeV theta40deg phi40deg alphaOdeg r54cm h178cm.root.
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Figure 5.54: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
gamma_ 1000 e3GeV thetad40deg phi40deg alphaOdeg r54cm h178cm.root.
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Figure 5.57: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
gamma_ 1000 e7GeV theta40deg phiOdeg alpha30deg rl44cm h178cm.root.
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Figure 5.58: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
gamma_ 1000 e7GeV theta40deg phiOdeg alpha30deg rl44cm_h178cm.root.
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Figure 5.59: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
gamma_ 1000 e7GeV theta40deg phiOdeg alpha30deg rl44cm h178cm.root.
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Figure 5.60: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
gamma_ 1000 e7GeV theta40deg phiOdeg alpha30deg rl44cm_h178cm.root.
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Figure 5.61: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
mu- 1000 e0.3GeV thetabOdeg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.62: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
mu- 1000 e0.3GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.63: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
mu-_ 1000 e0.3GeV _thetab0deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.64: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
mu- 1000 e0.3GeV theta60deg phil50deg alpha30deg r180cm h178cm.root.
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Figure 5.65: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
mu- 1000 el00GeV thetaOdeg phiOdeg alphaOdeg r72cm h178cm.root.
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Figure 5.66: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
mu- 1000 e100GeV _thetaOdeg phiOdeg alphaOdeg r72cm h178cm.root.
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Figure 5.68: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
mu- 1000 e100GeV _thetaOdeg phiOdeg alphaOdeg r72cm h178cm.root.
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Figure 5.69: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
mu- 1000 el0GeV theta20deg phil80deg alpha30deg r54cm h178cm.root.
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Figure 5.70: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
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Figure 5.71: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
mu- 1000 el0GeV theta20deg phil80deg alpha30deg r54cm h178cm.root.
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Figure 5.72: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
mu- 1000 el0GeV theta20deg phil80deg alpha30deg r54cm h178cm.root.
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Figure 5.73: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
mu- 1000 elGeV theta20deg phil20deg alphaOdeg r180cm h178cm.root.
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Figure 5.74: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
mu- 1000 elGeV theta20deg phil20deg alphaOdeg r180cm h178cm.root.
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Figure 5.75: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
mu- 1000 elGeV theta20deg phil20deg alphaOdeg r180cm h178cm.root.
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Figure 5.76: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
mu- 1000 elGeV theta20deg phil20deg alphaOdeg r180cm h178cm.root.
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Figure 5.77: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
mu- 1000 elGeV theta60deg phil20deg alpha30deg r54cm h178cm.root.
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Figure 5.78: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
mu- 1000 elGeV thetabOdeg phil20deg alpha30deg r54cm h178cm.root.
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Figure 5.80: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
mu- 1000 elGeV thetabOdeg phil20deg alpha30deg r54cm h178cm.root.
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Figure 5.81: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
mu- 1000 e30GeV theta40deg phil20deg alphaOdeg r180cm h50cm.root.
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Figure 5.82: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
mu- 1000 e30GeV theta40deg phil20deg alphaOdeg r180cm h50cm.root.
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Figure 5.83: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
mu- 1000 e30GeV theta40deg phil20deg alphaOdeg r180cm h50cm.root.
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Figure 5.86: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
mu- 1000 e3GeV theta20deg phil20deg alpha30deg rl44cm h178cm.root.
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Figure 5.87: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
mu- 1000 e3GeV theta20deg phil20deg alpha30deg rl44cm h178cm.root.
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Figure 5.88: First PE arrival time (fTime) at
mu- 1000 e3GeV theta20deg phil20deg alpha30deg rl44cm h178cm.root.
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Figure 5.89: Number of photoelectrons recorded by PMTs 0 to 5, for configuration
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Figure 5.90: Number of photoelectrons recorded by PMTs 6 to 13, for configuration
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Figure 5.91: First PE arrival time (fTime) at PMTs 0 to 5, for configuration
mu- 1000 e3GeV theta80deg phil80deg alphaOdeg r180cm h75cm.root.
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Figure 5.92: First PE arrival time (fTime) at PMTs 6 to 13, for configuration
mu- 1000 e3GeV theta80deg phil80deg alphaOdeg r180cm h75cm.root.
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