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ABSTRACT

ARBELETCHE, L. B. Simulation of extensive air showers and its
detection. 2021. 164p. Thesis (Doctor in Science) — Instituto de Fisica de Sao Carlos,
Universidade de Sao Paulo, Sao Carlos, 2021.

Ground-based observatories allow for the detection of the most energetic forms of cos-
mic radiation in a multi-messenger context, including cosmic rays with energies above
10'° eV and gamma rays with energies above 10'°eV. Current experiments, such as the
Pierre Auger Observatory, and forthcoming ones, such as the Cherenkov Telescope Array
(CTA), have to deal with interpreting extensive air showers to reconstruct the fluxes of
particles arriving at Earth. In this scenario, the general purpose of this thesis is to con-
tribute to the improvement of the techniques used to reconstruct the properties of the
primary particle in measurements of extensive air showers. In particular, four individ-
ual studies based on the simulation of air showers are presented. First, a study of the
fluctuations in the atmospheric depth at which a shower reaches its maximum (X p,.y) is
performed. The best functional form to describe the simulated X,,., distributions is se-
lected and, along with two alternative functions, parametrized. This study aims to improve
the reconstruction of the relative abundances of primary masses in the ultra-high-energy
regime (Ey > 10*7eV) and to provide a practical tool for any other studies depending on
Xnax distributions. Second, the angular distribution of Cherenkov light emitted from ex-
tensive air showers is parametrized using simulations performed in a broad energy range:
from 100 GeV to 1EeV. For this, a functional form to describe the angular distribution
of Cherenkov photons is built using analytical arguments, and its parameters are con-
strained to describe the simulated showers. The resulting parametrization can be used to
reconstruct the properties of air showers both through fluorescence detectors and Imaging
Atmospheric Cherenkov Telescopes (IACT). Third, a technique to measure X, through
IACTs is developed. The proposed technique is shown to provide a resolution comparable
to that of fluorescence detectors, allowing for mass composition studies around the knee in
the cosmic-ray spectrum. Fourth, the problem of modeling hadronic interactions is visited
in the context of the CTA observatory. An analysis based on simulations is performed to
determine the extent to which image parameters reconstructed by IACTs are influenced
by uncertainties in hadronic interaction models. Then, a computation of the uncertainty

on the estimated CTA sensitivity curve due to hadronic interaction models is performed.

Keywords: Extensive air showers. Cosmic rays. Very-high-energy gamma rays.






RESUMO

ARBELETCHE, L. B. Simulagao de chuveiros atmosféricos extensos e sua
deteccao. 2021. 164p. Tese (Doutor em Ciéncias) — Instituto de Fisica de Sao Carlos,
Universidade de Sao Paulo, Sao Carlos, 2021.

Observatorios terrestres permitem a deteccdo da radiagao césmica em altas energias em
um contexto de multi-mensageiros, incluindo raios césmicos com energias acima de 10 eV
e raios gama com energias acima de 10'° eV. Experimentos atuais, tais como o Observatério
Pierre Auger, e em fase de construgao, como o Cherenkov Telescope Array (CTA), devem
lidar com a interpretacao de chuveiros atmosféricos extensos para reconstruir os fluxos de
particulas que chegam na Terra. Neste cenario, o objetivo geral desta tese é contribuir para
a melhoria das técnicas usadas na reconstrucao das propriedades da particula primaria
em medidas de chuveiros atmosféricos extensos. Em particular, trés estudos individuais
baseados em simulac¢oes de chuveiros sao apresentados. Primeiro, faz-se um estudo da
profundidade atmosférica na qual um chuveiro atinge seu maximo (Xyay). Determina-se
a melhor forma funcional para descrever as distribui¢oes de X, simuladas e, junto com
duas fungoes alternativas, apresenta-se uma parametrizacao desta. Tem-se por objetivo
neste estudo aperfeicoar a reconstrucao das abundéancias relativas de massas no fluxo
primério de raios césmicos ultraenergéticos (Ey > 10'7eV), bem como fornecer uma fer-
ramenta pratica para outros estudos que dependam das distribuigoes de X .. Em um
segundo estudo, a distribuicao angular de luz Cherenkov emitida por chuveiros atmos-
féricos extensos é parametrizada utilizando chuveiros simulados em uma ampla gama de
energias: de 100 GeV a 1 EeV. Para tal, uma forma funcional descrevendo a distribuicao
angular de fotons Cherenkov é construida usando argumentos analiticos e seus parametros
sao obtidos de forma a descrever os chuveiros simulados. A parametrizacio resultante pode
ser utilizada na reconstrugao de chuveiros tanto por detectores de fluorescéncia como por
telescopios de imagem por Cherenkov atmosférico (IACT). No terceiro estudo, o conceito
de uma técnica para medir X,,,, usando IACTs é elaborado. Mostra-se que a técnica é
capaz de fornecer uma resolucao comparavel aquela de detectores de fluorescéncia, per-
mitindo estudos de composi¢do primaria em energias ao redor do joelho do espectro de
raios cosmicos. Por tltimo, o problema da descricao de interagoes hadronicas é visitado
no contexto do Observatorio CTA. Faz-se uma analise baseada em simulagdes para deter-
minar em que medida os parametros de imagem reconstruidos em IACs sao influenciados
por incertezas presentes em modelos de interagoes hadronicas. Em seguida, calcula-se a
incerteza sobre a curva estimada de sensibilidade do CTA devido a incertezas em modelos

hadrénicos.

Palavras-chave: Chuveiros atmosféricos extensos. Raios cdsmicos. Raios gamma de altas

energias.
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1 INTRODUCTION

A central goal in astroparticle physics is to understand the nature of the cosmic ra-
diation, including the environments in which astroparticles acquire energy or are emitted
and the fields through which they propagate and interact. From the experimental per-
spective, a major concern is to characterize the fluxes of cosmic particles with precision
and high statistics so that the measured data can help to constrain and select astrophys-
ical models. As the astroparticles arrive at Earth in different types and in a vast energy
range, several regimes of detection with different techniques are used to measure these
particles. In particular, the ultra-high-energy cosmic rays (E > 107 eV) and very-high-
energy gamma rays (E > 10'!' eV) can only be detected indirectly through the observation

of extensive air showers.

The extensive air showers are cascades of particles and radiation triggered by the
entrance of a cosmic particle in the atmosphere. Observable footprints of these cascades
carry information about the primary particle and allow ground-based detectors to explore
an energy window that would be inaccessible otherwise due to limited statistics. Although
reconstruction of the properties of the primary particle is viable, difficulties exist in this
process because a precise knowledge about the relations between shower observables and
the properties of the primary particle is mandatory. The current paradigm is to use Monte
Carlo simulations to connect shower observables with the characteristics of the primary
particle. Considering this scenario, this thesis uses simulations of extensive air showers to
build knowledge essential for experiments based on shower detection. In particular, this
work is strongly motivated by the study of ultra-high-energy cosmic rays at the Pierre
Auger Observatory and the astronomy made with very-high-energy gamma rays, mainly
in view of the forthcoming Cherenkov Telescope Array. Four independent contributions

are presented.

The first contribution is a study about the fluctuations of the depth at which an
extensive air shower reaches its maximum number of charged particles (Xyax). This vari-
able is subject to large fluctuations, reflecting the stochastic nature of particle interactions
in a shower. The X ., has been extensively used as an estimator of the mass composition
of cosmic rays in the ultra-high-energy regime. At the Pierre Auger Observatory, this pa-
rameter is being measured with unprecedented precision through fluorescence detectors,
allowing for X,,.. analyses using its entire distribution, rather than only its first and sec-
ond moments. The description of the distribution of X, in correlation with the primary
particle is necessary to derive the relative abundances of primary masses from measure-
ments. In this thesis, a search for the best functional form to describe the distributions of

Xinax is performed and a parametrization as a function of the primary energy and mass
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is presented.

A second contribution from this thesis is related to the radiation of Cherenkov
light from extensive air showers. The Cherenkov radiation is important for experiments
relying on detection of light from air showers as it contributes to the signal in both cosmic
ray and gamma-ray detectors. The precise description of the emission of Cherenkov light
from air showers allows for the development of improved reconstruction techniques. In this
thesis, a parametrization of the angular distribution of the Cherenkov light in air showers
is presented. This study comprises a single parametrization that works in a broad energy

interval and covers the entire angular range relevant for the detection of air showers.

In the third contribution, the ability of imaging telescopes to measure X,,.x is
investigated. This study, fruit of a collaboration, has as motivation to push the capabilites
of imaging telescopes as detectors of cosmic rays. A technique to measure X, is proposed
and its performance is investigated. In particular, the simulation procedure is detailed and

the obtained resolution, comparable to that of fluorescence detectors, is presented.

The fourth and final contribution is a search to better understand the interplay
between uncertainties in hadronic interactions and uncertainties associated with measure-
ments in ground-based gamma-ray observatories. In the first part of this study, imaging
telescopes are simulated using various combinations of hadronic interaction models and
the distributions of basic image parameters are derived. Discrepancies between results
from different models are quantified. This first study motivates the second part, in which
the estimated sensitivity of the Cherenkov Telescope Array is shown to be significantly de-
pendent on the model chosen to describe the hadronic interactions during the simulation

of extensive air showers.

This document is organized in two parts: Chapters 2, 3, and 4 review concepts that
motivate and permeate the results of this thesis; Chapters 5, 6, 7, and 8 are embodied
by the principal results. In particular, Chapter 2 outlines the field of ultra-high-energy
cosmic rays and puts the problem of determining the mass composition into perspective.
The Pierre Auger Observatory is detailed in this chapter. Following, Chapter 3 reviews
the field of astronomy with very-high-energy gamma rays and presents the concept of the
Cherenkov Telescope Array. Chapter 4, the last of the first part, discusses the physics of
extensive air showers and introduces the methods available to simulate them. The second
part starts in Chapter 5, in which the parametrization of X, distributions is presented.
Chapter 6 is dedicated to the studies on the emission of Cherenkov light from extensive
air showers. Next, Chapter 7 covers the measurement of X, using imaging telescopes.
In Chapter 8, hadronic interactions are investigated in the context of imaging telescopes.

Finally, some closing remarks are given in Chapter 9.
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2 ULTRA-HIGH-ENERGY COSMIC RAYS

Cosmic rays, in a comprehensive definition, are particles of any type carrying
enough energy to propagate from distant cosmic sources to Earth, where they can be
detected. These particles are observed in a broad energy range, including extreme values
of ~ 10?° eV, much beyond the highest achievable energy in human-made accelerators.
Regarding the composition, fully ionized nuclei are preponderant (> 99%) in the observed
flux. In the ultra-high-energy end of the spectrum (E > 10'7eV), the cosmic rays are
believed to be a product of the most energetic extragalactic environments. Thereby, the
motivation to detect and study the Ultra-High-Energy Cosmic Rays (UHECR) is related
to the quest to understand the Universe from a microscopic scale, in which the dynamics
of particle interactions are defined, to a macroscopic one, as particles propagate through

astronomical distances.

The fundamental problem in UHECR research is to find the origin of this radiation,
which requires describing both the acceleration of particles to extreme energies and the
propagation through galactic and extragalactic fields. From an experimental perspective,
three are the basic measurable quantities that can help to answer this question: the energy
spectrum, the arrival directions, and the mass composition of the primary radiation. It
is of interest in this thesis to understand the methods used to detect the UHECR, as it
motivates the contributions presented in Chapters 5 and 6, and to build knowledge about
the progress in the cosmic-ray physics. To this purpose, this chapter reviews the cosmic-
ray science and discusses the experimental methods of the Pierre Auger Observatory.
The discussion is organized as follows. In Section 2.1, an overview of the cosmic-ray
science is presented, first from a historical perspective describing the evolution of the
experimental techniques, and then the energy spectrum and the importance of measuring
the mass composition of UHECR are discussed. Later, in Section 2.2, the techniques
employed at the Pierre Auger Observatory are described, and a selection of important
measurements from this experiment are presented. Finally, some concluding remarks are

given in Section 2.3.

2.1 Overview of Cosmic-Ray Science
2.1.1 Historical perspective

The discovery of a radiation of cosmic origin did not happen until 1912, when the
Austrian physicist Victor Hess performed a series of balloon ascents carrying electroscopes
that led him to observe that the ionization of air at 5km of altitude is more than twice
that at sea level. In his own words, Hess concluded that these observations “seem to be

readily explained by the assumption that a radiation of very high penetrating power enters



24 Chapter 2 Ultra-High-Energy Cosmic Rays

our atmosphere from above, and still produces in the lowest layers a part of the ionization
observed”. (1-2) The discovery was immediately followed the problem of determining the
nature and the origin of this radiation. One of Hess’ flights, performed during a partial
solar eclipse, lead him to infer that the Sun was not a major source of this radiation,

showing the signal came from sources further in space. (3)

At first skeptical about Hess’ findings, between 1922 and 1923, Millikan reported
on a series of measurements of the ionization of air in which he found no evidence for
the cosmic radiation. (4) As pointed out by Hillas, this counterpoint to Hess’ results is
important, as it shows “that wrong conclusions can be readily drawn from cosmic-ray
experiments unchecked by different techniques or different physicists™ (2) Later on, in
1926, Millikan described measurements of the ionization in snow-fed lakes through which
he found unambiguous proof of a radiation traveling downwards, coming from outside the
Earth. (5) He deduced this radiation comprised very penetrating gamma rays with an
energy of about ~ 30 MeV, to which he referred as the cosmic rays, and also mistakenly
suggested as their origin the synthesis of elements from hydrogen in space. It is interesting
to see that the picture accepted was that of a very penetrating gamma ray entering the
atmosphere from above and losing part of its energy after successive elastic collisions in
air before reaching ground. The ionization observed was thought to be a consequence of

recoiling electrons after these collisions. (2)

In the 1930s, as the experimental techniques developed, the picture of a very pen-
etrating gamma ray able to reach the ground was steadily being replaced by that of a
cascade of secondary electrically charged particles started by a very energetic primary
cosmic ray interacting in the upper atmosphere. In particular, the use of Geiger-Miiller
counters arranged in coincidence allowed Bothe and Kolhorster to infer that the radiation
observed was of corpuscular nature. (2,6) The use of cloud chambers combined with elec-
tromagnets, on the other hand, allowed the discovery of the positron by Anderson (7) and
the observation of electron-positron pair creation by Blackett and Occhialini in 1933. (8)
Moreover, showers of particles emerging from metal plates were frequently observed in
the cloud chambers, for which a very plausible explanation had been elaborated: fast elec-
trons emit gamma rays, which induce electron-positron pair creation in the field of atomic
nuclei, and so on, with all particles moving in approximately the same direction. (2) The

scale of the cosmic-ray-induced showers, however, was not completely understood.

A very important contribution to the understanding of cosmic-ray-induced show-
ers was made by Pierre Auger and his group. Rolland Maze, working in Auger’s group,
improved the resolving time of coincidence circuits to 5 us. (9) This technique allowed
Auger to observe coincidence events with detectors separated by distances up to 300 m.
By noting that the rate of these events exceeded the chance rate expected from the re-

solving time of their circuit, they correctly concluded the observations should be due
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to extensive air showers induced by primary cosmic rays in the upper atmosphere. An
important conclusion presented by Auger in his report of 1939 was that these showers
would require a primary particle of at least 10'® €V to reach the particle content observed
at the ground. (10) This result extended the highest energy of the then known cosmic-
ray spectrum by several orders of magnitude as earlier estimates predicted energies of

~ 10GeV. (3)

During the 1940s and the 1950s, a race to measure the energy spectra, the mass
composition, the arrival directions of the cosmic radiation, and the properties of cosmic-
ray particles led physicists to devise several detection techniques, some of which are still
used in current observatories. A breakthrough was the pioneering work of John Linsley,
who started the operation of the first km2-scale array at the Volcano Ranch experiment
in 1959 (11) and, in 1963, published the first measurement of the cosmic-ray spectrum
at energies above 10 eV. (12) These measurements included an event of energy slightly
above 10%° eV, pushing again the limits of the known energy spectrum of cosmic rays.
Other km?-scale ground arrays whose operation started in the 1960s include the Haverah
Park experiment (13), the SUGAR (14), the AGASA (15), and, finally, the Yakutsk

array (16), which is still in operation.

The discovery of the Cosmic Microwave Background (CMB) radiation in 1965
brought an important implication to the astrophysics of UHECR. Soon after the first ob-
servation of the CMB, Greisen (17) and independently Zatsepin and Kuz'min (18) noted
that protons of energy higher than 4 x 10'? eV would interact with the 2.7 K background
photons and produce secondary pions, therefore losing energy and suppressing the ob-
served spectrum at energies higher than this threshold. It was also noted in these two
works that the process of photo-disintegration would suppress the incoming particle flux
at Earth even in scenarios in which the primary flux is dominated by nuclei heavier than
hydrogen. What is now known as the GZK effect, at the time of its proposal, became a
further motivation for the operation of large ground arrays. Before being confirmed by
the HiRes experiment (19) and the Pierre Auger Observatory (20), the existence of the
GZK suppression was a matter of tension between the results of the AGASA and the
Fly’s Eye observatories. (21-23) The Fly’s Eye observatory, later updated to become the

HiRes experiment, was the pioneer of the fluorescence-detection technique.

During the 1990s, James Cronin and Alan Watson formed a collaboration to plan
the construction of a major observatory with an area larger than 1000 km? that would help
to answer the long-standing questions in UHECR astrophysics. The tension between the
AGASA and the Fly’s Eye experiments acted as further motivation for the development
of a larger observatory, as a larger collection area would result in enough statistics to
unveil the spectrum at ultra-high energies. After a design study in 1995, a project was

developed for an observatory comprising two sites of 3000 km? collection areas, one in each
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hemisphere. Because of funding limitations, only the Pierre Auger Observatory (24), at the
southern hemisphere, was accomplished and is taking data since 2004. (3) Fortunately, the
AGASA and the HiRes collaborations joined efforts to construct an observatory with an
area of 700 km?, the Telescope Array (25), in the northern hemisphere. Both Pierre Auger
and Telescope Array observatories take advantage of technical developments and expertise
gained in the many previous experiments. The synergy between these two observatories
allow for a full-sky coverage in the ultra-high-energy range and for important crosschecks

between their measurements.

As of today, regarding the UHECR, many advances in understanding their nature
have been made after several experiments and, in particular, the construction and opera-
tion of the Pierre Auger Observatory. Indeed, the energy spectrum has been precisely mea-
sured (26) and important studies on the mass composition have been performed. (27-33)
Still, the origin of these particles remains an unsolved problem. Below, the energy spec-
trum of cosmic rays and the measurements of the primary mass composition at ultra-high

energies are discussed.

2.1.2  The energy spectrum

The energy spectrum of cosmic rays — the flux of particles arriving at Earth as a
function of its energy F — encompasses about eleven orders of magnitude, ranging from
few 109 eV up to 10%° V. Its shape can be roughly described by a power law: J(E) oc E~%.
The spectral index « is in the range a ~ 2.7-3.0 throughout the spectrum and changes
in a mark regions of different physical interpretation and carry information about the
acceleration, the propagation, and the sources of the cosmic radiation. A compilation of
measurements of the all-particle spectrum of cosmic rays, scaled by a factor of E??, is

shown in Figure 1.

Direct measurements of cosmic rays are possible at energies below 10'*eV. In
this energy range, the incoming particle flux is high enough for particle detectors (either
levitated to the upper atmosphere on board of balloons or placed in space satellites) to
collect enough statistics for the reconstruction of the spectrum of individual components.
It is accepted that most of these low-energy cosmic rays are of galactic origin, accelerated
at supernova remnants (SNR), and the approximately constant spectral index of the
observed spectrum is due to a combination of the spectrum of particles accelerated at
their sources and the effects of diffusion in the magnetic field of the galaxy. (35-36) High-
accuracy measurements, however, have recently shown that the spectrum of individual
elements cannot be described by a plain power law, but present some subtle spectral
features. (35,37-38)

A well-established feature of the cosmic-ray spectrum is the so-called knee: a steep-

ening of the all-particle flux at about 4 x 10* eV, which is clear in Figure 1. Although an
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Figure 1 — The all-particle cosmic ray spectrum as measured from several experiments.

Source: ENGEL; HECK; PIEROG (34)

explanation of the knee is still a matter of debate, its cause is probably connected to a
limitation of the maximum energy to which cosmic rays are accelerated in our galaxy. This
hypothesis predicts that the maximum energy of the accelerated protons causes a softening
in the observed all-particle spectrum, and the rigidity dependence of the acceleration pro-
cesses leads to the existence of subsequent, less pronounced knees. (38) The positions of the
cutoffs are expected to be proportional to the nuclear charge F..(Z) ~ Z-4.5PeV. (39) It
is also possible to explain the knee in terms of propagation effects, in which protons above
the knee can escape from the galaxy, thus leading to a steepening in the observed flux. The
leakage of heavier primaries, at energies above the knee, would also cause the existence
of secondary softenings. Both these complementary scenarios require the all-particle flux
to be dominated by protons at the knee with a trend towards heavier elements above it
and are supported by KASCADE data (40) and by observations of a second knee near
10'7eV. (41-44) The most notable experimental challenges to study the knee arise be-
cause at these energies, and above, the decreasing flux makes direct measurements hardly

attainable.
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Figure 2 — Comparison of the ultra-high energy cosmic-ray spectrum as measured by the
Pierre Auger (Auger) and the Telescope Array (TA) observatories.

Source: Adapted from AAB et al. (26)

At about 5 x 1018 eV, the observed flux suffers a hardening, a feature known as the
ankle of the spectrum. Despite the existence of the ankle being well established, its physical
origin is still not well explained. (45) The ankle has been first observed at the Volcano
Ranch experiment and, since then, a simple explanation is usually cast: it may be caused
by a transition from a galactic-dominant to an extragalactic-dominant origin of the cosmic
rays observed at Earth, in which the hardening corresponds to the onset of a proton flux
of extragalactic origin. (12,46) The extragalactic origin of the most energetic particles has
been recently supported by anisotropy studies at the Pierre Auger Observatory. (47-48)
However, the turning point from a galactic to an extragalactic dominated flux is still

undetermined and strongly correlated to the mass composition at ultra-high energies.

The flux above the ankle is so small that only giant arrays, such as the Pierre Auger
Observatory, can collect enough data to disentangle its spectral features. A comparison
of the flux of ultra-high energy cosmic rays as measured by the Pierre Auger Observatory
and the Telescope Array is detailed in Figure 2. Data from both observatories agree within
systematics in the energy range below 101 eV (49), confirming the existence of the second
knee around 10! eV and of the ankle at 5.0 x 1019 eV (4.9 x 10¥ ¢V) in Auger (Telescope
Array). At energies above the ankle, data from the Telescope Array is compatible with a
single power law up to 6.5 x 10'? ¢V, after which a suppression takes place. (50) This is
in contrast with the spectrum measured at the Pierre Auger Observatory, that exhibits a
softening at about 1.3 x 10 eV and a suppression at 5 x 102 eV. (26,51) It is important

to note that the discrepancies between the spectra above ~ 10 eV persist even after
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a rescaling of the measured energies to account for known systematic effects. (49) The

suppression of the cosmic-ray flux is, though, a well-established feature of the spectrum.

2.1.3 Astrophysical models and the importance of the mass composition

On general grounds, phenomenological models for UHECR have to deal with two
elements: i) the sources, including their distribution in space and time and the acceleration
mechanisms, and ii) the propagation, including energy losses and interactions. The level to
which parameters can be constrained and, importantly, to which models can be rejected,
strongly depends on the quality and the precision of the data they are confronted to.
Prior to the data from the Pierre Auger Observatory, there was a running paradigm that
provided a simple, however effective, explanation to UHECR based on a pure proton
composition. (45,52-53)

In the so-called dip model (52-53), the flux of UHECR is assumed to be of only
protons, which are accelerated at sources with a generic power-law injection o< E7%, where
the spectral index v, and a flux normalization are the only two free parameters. In this
case, the only relevant astrophysical background are the CMB photons, with which protons

can undergo the process of pair production
p+yoms = ptet e (2.1)
and of photo-pion production
p+yomB — p 470 (2.2)

Along with these two processes, adiabatic energy losses (red shift) due to the expansion of
the Universe are also important. Each of the two aforementioned interactions affects the
measured spectra in several ways. The photo-pion production process is responsible for a
suppression of the flux at Eqzx ~ 4x 10 eV, corresponding the GZK cutoff. Furthermore,
this process causes a bump in the flux towards smaller energies because of the pileup of
protons that had lost part of their energy. The signature from the pair-production process
is a dip in the measured spectrum between 1 x 10*® eV and 4 x 10! eV, and two flattenings:
one at £ ~ 1 x 10Y eV, reproducing the ankle, and a second at E ~ 1 x 10*® eV, related
to a transition from galactic to extragalactic cosmic rays. A fit to data predicts a value

of 7, = 2.7 for the acceleration at sources. (52)

A useful quantity to verify the effects of the dip model on the observed spectrum
is the so-called modification factor J(E) = J,(E)/Jumm(E), where J,(E) is the proton
spectrum considering all interactions and energy losses and Jyum(FE) is the unmodified
spectrum considering only the adiabatic energy losses. The theoretical predictions for
J(E) as computed in reference (38) compared to data from four experiments claiming a

pure proton composition are shown in Figure 3. It is seen from this figure that the dip
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model provides a very attractive explanation for the observed spectral features. This model
was supported by mass-composition data available in the early 2000s, in particular from
the HiRes (54-55) and the Yakutsk experiments (56), all in favor of a proton-dominated

composition at the highest energies.

Nevertheless, in view of the mass-composition measurements at the Pierre Auger
Observatory, the scenario of a pure-proton composition is strongly disfavored and the
previously running paradigm breaks down. (45,57) As discussed in Section 2.2.4, results
from the Pierre Auger Observatory are compatible with an increasingly heavier composi-
tion above the ankle. (27-33) Moreover, evidence has been found for a mixed composition
already at the ankle. (30)

In this new scenario, astrophysical models have to deal with additional degrees of
freedom describing the relative abundances of primary masses in the observed spectrum,
which still cannot be unambiguously resolved from data. Besides the processes of pair pro-
duction and photo-pion production, to which bound nucleons are also subject, nuclei can

interact with background photons in the intergalactic medium via photo-disintegration
A+~omBEsL — (A—B)+ B. (2.3)

Regarding the background photons, the Extragalactic Background Light (EBL) also comes
into play in the case of propagating nuclei. As a result, these interactions not only interfere
in the observed energy spectrum but also change the underlying mass composition of the

accelerated spectra.

In this sense, some models (57-60) have been proposed to accommodate the results
from the Pierre Auger Observatory. A common finding in these models, and here is a
turning point in the understanding about the sources, is that the increasingly heavier
composition towards the highest energies may be a sign of rigidity-dependent acceleration
mechanisms. This observation has two important consequences: the first is that protons
do not have to be accelerated up to ~ 102’ eV, but to some ~ 10'® eV, and the second
is that the suppression is not only a GZK effect but also relates to a limitation at the
sources. Moreover, it is argued that either a very hard spectrum at sources (7, ~ 1) (57)
or an enhanced proximity to ultra-high energy cosmic ray sources (60) is necessary to fit
the observed data.

Of particular interest is a study of the Pierre Auger Collaboration (61), recently
updated and discussed in reference (51), in which a combined fit of the energy spectrum
and of the depth of shower maximum X,., (see Section 4.1.3 for a description of X .x)
of UHECR as measured at the Pierre Auger Observatory is performed. An illustration of
this combined fit is found in Figure 4. These studies reassure that the spectral features
at ultra-high energies are reproduced by the envelope of individual elemental groups ac-

celerated with hard spectra by a mechanism with a single rigidity cutoff. The suppression
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Source: AAB et al. (61)



2.2 The Pierre Auger Observatory 33

at extreme energies is because of a combination of photo-disintegration of nuclei and a
source limitation. An important finding of reference (61) is that the theoretical uncertain-
ties related to the development of extensive air showers are, in general, much larger than

the statistical uncertainties on fit parameters.

In summary, the mass composition of the flux of UHECR observed at Earth is a
fundamental piece of information to understand the origin of these particles. The Pierre
Auger Observatory has already provided important results in this direction, with strong
implications for astrophysical models. Unfortunately, unambiguous data on the relative
abundances of primary masses are still not available, and their existence would provide a

strong constraint to astrophysical models by reducing the number of free parameters.

2.2 The Pierre Auger Observatory

The Pierre Auger Observatory (24) is the largest cosmic-ray experiment developed
to measure the properties and map the sources of the most energetic cosmic radiation.
It operates thanks to the efforts of over 400 scientists from 17 countries in a world-wide
collaboration. The observatory has been designed as a hybrid experiment, combining
surface detectors to measure shower particles at the ground and fluorescence detectors
to observe the longitudinal development of the air showers. The experiment is in the
city of Malargiie, Argentina, and has been taking data since 2004, before completing its
construction in 2008. Since then, the Pierre Auger Collaboration has published the most

precise data on the spectrum, the anisotropies, and the mass composition of the UHECR.

Bearing in mind the impossibility of describing such a complex facility and all
its achievements in the present thesis, below only the surface array and the fluorescence
detectors are presented and the reconstruction algorithms are discussed. These are the
principal instruments of the Pierre Auger Observatory. A brief discussion on the measure-
ments of the energy spectrum and the mass composition is elaborated. Emphasis will be

given towards aspects relevant to the subsequent chapters of this thesis.

2.2.1 The surface array

The surface array of the Pierre Auger Observatory is formed by 1660 surface-
detector stations spread over an area of ~ 3000 km? in a triangular grid of 1.5km separa-
tion, with 60 of those forming a smaller infill array with half the separation, covering an
area of 23.5km?. Each surface detector is a coated polyethylene tank of 3.6 m diameter
and 1.2m height filled with ultra-pure water. Three photomultiplier tubes are symmetri-
cally placed on the upper surface of the tank to collect the Cherenkov-light signal from
passaging shower particles. Additional components include solar panels and batteries to
provide energy to the electronics. A GPS receiver and its antenna are installed to allow for

event timing and communication with the central data-acquisition system. A schematic
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Figure 5 — Representation of the detectors of the Pierre Auger Observatory. Water-
Cherenkov surface detectors are shown as black dots. The blue lines delimit
the field of view of the six fluorescence detectors at each of the four baseline
stations: Morados, Leones, Coihueco, and Loma Amarilla. The field of view of
each HEAT telescope is shown in orange. The AERA system of radio detec-
tors is located in the light-blue area. Also shown are the positions of the laser
facilities (XLF, CLF, and BLF) for atmospheric monitoring as the red dots.

Source: AAB et al. (62)
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Figure 6 — Surface station at the Pierre Auger Observatory and indication of its main
components.

Source: ALLEKOTTE et al. (63)

view of a surface station is shown in Figure 6. As the operation of a surface station is
independent of weather or other external conditions, it can operate with a duty-cycle of
almost 100%. (63) The trigger chain of the surface array is such that showers with energy
above 3 x 10 eV are selected with 99% efficiency, with a rate of about 3 x 107° Hz. (64)

A shower can be effectively reconstructed from the surface array using timing and
signal information from stations triggered in coincidence. The geometry reconstruction
uses the start times of the signals at each triggered station ¢; to fit the expected values

ten(7;) from a shower front moving at the speed of light

— 2
2 [t — tan(T3)]
X =2 o (2.4)
i Ot;
where oy, are the estimated uncertainties in ¢; and #; are the detector positions. The
shape of the shower front is addressed in two different frameworks: it can be a front with

constant curvature (in the Herald reconstruction) or correspond to an inflating sphere
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with a fixed starting point (in the Observer reconstruction). The existence of two inde-
pendent reconstruction frameworks, Herald and Observer, is important as it allows for
cross-checking, validation, and the study of systematics. Both frameworks result in an
angular resolution better than 1.4° that improves with the increase of zenith angle and

energy. (65)

As for the shower size, a lateral distribution function S(r) is used to fit the total

signal on the triggered stations. In the general form, the lateral distribution function is

S(r) = Siooo * fLor(r), (2.5)

where S1gq is the shower-size estimator, corresponding to the expected signal at 1 km from
the shower core, so that the normalization fipr(1km) = 1 applies. This method of using
a shower-size estimator at a fixed distance to the shower core aims to minimize shower-
to-shower fluctuations of this quantity. Two functional forms are used for the function
fupr(r) in the different Herald and Observer reconstruction frameworks. In both, the
slopes of fipr(r) are parametrized in terms of Siggg and the zenith angle 6 of the shower
axis. A maximum-likelihood procedure is then adopted to get the position of the shower

core . and Siggo:

Inl = ZIDP (51000, fc|Sia fz) s (26)

where S; and Z; are the observed signal and the position of the i-th station. The func-
tion P (S1000, Zc|Si, ¥;) is such that it considers both the triggered stations and the non-

triggered stations where a signal would be expected. (65)

To estimate the primary energy, the dependence of S1ggo with the shower zenith an-
gle 6 is taken into account in terms of the Constant Intensity Cut (CIC) method. The CIC
method is an empirical procedure that considers the attenuation of the electromagnetic
part of the shower with atmospheric depth, which is proportional to sec 6. Effectively, the
shower-size estimator Siggg is converted to a zenith-independent estimator Ssg through
S1000(0) = Sss - fcic(6), where the attenuation factor foie(6), derived from observations,
is a polynomial in cos@ and fc1c(38°) = 1. Finally, a set of high-quality hybrid events,
reconstructed by both the fluorescence detectors and the surface array, is used to corre-
late S3g with the energy reconstructed by the fluorescence detectors Erp. This correlation,
shown in Figure 7, is well described by a power law: EFrp = A- (538)3 . This method results
in a systematical uncertainty of about 14% in the energy reconstruction from the surface
array above 10" eV. (26) A similar method was also developed for the estimation of the
primary energy in inclined showers (60° < 6 < 80°) based on the size estimator N9, which
is sensible to the muonic component. (66) Since the energy reconstructed by the ground
array is calibrated by the fluorescence detectors, uncertainties of the reconstruction with

the latter are automatically propagated to the energy estimated from the former.
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Figure 7 — Correlation between the shower-size estimator S3g and the energy recon-
structed by the fluorescence detectors Epp in a set of selected hybrid events.
The red line is a power-law fit described in text.

Source: AAB et al. (26)

2.2.2 The fluorescence detectors

The Pierre Auger Observatory comprises four stations of fluorescence detectors:
Coihueco, Loma Amarilla, Los Morados, and Los Leones, whose positions are depicted in
Figure 5. Each station includes six independent telescopes with a field of view of 30° x 30°
in azimuth and elevation, so that every station covers 180° in azimuth and the region from
0° to 30° in elevation. The combined field of view of the four stations overlooks the entire
surface array. An additional fifth station, the High Elevation Auger Telescopes (HEAT),
at the Coihueco site, has three telescopes observing elevation angles from 30° to 58°. The
HEAT, along with the infill array below its field of view, observe showers with energies
around and below 108 eV. (24)

The optical system of the telescopes combines a shutter, that is opened only when
conditions are appropriate for data taking, the aperture system, containing a filter and a
corrector lens, a large mirror, and a fast-timing camera. A schematic view of a fluorescence
telescope is shown in Figure 8. The filter at the aperture is aimed to absorb visible light
and transmit photons in the range from ~ 290 nm up to ~ 410 nm, within which most of
nitrogen-fluorescence light is emitted. (68) The mirror, built in segments, has a total area
of ~ 13m? and reflects light towards the camera, whose position lies in the focal surface
of the telescope. (67) The camera, aided by a sophisticated electronic- and software-

based trigger system, register shower candidates based on the time evolution on tracks of
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Figure 8 — Illustration of a fluorescence telescope at the Pierre Auger Observatory indi-
cating its main components.

Source: ABRAHAM et al. (67)

triggered pixels. Operation of the fluorescence detectors is done remotely, either at the
central data-acquisition room in Malargiie or from distant offices, and requires a group of
scientists to monitor atmospheric conditions, to calibrate the system, and to control the
data taking. Limitations imposed by external conditions, such as the moonlight and the

weather, impose a duty-cycle of about 14% to the fluorescence detectors.

An example of a shower track registered by the fluorescence detectors is shown in
the left plot of Figure 9. From the registered tracks, the longitudinal profile of a shower
is reconstructed in a two-step procedure. First, the time evolution of the signal is used to
perform a geometrical reconstruction and compute the direction of the shower axis. Sec-
ond, the signal amplitudes along the shower track are used to reconstruct the calorimetric

energy-deposit profile.

For the geometrical reconstruction, detailed in reference (69), a Shower-Detector
Plane (SDP) is defined as in Figure 10 according to the signal-weighted viewing directions
of the triggered pixels and the telescope position. Subsequently, the shower is assumed to

be a point-like source of isotropic light moving at the speed of light, for which the arrival
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Figure 9 — Example of a longitudinal profile reconstructed by the fluorescence detectors
at the Pierre Auger Observatory. Left: shower track observed in coincidence
at HEAT (upper) and Coihueco (lower) cameras. Colors represent the time
dependency of the signal, evolving from blue to red. Right: Reconstructed
longitudinal profile combining the signal from the two cameras. Also shown is
the fit to a Gaisser-Hillas function (red line) and the reconstructed depth of
shower maximum X, (pink dot).

Source: BELLIDO (31)

time of photons at the i-th triggered pixel is found to be

f =ty + 17 tan (XO;X> : (2.7)
C

where Rp is the smallest distance between the shower axis and the detector, ¢, is the time
at which the shower front passes through Rp, o is the angle between the horizontal and
the shower axis measured along the SDP, and ; is the viewing angle of the i-th pixel. The
parameters 1y, Rp, and yo completely specify the shower axis and are obtained by fitting
the data, possibly including additional timing information from the surface array. (67)
With this method, the shower axis can be reconstructed with an angular resolution of
0.6°. (67,70)

The reconstruction of longitudinal profiles is a more complicated procedure, as
it involves further insights about light emission from air showers and its transport in
the atmosphere. As an output, this procedure aims at obtaining the calorimetric energy-
deposit profile dE., /d X, illustrated in the right plot of Figure 9. The approach employed
at the Pierre Auger Observatory follows from the algorithm prescribed in reference (71),
in which the light produced at depth X; and reaching the aperture at time ¢; is the sum
of three contributions:

F1 CD CS
g =y O 4yl (2.8)
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Figure 10 — Illustration of the shower-detector plane and the geometrical shower recon-
struction of an extensive air shower in a fluorescence telescope.

Source: KUEMPEL; KAMPERT; RISSE (69)

(FD the

direct Cherenkov light yl-(CD), and the scattered Cherenkov light yfcs). Whereas the angular

distribution of fluorescence light at emission is isotropic, the production of Cherenkov

Namely, the contributions are from the direct (unscattered) fluorescence light y

light follows an intricate angular distribution that depends on the energy and angular
distributions of electrons in the air shower. In this sense, under the assumption that the
number of electrons in the air shower at depth X; is proportional to the energy deposit
per unit slant depth at this position w;, a parametrization of the angular distribution
of the emitted Cherenkov photons is used to compute yi(CD). In Chapter 6, a detailed
discussion on the emission of Cherenkov light from air showers is performed, and a novel

parametrization is presented.

Having reconstructed the longitudinal profile d E., /d X of a shower (shown as black
dots in Figure 9), the next step is to perform a fit to a Gaisser-Hillas function (72)

Xmax
dEcal X — XO A Xmax - X
= gy [0 Smax 72 ) 2.
dX Hma <)(max - XO) P ( A > ( 9)

where X .. is the depth of shower maximum, wy., is the energy deposit per unit slant

depth at X ., A describes the shower width and X is the virtual starting point of the
shower development. The calorimetric energy F.,;, corresponding to the energy deposited
by the shower in the atmosphere, is given by the track-length integral of the fitted lon-
gitudinal profile for which a simple closed form expression exists. (71) Finally, to get the
energy of the primary particle Ej, it is necessary to consider that a substantial fraction

€inv Of the primary energy is converted into the weakly interacting muons and neutrinos,
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and therefore is unnoticed by the fluorescence detectors. Accordingly, the primary energy

FEy relates to E., via

(1 — €inv) . EO = Ecal- (210)

In the Pierre Auger Observatory, a data-driven method is adopted to derive the value of

€inv- (73)

Typically, events registered by the fluorescence detectors at the Pierre Auger Ob-
servatory are dominated by the fluorescence yield, with a secondary contribution from
Cherenkov light, for which the reconstruction process just described applies. This is the
case for the most energetic events in which the shower core hits the array at several kilo-
meters from the fluorescence detectors and the angle between the shower axis and the
telescope viewing direction is large. In these showers, only the Cherenkov light emitted at
large angles (> 5°) from the shower direction is important and the scattered Cherenkov
light plays an important role. Recently, however, there has been a growing interest in less-
energetic events developing closer to the telescope cameras, whose signal is dominated by
direct Cherenkov light and the two reconstruction steps are reconciled in a single profile-
constrained geometry fit. (74-76) These analyses reaffirm the importance of the study
carried in Chapter 6 in the context of the Pierre Auger Observatory. Furthermore, the
reconstruction of Cherenkov-dominated events approaches fluorescence detectors to the
methods used in imaging Cherenkov detectors, such as those discussed in Chapter 3. Re-
sults published in reference (77), and discussed in Chapter 7, are also important in this
context as they show the longitudinal profiles observed via Cherenkov light do not follow

a Gaisser-Hillas function.

2.2.3 Measurements of the energy spectrum

Since its inception, the Pierre Auger Collaboration has published several measure-
ments of the energy spectrum in the range from 10'® eV up to 10?° eV using the surface
array and the fluorescence detectors. (20,26,66,79-80) The most recent measurement and
the newly discovered features of the ultra-high-energy spectrum were already discussed
in Section 2.1.2.

Recently, the observation of Cherenkov-dominated events has allowed for the ob-
servation of the spectrum down to energies of 3 x 10'%eV. (75) Along with measurements
from the infill array (81), it was possible to characterize the second knee in the spectrum
from the complementary, cross-calibrated measurements at the Pierre Auger Observatory.
A compilation of the most recent measurements from the different techniques is shown in

Figure 11.
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Figure 11 — Energy spectrum of cosmic rays measured at the Pierre Auger Observatory
using different techniques.

Source: VERZI (78)

2.2.4 Measurements of the mass composition

Extremely important to understand the nature of the UHECR, the primary com-
position has been studied in several analyses at the Pierre Auger Observatory. Typically,
the primary mass is inferred by comparing shower observables to Monte Carlo simulations.
This procedure carries large uncertainties, since models for hadronic interactions have to
be extrapolated to energies higher than those reached by particle colliders, at which their
parameters are constrained. Besides, the stochastic nature of air showers makes impossible
to infer the mass composition on a shower-by-shower basis. For the analysis of the primary
composition, the less model-dependent the theoretical prescription of an observable is and

the higher the quality of a data sample, the more accurate the analysis.

The most frequently used variable in mass-composition studies is the depth of
shower maximum X,,,,, whose average (X.x) and variance 0?(X,,.x) are sensible to the
distribution of primary masses (28,82) (see Chapter 4). Besides, as Xy,ax is mostly affected
by the electromagnetic component of the shower, uncertainties on X,,..-based analyses
are reduced compared to other analyses because of the small dependency on hadronic
interaction models. At the Pierre Auger Observatory, a set of fiducial volume cuts are
applied in the event selection to ensure the measured values of (X.x) and o(Xyax)
correspond to those of the real distribution (83-84), thus allowing for a direct comparison

to theoretical predictions.
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Figure 12 — Average and standard deviation of the X,,,, distributions as measured by the
fluorescence detectors at the Pierre Auger Observatory.

Source: YUSHKOV (33)

In Figure 12, a comparison between recent measurements of (X,.x) and o(Xpax)
to Monte Carlo predictions for energies above 10172 eV is presented. From the analysis of
(Xmax) alone (left plot), it is seen that there is a trend towards lighter elements as the
energy increases below the ankle (~ 10'3¢eV), and an increasingly heavier composition
from the ankle to the highest energies. The trend of o(Xax) (right plot) also shows the
composition becomes heavier as the energy increases. (27,33,84) Excellent agreement was
found with a method to estimate (Xp.x) based on the rise time of the signals at the
surface detectors, which allowed for an estimation of (Xy.x) up to 10%°eV with larger

samples than those available from the fluorescence detectors. (32,85)

Inferences on the primary mass composition based on X, were further performed
directly based on the measured X,,., distributions in references. (29,31) Such analyses,
in contrast to those based on mean and variance, allow for a quantitative estimate of
the relative abundances of primary masses. Indeed, in reference (31), the measured X«
distributions are used to fit the fractions of individual components based on parametriza-
tions of simulated X,.. distributions. The illustrative cases of the fractions of proton,
helium, nitrogen, and iron obtained in reference (31) are shown in Figure 13. Regarding
the theoretical predictions for X,,,, distributions, this type of analysis carries uncertain-
ties related to the hadronic interactions models and also to the functional form used to
parametrize the X, distributions. Studies on the description of X, distributions and

a novel set of parametrizations are discussed in Chapter 5.
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Figure 13 — Fitted fractions of primary masses from measured X,,,, distributions at the
Pierre Auger Observatory.

Source: BELLIDO (31)

2.3 Conclusion

In this chapter, some aspects of cosmic-ray research have been outlined and the
Pierre Auger Observatory, an instrument built to detect UHECR, has been presented.
From a historical perspective, it has been seen that the science of cosmic rays developed
around the fundamental question of determining the origin and nature of these parti-
cles. Although measurements have revealed the energy spectrum of these particles to
high precision, an unambiguous determination of their mass composition is lacking. This
information would strongly constrain theoretical models of cosmic-ray acceleration and
propagation. By looking at measurements from the Pierre Auger Observatory, it becomes
clear that the problem of determining the mass composition of UHECR is not only a
technical limitation, but is also limited by the capability of interpreting the observables

from extensive air showers.

In this sense, this thesis presents contributions in Chapters 5 and 6 that might

allow for an improved interpretation of the measurements of X,,., and an improved re-
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construction of this quantity. In view of the importance of X, to determining the mass
composition, results of this thesis ultimately contribute to solving the problem of deter-

mining the mass composition of UHECR.
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3 VERY-HIGH-ENERGY GAMMA-RAY ASTRONOMY

Photons of non-thermal origin are emitted within a broad wavelength range from
cosmic sources and travel through straight lines before they can be observed at Earth.
They act, therefore, as direct messengers from the physical processes within the radiat-
ing celestial object. Astronomy made with very-high-energy gamma rays, in particular,
is aimed at characterizing the morphology, the spectral energy distribution, and time
variability of sources of photons with energies exceeding some tens of GeV up to some
hundreds of TeV. It is a relatively new science, whose maturity has been reached with
the current generation of ground-based observatories, all in operation for less than two
decades. Prospects for this science are many. They range from the search for cosmic-ray
accelerators, a now century-long-standing problem, to the observation of dark matter, or
even tests of the validity of fundamental theories in extreme scenarios. These prospects be-
come even more interesting in face of the forthcoming Cherenkov Telescope Array (CTA),
a major observatory for very-high-energy gamma-ray astronomy. This observatory will
comprise the two largest arrays of imaging atmospheric Cherenkov telescopes (IACT)
ever built, one in the northern and one in the southern hemisphere. In order to explore
its full potential, the CTA will certainly require an improvement in the methods used to

reconstruct the primary fluxes through the observation of extensive air showers.

The operation of IACTs, both in current observatories and in the CTA, motivates
the studies of Chapters 6 and 7 of this thesis. Therefore, the present chapter is devoted to
review aspects of very-high-energy gamma-ray astronomy with emphasis on experimental
techniques, rather than focusing on the astrophysical aspects of the gamma-ray science.
The organization is as follows. Section 3.1 summarizes gamma-ray astronomy. It includes a
brief account for the historical development of gamma-ray astronomy, a discussion on the
imaging technique, and an outline of the known sources of very-high-energy gamma rays.
Following, Section 3.2 discusses what will be the CTA observatory once its construction
is finished. A selection of key science plans of the CTA project are also outlined in this
section. Some last words are given in Section 3.3 so to have a wider outlook of gamma-ray

astronomy in the context of this thesis.
3.1 Overview of gamma-ray astronomy

3.1.1 Historical perspective

Historically, the field of gamma-ray astronomy is closely tied to the physics of cos-
mic rays. (86-88) In the late 1940s and early 1950s, experiments in the upper atmosphere
established to no doubts that the primary flux of cosmic rays is mostly composed of pro-

tons, with a smaller contribution from heavier nuclei. (2) The discovery that most of the
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primary radiation is electrically charged turned out to be, in some sense, disappointing as
the direction of the incoming rays can not be traced back to their sources due to deflec-
tions in cosmic magnetic fields. At that time, it was also established that the abundant
radio signal from some astrophysical objects could not be associated to thermal emission,
but fit to the synchrotron radiation from cosmic-ray electrons in the surrounding magnetic
field (89), thereby connecting radio emission with possible cosmic-ray sources. The list of
known radio sources included the Crab Nebula, a supernova remnant. This gave support
to the previous thought (90) that supernovae are effective cosmic-ray accelerators within
the Galaxy. However, there were no clues on how to connect the acceleration of protons
and nuclei with signals from supernovae or other candidate sources. This changed in the
late 1950s, when ideas emerged suggesting that sources accelerating the bulk of cosmic
rays could be associated with the radiation of gamma rays. (91-92) These ideas have set
a powerful impetus to develop methods to observe very-high-energy gamma rays from

cosmic sources.

From the experimental side, developments were made already in the 1950s. Black-
ett estimated in 1948 that a fraction of about 10~* of the night-sky brightness should be
due to Cherenkov radiation from the general flux of cosmic rays. After getting in touch
with this idea in 1952, Galbraith and Jelley conjectured about the possibility of observing
Cherenkov-light flashes from extensive air showers and have set a rudimentary detector
(a single mirror to reflect light into a lone photomultiplier tube mounted on the inte-
rior of a garbage can) to catch the Cherenkov-light pulses from air showers. (93) They
could observe the light pulses in coincidence with an array of Geiger-Miiller counters,
thus directly correlating the signal at the telescope with the cosmic radiation. (94) To use
a telescope with small angular acceptance to detect gamma-ray showers was ideal since
most Cherenkov light is emitted within a small angular region (< 1.5°) around the shower
axis, thus allowing for the search of point-like sources. With a technique set and the mo-
tivation to search for cosmic-ray sources through gamma rays, many were the attempts in
these early days to correlate shower counts in excess of the background with the direction
of source candidates. Unfortunately, prior to the 1980s, even with somewhat more elab-
orated telescopes, no convincing detection of gamma-ray sources through ground-based

observations was made. (95)

In view of the difficulties faced by ground-based observatories, satellite-based de-
tectors appeared as a viable alternative for gamma-ray astronomy already in the 1970s as
they offer easier separation between gamma-rays and the overwhelming hadronic back-
ground. In 1972, a report on the results from instruments flew aboard the OSO-3 satellite
was published. (96) This report claimed the discovery of cosmic gamma rays with energies
above ~ 50 MeV, with the distribution of arrival directions revealing a clear enhancement
of emission in the Galactic plane region and the existence of a diffuse, isotropic compo-
nent of softer spectrum. Other three space missions, the SAS-2 (97-98), the COS-B (99),
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and the CGRO (100), were launched respectively in 1972, 1975, and 1991. The latter,
carrying the EGRET detector (101), operated through 1996. The EGRET could detect
gamma rays from 20 MeV up to 30 GeV and presented the first complete sky survey (102)
and an extensive catalogue (103) listing 271 distinct sources — some of these have been
found to be artifacts of the analysis. (102) These three missions were the predecessors of
the two gamma-ray missions currently in operation aboard spacecrafts: the AGILE (104),
launched in 2007, and the Fermi (105), launched in 2008. The AGILE is covering the
gamma-ray band between 30 MeV and 50 GeV. The Fermi mission, with its Large Area
Telescope (Fermi-LAT), is detecting gamma-rays in the range from 30 MeV to 300 GeV.
Significant advances were made in the high-energy gamma-ray regime (from some MeV
to some hundreds of GeV) with these two missions, with a wealth of sources being de-
tected. (106) Nevertheless, observations in the very-high-energy regime (above hundreds
of GeV) would only become possible through ground-based observatories with their large

effective collection areas.

Back in the 1960s, a project was set that resulted in a major achievement for
ground-based gamma-ray astronomy: the Whipple Observatory at Mt. Hopkins, led by T.
Weekes. This project comprised the deployment of a telescope with a 10-m multi-faceted
mirror and a science program with observations concentrated on the Crab Nebula. (107)
The Whipple telescope started operations in 1968 with a single 12.5 cm photomultiplier
tube on the mirror focus, which was later updated to two, offset by an angle of 2.4° to
allow for simultaneous observation of the on-source and off-source regions of the sky (108)
(known as the wobble mode (109), still used today). By 1972, after many nights of observa-
tion, no detection of point sources were made except an unconvincing (87) 3o excess from
the Crab nebula. (110) It was soon realized that an improvement in instrumental sensitiv-
ity to gamma-ray fluxes was necessary to achieve ground-based gamma-ray astronomy. To
circumvent this problem, K. Turver and T. Weekes proposed in 1978 a method to record
images from air showers using matrices of photomultiplier tubes, whereby a separation
between proton and gamma-ray events would be possible. (111) They also pointed out

that an array with four such telescopes would improve sensitivity even further. (112)

The imaging technique, pioneered by the Whipple collaboration in the 1980s, made
ground-based gamma-ray astronomy possible. For that, the 10-m Whipple telescope was
updated in 1983 with a pixelated camera comprising 37 photomultiplier tubes spaced by
0.5° in a hexagonal grid. (113) The camera was able to register images from the Cherenkov
light emitted by the air showers. Along with this instrumental improvement, came the
need for improved analysis techniques. To separate gamma-ray showers from the hadronic
background based on the shower images was necessary. First, a simple gamma-ray selec-
tion relying on the intensity of the signal in the two hottest pixels allowed for a 5.60
observation of the Crab Nebula, published in 1985. (114) Then, Hillas contributed im-

portantly in this direction. After performing detailed Monte Carlo simulations for the
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updated Whipple telescope, Hillas showed that each image could be parametrized accord-
ing to its position, orientation, and spread on the camera. Using simple cuts defining the
signal and background domains of the parameter distributions, the method would lead
to a reduction of ~ 98% on the protonic background while keeping about two-thirds of
the gamma-ray showers. (115) By 1989, the Whipple collaboration reported on a 9o de-
tection of TeV gamma rays from the Crab Nebula by relying on the imaging technique
and the Hillas parameters. (113) This was the first statistically significant detection of a
gamma-ray source using a ground-based detector. After that, the Whipple telescope was
equipped with a high-resolution camera of 109 pixels (116) which, along with a new data-
based method for gamma-hadron discrimination using Hillas parameters (117), allowed
for a 45.50 observation of the Crab Nebula in 1991 (118), which highlighted the power of
the imaging technique. At this point, ground-based gamma-ray astronomy at very-high

energies was already a reality.

More sources would become known in the following years. After the success with
the Crab Nebula, the Whipple Observatory performed campaigns in the 1990s to search for
extragalactic objects. (119-120) Started in 1992, a campaign looking for blazars with small
redshifts listed by the EGRET satellite resulted in the first detection of an extragalactic
very-high-energy gamma-ray source: the nearby galaxy Markarian 421. (121) As sources
farther away were not detected in this campaign, Punch et al. noted when reporting
the discovery of the Markarian 421 that it has provided experimental evidence that TeV
photons are strongly absorbed due to the interaction with the extragalactic background
light. (121) Moreover, very-high-energy gamma-ray astronomy with extragalactic objects
has been proven to be possible after this detection. As of 1995, a search for nearby
blazars was started in which the second extragalactic TeV gamma-ray emitter was found:
the Markarian 501. (122) According to Catanese et al. (119), as the Markarian 501 “was
not identified in EGRET catalogs as a significant source, it highlighted the ability of
ground-based gamma-ray telescopes to complement not only the results of the space-
based gamma-ray telescopes, but also to augment them.” From this point on, several
observatories had studied and developed even further the experimental techniques. Among
those, the successful application of the stereoscopic technique at the HEGRA observatory

was a major achievement.

The Cherenkov-telescope array at the HEGRA site, on La Palma, Canary Islands,
operated with five telescopes composing a single stereoscopic detector through 1998. Four
of the telescopes were deployed at the corners of a 100m square, with the fifth at its
center. Each telescope comprised a multi-mirror reflector with an area of 8.5m? (corre-
sponding to an aperture of 3.3m) and a 271-pixel camera. (123-124) Despite previous
attempts from other observatories to implement the observation with multiple Cherenkov
telescopes (125-128), the HEGRA array was the first to find the optimal configuration
(through Monte Carlo simulations) and reach improved sensitivity. (129-130) An array-
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based trigger ensured that events at HEGRA were registered simultaneously by multiple
telescopes and the combination of images allowed not only for an improved gamma-
hadron separation but also improved angular resolution compared to single-telescope ob-
servations. (131) The HEGRA array confirmed and improved measurements of sources
already detected, as well as discovered new sources of very high-energy gamma rays.
Namely, the HEGRA discovered the supernova remnant Cassiopeia A (132), the radio
galaxy M87 (133), and an unidentified source near Cygnus. (134) Beyond these important
results, the HEGRA served as a prototype to prove the capabilities of the stereoscopic
technique and paved the way for the technique used in the current generation of imaging

telescopes.

In 2002, the operation of the Cherenkov-telescope system at HEGRA was ended
in favor of the execution of two major projects: the H.E.S.S.* (135-137), fully operational
since 2003, and the MAGICT (138-139), operating since 2004. Likewise, the Whipple
collaboration started the VERITAS* (140-141) project, whose operation started in 2007.
These three stereoscopic systems, comprising two (MAGIC), four (VERITAS), and five
(H.E.S.S.) imaging telescopes, as shown in Figures 14, 15, and 16, are the main gamma-
ray observatories in the GeV to TeV range operating today. Apart from those, a totally
different technique based on the observation of air showers through high-altitude arrays
of particle detectors has been successfully implemented at the HAWCS observatory. (142)
As opposed to the imaging telescopes, which require clear, dark nights to operate, a
ground-based particle array allows for a duty cycle of about 100% with a wide angular
acceptance. (143) Observing the sky since 2015, the HAWC has already published a large
catalog with new sources (144) and its operation is in synergy with the imaging systems,

from which combined analyses can be derived. (145-146)

With the operation of the current generation of observatories, about one new source
was detected every month (129) and the TeVCat (151) lists 229 TeV gamma-ray sources in
its catalog¥ as of Jan. 2021. An illustrative representation of the development of gamma-
ray astronomy in the past 30 years is shown as a kifune plot (152) in Figure 17. This
plot shows the evolution on the number of gamma-ray sources detected by ground-based
instruments (red) compared to the number of gamma-ray sources detected by experiments
in satellites (blue), and to the number of sources detected in X-ray (green). The number
of sources seen by ground-based detectors has jumped from 1 to 229 in only 30 years.
A sky map with known TeV gamma-ray sources is shown in Figure 18, in which the

galactic plane is seen to be densely populated. Beyond discovering numerous sources,
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Figure 14 — The MAGIC gamma-ray observatory.

Source: THE MAGIC TELESCOPES (147)

Figure 15 — The VERITAS gamma-ray observatory.

Source: VERITAS: Very Energetic Radiation Imaging Telescope Array System (148)

Figure 16 — The H.E.S.S. gamma-ray observatory.

Source: THE HIGH ENERGY STEREOSCOPIC SYSTEM (149)
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measurements from the current generation of observatories allowed for precise studies
of the morphology of extended gamma-ray emitters and precise characterization of their

energy spectrum.

As a now well-founded science (153-154), the very-high-energy gamma-ray astron-
omy still pursues its initial aim of finding cosmic-ray accelerators and signals from their
interactions with background photon fields during propagation. (155-156) Nevertheless,
this science has grown to include a much more broad range of topics such as tests of funda-
mental physics (157), the search for dark-matter signals (158), indirect measurements of
extragalactic photon backgrounds (159), and the understanding of high-energy astrophys-
ical phenomena. (160) Moreover, the evolution of this science entailed the development of
complex apparatus which allow for other studies such as the measurement of cosmic-ray
fluxes and its mass composition. (161-162) In view of these objectives, the deployment of
a new generation of observatories with even higher sensitivity is in the short-term time
horizon. (163-164) A world-wide collaboration has been formed to design and construct

the Cherenkov Telescope Array (CTA) which, by inheriting the expertise from previous
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Figure 18 — Sky map with gamma-ray sources detected by ground-based instruments.

Source: WAKELY; HORAN (151)

experiments, will lead gamma-ray observations in the range from 30 GeV up to 300 TeV
by combining different sizes of imaging telescopes. The CTA project and its status are

described in more details in Section 3.2.

3.1.2 The imaging technique

The imaging technique is a central aspect of ground-based gamma-ray astronomy
as historically, and presently, it is at the foundation of ground-based gamma-ray astron-
omy. The method, for which a detailed description can be found in references (165-166),

is outlined in this section.

An imaging telescope for ground-based gamma-ray astronomy has two main com-
ponents: a large reflector and a fast-timing camera (165), as illustrated in Figure 19. The
reflector is typically a multi-faceted mirror of area A, mounted in a dish in either a
parabolic (139) or Davies-Cotton (135,140) optical design, although prototypes with two
reflectors are currently being tested. (168) On the mirror focus lies the telescope camera
comprising either a hexagonal or square matrix of juxtaposed pixels. Each pixel has a
light-collecting cone that drives photons coming from a small angular region €2, in the
sky to a light-sensible element in which photons are converted into an electronic signal.
The whole system efficiency for photon conversion € results from the product of the mirror
reflectivity and the quantum efficiency of the camera. When triggered by a shower, the
signal on the camera is integrated over a time window 7 of some nanoseconds. In such an

instrument, the signal-to-noise ratio S is roughly

€Ay,
\/ 1
S o O , (3.1)




3.1 Overview of gamma-ray astronomy 55

Figure 19 — Depiction of a generic IACT, illustrating its mirror (in gray) and its camera.

Source: ACHARYA et al. (167)

which is inversely proportional to the lower energy detection threshold. (165) Therefore,
imaging telescopes for gamma-ray astronomy rely on large reflective surfaces and rather
small pixel sizes (< 0.1°) to resolve shower images. Typically combining hundreds to
thousands of pixels, an imaging telescope has a field of view of about some degrees (= 5°).
The integration time 7 has to be minimized, but considering it has to be enough to collect
all light from a shower. (140, 169)

A sketch of the process of imaging a shower is shown in Figure 20. The figure shows
that initially a shower grows in size as it penetrates into the atmosphere, then reaches a
maximum and decreases before finally being absorbed. The lateral spread of particles also
increases as a shower develops. As the charged particles continuously radiate Cherenkov
light, photons emitted at different altitudes and distances to the shower axis reach the
camera at unique positions to compose an image. The topology of the image is, therefore,
a consequence of the distribution of charged particles, which varies from shower to shower
and depends on the properties of the primary particle. Notably, images from gamma-ray
showers are typically distinct from those resulting from hadronic showers, as illustrated in
Figure 21. Indeed, gamma-ray showers produce images of approximately elliptical shapes,
while hadronic showers typically result in erratic patterns in the camera. Apart from the
properties of the primary particle (type, incoming direction, and energy), the image of
a shower varies according to the impact parameter (distance between the telescope and
the shower core) and the observation angle (between the shower axis and the pointing

direction of the telescope).



56 Chapter 3 Very-high-energy gamma-ray astronomy

Image on the focal plane

i Shower image

Shower direction

Focal plane (camera)

Segmented mirror telescope

Figure 20 — Illustration of the imaging technique for ground-based gamma-ray astronomy.
The spacial distribution of Cherenkov-light emission is shown in blue, in the
left part of the figure. The image reflected by the mirror (in black) is shwon
in the top-right corner.

Source: VOLK; BERNLOHR (166)

Stereoscopic systems rely on the observation of showers simultaneously by dif-
ferent telescopes, thus allowing for the reconstruction of the primary particle from a
combination of multiple images. For instance, the intersection of the major axes from
elliptical images of gamma-ray showers at different telescopes reconstruct the incoming
direction of the primary particle, as illustrated in Figure 22. The image analysis is used
to classify events as hadronic or gamma-ray showers, allowing to decimate the number
of background events. For spectral analysis of sources, shower images are also used to
reconstruct the primary gamma-ray energies. Generically, images are processed in two
steps: first, an image-cleaning procedure is performed by selecting a set of adjacent pixels
whose signal is dominated by Cherenkov light rather than the night-sky background light;
then, the cleaned images are subject to some reconstruction algorithm used to determine
the primary particle type, direction, and energy. Several algorithms are available for the
image analysis process, some of which are described below. These methods, although
independent, can be combined in multi-variate analyses which allow for an improved

characterization of the primary particle. (170)

Hillas parameters

This approach, introduced by Hillas (115) and discussed in references (113,165,

172), build on the fact that gamma-ray showers produce images on the camera that are
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Figure 21 — Illustration of the differences between images of gamma-ray and hadronic
showers. Left: 1.0 TeV gamma-ray shower. Right: 2.6 TeV proton shower.

Source: VOLK; BERNLOHR (166)

close to an ellipse, in contrast to images from hadronic showers. Therefore, an image can
be parametrized in terms of its length, width, orientation, and position on the camera.
This parametrization is illustrated in Figure 23. In stereoscopic analysis, different images
are combined according to the number of triggered telescopes to get the mean-scaled

parameters. (171)

Typically, analyses based on Hillas parameters perform the geometrical reconstruc-
tion of a shower according to the intersection of the major axes from each image, as illus-
trated in Figure 22. A first step for background reduction comprises the comparison of the
mean-scaled image parameters with distributions known a priori, either entirely derived
from Monte Carlo simulations or using off-source observations from which the distribution
of parameters from the background can be obtained. (171) Statistical methods, typically
based on machine learning algorithms (173), are used to classify showers as gamma-ray-
induced or hadronic-induced on a shower-by-shower basis. This selection results in an
efficiency e, for selecting gamma-ray showers and a fraction ¢, of surviving background
events, for which a quality factor @ = €,/ /€, of about @ ~ 400 is obtained. (165) How-
ever, electron-induced showers can not be distinguished from gamma-ray showers solely

based on the Hillas parameters. (174) To further improve the selection efficiency, a reduc-
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Figure 22 — Depiction of the stereoscopic method in the reconstruction of the shower
arrival direction. Left: four telescopes detect independent images. Right: the
arrival direction can be determined by the intersection of the major axes of
indivitual images.

Source: VOLK; BERNLOHR (166)
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Figure 23 — Illustration of the paramerization of shower images according to shape, posi-
tion, and orientation.

Source: AHARONIAN et al. (171)
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tion of the background is achieved based on the distributions of the offset angle between

the reconstructed shower direction and the source location (angle © in Figure 23). (171)

As for the primary energy reconstruction, this method requires further analysis
of the image size on the different telescopes in correlation with the impact parameter
and the arrival direction of the shower. Simulations of air showers based on Monte Carlo

methods are required for this purpose. (87)

Template-based analysis

The method based on shower-image templates was developed by the CATI col-
laboration as an alternative to the Hillas-parameters-based reconstruction. (175) It relies
on the modeling of the average Cherenkov-light emission profiles from air showers and
the computation of the expected images as a function of the primary gamma-ray energy
E., the impact parameter D, and the two angles defining the shower direction (6, ¢). A
likelihood function is built to compare actual measured images to those expected from the
model. The maximization of this likelihood function allows to reconstruct the shower pa-
rameters £, D, 6, and ¢. Moreover, the classification of gamma-ray events and rejection
of the background can be performed according to the maximized value of the likelihood
function. The original method has been updated in reference (176) and, more recently, a
method entirely based on the simulation of the average images (rather than parametrizing

the shower behavior) was developed. (177)

3D reconstruction

A method similar to the template-based analysis was proposed in references. (178
179) This model assumes that a gamma-ray shower can be modelled by a three-dimensional
gaussian photosphere, whose transverse width is characterized by a parameter o and the
longitudinal development by oy, termed the 3D-width and 3D-length, respectively. Addi-
tional parameters of this model are the shower barycentre B, corresponding to the depth
of shower maximum, the position of the impact point given by the coordinates zy and yy,
the polar angles of the shower direction 6§y and ¢g, and the total number N, of Cherenkov

photons emitted by the shower.

To reconstruct the shower parameters, a function I(6) describing the angular distri-
bution of Cherenkov photons emitted by the shower is proposed. In the original work (178),
the following simple parametrization is used
K Jif 0 <n,
1(0) = « - ' (3.2)
(n/0)exp (=%51) if0 >,
where K = 1/(97n?) and = 15 mrad v/cos £ depends on the zenith angle £ of the shower

direction. An integral over the line of sight of each pixel in each telescope allows to com-

I Cherenkov Array at Themis
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pute the expected signal in terms of the model parameters. To get the best parameters
describing a measured shower, a likelihood function is built and maximized by varying
the free parameters from which the shower geometry and the primary energy are recon-
structed. The fitted parameters allow for a gamma-hadron discrimination analogous to

the Hillas-parameters-based analysis.

In view of the simulations of the function I(6) presented in Chapter 6, Equation 3.2
is seen to be oversimplified. Indeed, the alternative description of I(#) presented in Chap-
ter 6 largely improves the description of the angular distribution of Cherenkov light in air

showers and can be employed in such class of reconstruction algorithms.

Machine learning algorithms

The idea to use artificial neural networks for pattern recognition in Cherenkov-
imaging telescopes was already present in the early 1990s, soon after the development
of the imaging technique. (116) However, only recently enough computational power be-
came available for the application of such complex algorithms. Still premature, these
methods (180-182) can perform a pixel-wise analysis of the images, after being trained by
a controlled data set, and promise an improvement in the extraction of relevant features

from the detected showers.

3.1.3 Known gamma-ray sources

Many types of very-high-energy gamma-ray sources have already been detected by
the current generation of Cherenkov-telescope arrays, including galactic and extragalactic
ones. A well-organized catalog of these sources is maintained by S. Wakely and D. Horan
in the TeVCat. (151) A summary of the 229 sources listed by the TeVCat is shown in

Table 1. Below, the most abundant types of known sources are briefly discussed.

Supernova remnants

Once the elements that release energy through nuclear-fusion processes within the
core of a massive star become unavailable, the star collapses under its own gravitational
pressure and gives rise to a supernova explosion. (129) The explosion ejects material
from the outer shells of the star, forming an expanding supernova remnant (SNR); the
collapsed star itself becomes a dense object such as a neutron star or possibly a black
hole. As the expanding ejecta interacts with the interstellar medium, diffusive acceleration
processes (183-184) take place and result in a population of particles with relativistic
energies. These particles, in their turn, interact with the ambient magnetic fields, the
ambient photon fields, and matter to produce non-thermal radiation, including gamma
rays. (153)

The importance of SNRs to cosmic-ray physics is central as the standard model of

galactic cosmic rays predicts the bulk of particles at least up to ~ 10! eV are accelerated
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Table 1 — Summary of TeV gamma ray sources listed by the TeVCat (151) as of Jan. 2021.

Location Classification Number
Pulsars 4
Pulsar-wind nebulae 34
Supernova remnants Shell-like 14
Molecular clouds 10
Galactic . Composite 2
Binary systems 11
TeV halo 3
Massive star clusters 3
Super bubble 2
Globular clusters 1
Bl Lac 63
Blazar FR-1 4
Active galatic nuclei FSRQ 8
Extragalactic Unknown type 3
Unknown type 2
Gamma-ray bursts 4
Starburst galaxy 2
Unidentified 59
Total 229

Source: By the author

in this type of object. An important question, therefore, is whether the signal of TeV
gamma-rays from SNRs can be correlated to hadronic processes in its ambient. So far, no

definitive solution has been given. (153)

Typically, SNRs are observed as extended objects, and their morphology in gamma-
rays can be reconstructed from observations in ground-based detectors. A sub-classification
of SNRs is commonly given according to their morphology (shell-like structure) and the

ambient in which they expand (possibly within dense molecular clouds).

Pulsars and pulsar-wind nebulae

Pulsars are rapidly rotating and highly magnetized neutron stars created after a
supernova explosion. Being so, they can accelerate electrons to very-high energies which,
submerged in the intense magnetic field, emit non-thermal radiation at all wavelengths
carrying the periodic signature from the rotating star. Sometimes, pulsars are accompa-
nied by an extended wind of energetic electrons carrying most of its rotational energy,

in which very-high-energy radiation is also emitted. Such extended objects are known
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as the pulsar-wind nebulae (PWNe). (185) Only four pulsars have been observed by
ground-based observatories to date: the Crab pulsar (186-187), the Vela pulsar (188), the
Geminga pulsar (189), and PSR B1706-44. (190) PWNe, on the other hand, are the most
abundant class of known TeV gamma-ray emitters in the Galaxy, with 34 being listed in
the TeVCat, including the Crab, the Vela, and the Geminga nebulae. A large fraction of
PWNe became known after the 10-year sky survey performed by H.E.S.S. (191), in which
14 sources were firmly identified as PWNe. (192)

Binary systems

A binary system is typically composed of a massive star rotating around a denser
object, such as a pulsar or a black hole. The accretion of matter in one companion of such
systems is a source of high-energy particles that can radiate gamma rays by interacting
with the ambient in which they are accelerated. (129) Indeed, the radiation of gamma-
rays is expected to occur either in microquasars, in which a jet is formed due to the
accretion of matter in a black hole, or in a scenario of shock between a pulsar wind and
a stellar wind. (153) As an example, the n-Carinae system has been recently observed by
H.E.S.S.. (193) Another interesting example is the binary system SR J203244127, whose
orbit has a period of ~ 50 years and has been detected in the TeV range during its
periastron in 2017 by MAGIC and VERITAS. (194) Apart from these two, other nine

binary systems have been observed in the very-high-energy range.

Galactic centre

The whole galactic plane contains many sources of TeV gamma rays. (191) In par-
ticular, a diffuse gamma-ray emission has been observed within a region of 200 pc in the
Galactic Centre (GC) and seen to be compatible with the signal expected from propaga-
tion of cosmic-ray protons and nuclei. (195) More recently, the H.E.S.S. collaboration has
published a very precise measurement of the TeV gamma-ray flux from the GC in which
evidence for an accelerator of PeV cosmic rays within the central 10 pc of the Galaxy has
been found. (196) This is an interesting discovery as a suspected supermassive black hole
lies at the dynamical center of the Galaxy and can be responsible for the acceleration of

cosmic rays up to PeV energies. (153,196-197)

Extragalactic sources: active galactic nuclei

Active Galactic Nuclei (AGN) is the most common type of extragalactic TeV
gamma-ray sources detected so far. AGNs are characterized by jets of highly collimated
relativistic outflows powered by the accretion of matter in a supermassive black hole. (129)
Different types of AGN exist and are classified according to the spectra of radio emission,
optical emission, and the orientation of the jet. (185) Among all classes, blazars (AGNs
with a jet toward the observer) are the most common type seen in very-high-energy

gamma rays. (151) Examples of blazars detected in very-high-energy gamma rays include
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the Markarian 421 (121) and the Markarian 501. (122) The radiation from blazars is
characterized by strong variability and flaring activity, which has been observed in very-

high-energy gamma radiation. (198-199)

Starburst galaxies

Two galaxies without activity in the center have been observed in the very-high-
energy gamma-ray band. (200-201) This type of galaxy is believed to have a very-high
rate of star formation, which results in a high rate of supernova explosions. Therefore,
starburst galaxies probably are efficient cosmic-ray accelerators. Interaction of those with

the interstellar gas densities may lead to pionic emission of gamma-rays. (153)

Transient emission: the gamma-ray bursts

Gamma-ray bursts (GRBs) are unpredictable extragalactic events in which a flare
of gamma-rays is emitted for a short period. Although GRBs were copiously detected in
space-based detectors (202) in the high-energy range, the observation of such transient
phenomena in ground-based detectors is difficult because of their limited field of view
(typically < 5°) and the time required (of few seconds) to point the telescopes in follow-up
observations. The origin of this phenomenon is not known and all current observatories
have programs to detect this type of source. (203-206) A total four GRBs have been

detected so far by ground-based observatories.

3.2 The Cherenkov Telescope Array

The Cherenkov Telescope Array (CTA) is a world-wide effort to design, construct,
and operate the next generation of IACT observatories. The concept (167) permeating
the CTA project aims at a) providing an instrument that technically outperforms current
observatories and b) realizing an open observatory for very-high-energy gamma-ray as-
tronomy. CTA, from its design to construction and operation, builds upon the expertise
gained by different collaborations in current and previous IACT observatories, and its
complexity is such that a wide-world collaboration with over 1500 scientists are working
towards its implementation. Below, some conceptual aspects of the CTA are presented.

Then, an overview of its scientific program is discussed.

3.2.1 Description of the experiment

As an open observatory, CTA will gather data from observation time dedicated
to its key science projects (206), but will also receive proposals for observations from the
external community, which will be selected competitively. The open-observatory concept
foresees that all data from the CTA will be made publicly available. This concept will
allow a larger community to benefit from the CTA with the potential of resulting in a

large scientific output. (207)
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Figure 24 — Performance of the CTA in comparison to current observatories. Differential
flux sensitivity (left) and angular resolution (right) are shown as a function
of the reconstructed gamma-ray energy.

Source: CHERENKOV TELESCOPE ARRAY OBSERVATORY (208)

From the technical side, the performance goals of the CTA require a major im-
provement when compared to previous observatories. Mainly, it is expected to broaden
the energy range covered by current IACT systems, to improve the differential sensitiv-
ity, and to improve the angular resolution. To achieve these goals, two observatories will
be constructed: CTA-South, in Paranal, Chile, and CTA-North, in La Palma, Canary
Islands. The expected overall performance of the CTA is summarized in Figure 24, in
which the differential sensitivity and angular resolution are plotted compared to the cur-
rent ground-based gamma-ray observatories. The broad energy range covered by CTA will
cause a desired overlap with other types of instruments: satellite-based, on the low-energy

range, and particle-detector ground arrays at TeV energies.

To cover the energy range from 30 GeV to 300 TeV, three types of telescopes will be
deployed in the CTA. Low-energy showers (E < 100 GeV) will be detected by Large-Sized
Telescopes (LST), comprising large photon-collection areas to detect the faint Cherenkov-
light from the least energetic showers efficiently. In this energy range, only a few telescopes
are required to reach the expected sensitivity of the CTA. As the energy increases, tele-
scope sizes can be made smaller, as showers become brighter, while the effective area
covered by the telescopes must increase to counterbalance the effect of a decreasing flux.
Indeed, in the core energy range (0.1 TeV< E < 10TeV), arrays with some Middle-Sized
Telescopes (MST), similar to those of current systems, will operate. At the highest ener-

gies, many Small-Sized Telescopes (SST) will be deployed.
The two arrays, CTA-South and CTA-North, will differ in layout. CTA-South will

be the largest array of the two. It will comprise all three of the aforementioned telescope
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Figure 25 — Baseline design for the CTA north (left) and south (right) arrays.

Source: CHERENKOV TELESCOPE ARRAY OBSERVATORY (208)

types: four LSTs, 25 MSTs, and 70 SSTs, in a total of 99 telescopes. CTA-North, on the
other hand, will have four LSTs and 15 MSTs, but no SSTs. The baseline layouts of the two
arrays are illustrated in Figure 25. By combining observations from the two arrays, the
CTA will have full-sky coverage and will be able to perform the first extragalactic survey

and improve the understanding of the galactic centre through a precise galactic-plane
survey. (209)

Technology for the three types of telescope is already being prototyped by distinct
groups. The prototypes are illustrated in Figure 26. Construction of the first LST pro-
totype was completed in 2018 on-site, in La Palma. This telescope has a large parabolic
mirror of 23 m diameter, a camera with 1855 pixels, and a field of view of 4.5°. (210) Two
prototypes exist for the MSTs: one with a single Davies-Cotton-design (DC) mirror, and
the alternative Schwarzschild-Couder Telescope (SCT). The DC prototype has a 11.5m
diameter mirror, a camera with ~ 1800 pixels and a wide field of view of 7.5°. The SCT
prototype, on the other hand, combines two mirrors in its optical system, a very-pixelated
camera with 11328 silicon-photomultipler pixels, and a field of view of 7.6°. (168,211) Fi-
nally, regarding the SSTs, three prototypes were tested (212-214) and a final design has
been proposed taking into account the experience from all projects. This final design will
comprise a dual-mirror telescope with a primary reflector of 4.3 m diameter, a camera
with 2368 pixels, and a total field of view of 10.5°.

With its construction currently under way, the CTA works as a very active collabo-
ration producing technologies, studying scientific prospects, and developing analysis tech-
niques. Moreover, the CTA has an outreach program to reach people outside the scientific

community. (208) Regarding the analysis techniques for the CTA, the Analysis and Simu-
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Figure 26 — Prototypes of CTA telescopes. Top: the large-size telescope. Middle left:
the Davies-Cotton designed mid-sized telescope. Middle right: the dual
mirror Schwarzschild-Couder mid-sized telescope. Bottom: the dual mirror
Schwarzschild-Couder small sized telescope.

Source: CHERENKOV TELESCOPE ARRAY OBSERVATORY (208)



3.2 The Cherenkov Telescope Array 67

lation Working Group (ASWG) is actively developing a framework, the CTAPIPE (215), to
incorporate all parts of the low-level data processing, from the processing of raw shower
images to the shower reconstruction. Working together with the ASWG, the present au-
thor has contributed to a study on the influence of hadronic interaction models on the

estimated sensitivity of the CTA, summarized in Chapter 8.

3.2.2  Scientific prospects

Owing to its outstanding capabilities, the list of science prospects for the CTA is
very extensive. A document (206) has been elaborated by the CTA collaboration describ-
ing the key science projects that will take a large part of the observation time. According
to this document, the questions that will be addressed by the CTA can be classified into

three broad themes:

o Search for the origin and the role of relativistic cosmic particles. This
theme includes the search for astrophysical objects that can accelerate cosmic rays
and to understand through which process they are accelerated. To understand the
importance of cosmic rays to star and galaxy formation also fits into this category.
These questions will be addressed by the CTA, for instance, through its precise sur-
vey on the galactic centre, the Large Magelanic Cloud survey, and also through the
extragalactic survey. These three surveys have the potential to unveil new sources of
very-high-energy gamma-rays and the measurement of their spectra can be used to
better understand the associated particle acceleration mechanisms. Measurements
of AGNSs, star-forming systems, and galaxy clusters will also contribute in this di-

rection.

« Probes of extreme cosmic environments. Some extreme astrophysical objects
lack an understanding from a theoretical perspective. These sources include, for in-
stance, black holes, neutron stars, and relativistic jets. The physical processes at
work in such environments are poorly known. As an example, CTA will have the
potential to discover and measure the flux of gamma rays from AGN jets and tran-
sients such as gamma-ray bursts. Observations of both will serve as vital information

on extreme environments.

o Exploration of possible physics scenarios beyond the standard models.
The long-distance propagation of gamma rays from cosmic sources to Earth makes
these particles ideal probes of the limits of the standard model of particle physics. In
particular, the detailed measurement of fluxes from different astrophysical objects
can be used to investigate, for instance, effects of Lorentz invariance violation and
the coupling of gamma-rays to axion-like particles. Beyond that, some models for

dark matter predict it could annihilate to produce observable gamma rays. If this
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is the case, the CTA will have the potential to search for signatures of dark matter

with a sensitivity much larger than any other instrument of its type.

3.3 Conclusion

Some aspects of very-high-energy gamma-ray astronomy have been presented in
this chapter. It has been seen that this science has been a flourishing research field since
the first detection of a gamma-ray source made by ground detectors in 1989. Since then,
this science has developed just as many as the instrumental techniques did. Maturity
has been reached with the current generation of TACTs, from which it has been gathered
that multiple, complex analysis techniques are in order to explore the potential of these
telescopes. Indeed, facing the advent of the CTA, with its complex structure, studies on

the detection and reconstruction of extensive air showers using Cherenkov light are timely.

Results from the current thesis are motivated by the detection of Cherenkov light
from air showers in IACT systems. In particular, the use of parametrized angular distri-
butions of Cherenkov light to reconstruct air showers motivates the study of Chapter 6.
The capabilities of IACTs to measure the mass composition of cosmic rays are visited in
Chapter 7. Uncertainties on IACT measurements related to the simulation of extensive

air showers ate the principal topic of Chapter 8.
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4 EXTENSIVE AIR SHOWERS

Cosmic rays of undetermined origin are accelerated throughout the Universe and
propagate across astronomical distances before they can reach the proximity of Earth.
Whenever one of these particles penetrates into the atmosphere, it finds in air an opaque
propagation medium mostly composed of nitrogen, oxygen, and argon. These gas molecules
act as targets for the incoming cosmic particle. Indeed, a first microscopical interaction of
quantum-mechanical nature is responsible to convert the primary cosmic ray into a bunch
of secondary particles in the upper atmosphere. The secondaries delve deeper in air, most
times leaving behind some sort of radiation, and interact again or decay, producing more
secondaries. This process takes place copiously, causing the number and diversity of par-
ticles to increase in a cascade-like process whilst the energy per particle continuously
decreases. At some point, the average energy of the cascade particles is not enough to
maintain the particle production processes in a rate larger than absorption, and the cas-
cade fades. Some products of this cascade, finally, are able to reach the ground both as
radiation and as particles from decays and high-energy interactions. This is a simplified
outline of the phenomenon known as extensive air showers, whose physical interest stems
mainly from the possibility of observing primary cosmic rays at energies not reachable by

direct detectors.

In this chapter, concepts of air-shower physics fundamental for this thesis are
revisited and discussed in view of the results presented in the succeeding chapters. In
particular, Section 4.1 introduces some characteristics from extensive air showers and
their basic observables. Section 4.2 focuses on the computational approaches available to
simulate extensive air showers, giving particular emphasis to the methods employed in
the next chapters. In Section 4.3, an overview of the Cherenkov-light phenomenon and its

generation in air showers is given. Finally, Section 4.4 draws some concluding remarks.

4.1 Heuristic models and the basic observables

To some extent, the properties of an extensive air shower are determined by the
properties of the particle whose interaction with air initially triggered the cascade. Dis-
tinction is made between pure electromagnetic cascades — those induced by a photon or
by an electron® — and the hadronic cascades — those induced by a single nucleon, nuclei, or
possibly any other type of hadron. In either case, the observable quantities of an extensive
air shower are expected to be related to the properties of the primary particle, such as its

type, its energy Fj, and, in case of nuclei, its mass A. A well-reasoned mapping between

* The term electron is used here to refer indistinguishably to the negative electron or its

positive counterpart, the positron.
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Figure 27 — Depiction of the Heitler (left) and of the Heitler-Matthews (right) models for
electromagnetic and hadronic cascades.

Source: ENGEL; HECK; PIEROG (34)

the properties of the primary particle and the values of measured quantities allows for
the indirect reconstruction of the properties of the primary particle. Unfortunately, to
understand the exact functional form in which these relations are established is no sim-
ple task because of the complex nature of particle interactions that occur during shower
development and to the large particle numbers involved. In this sense, it is instructive to
make an appeal to simplified analytic models that allow for a heuristic interpretation of
the relation between air-shower observables and the characteristics of the primary par-
ticle. Of course, a more realistic description of extensive air showers is possible through
computer-based simulations, discussed in Section 4.2, although in this case some fun-
damental physical insights are left unclear. In this section, basic shower observables and
their properties are discussed in terms of simple analytic models to build an essential level
of understanding about the extensive air showers. Whenever appropriate, comparisons to
results from simulations will be presented to support and set right the conclusions drawn

from the simplified models.

4.1.1 Electromagnetic cascades

The physics of electromagnetic cascades, in a first approximation, can be addressed
in terms of the so-called Heitler model, idealized by Carlson and Oppenheimer (216) and
discussed by Heitler in reference. (217) This model builds on the fact that an electron
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loses, on average, half its energy to bremsstrahlung radiation (e* — e*v) after traversing
a thickness A\, = XyIn2, where Xj is the radiation length in the propagation medium.
In a rather simplified approximation, the energy lost is assumed to be carried by a single
photon, emitted exactly when the electron reaches A.. After this two-body splitting, the
electron and the photon, each, carry half the initial energy. As for the propagation of
a photon, on the other hand, most of its energy is dissipated through pair production
(v = eTe™) and the mean free path is of the same order of \.. Therefore, every photon
is assumed to propagate exactly a thickness A, before splitting into an electron-positron
pair sharing the photon energy in equal amounts. In this branching scheme, depicted
in Figure 27 left, the average number of particles (electrons + photons) increases as
N(X) ~ 2%/4 = ¢X/Xo_ where, for not too small X, two-thirds are electrons and one-
third are hard photons. Reversely, the energy per particle is inversely proportional to the
number of particles and therefore amounts to E(X) ~ Ey - e”*/%0 for a cascade started

by a primary of energy FEj. After reaching a depth X . the energy per particle drops

max’
below some value &, after which most energy is lost through ionization and emission of
soft photons, no longer producing pairs, and therefore the cascade ceases. By inverting

the expression for F(X), this depth is easily found to be

E
X1 (Ey) ~ X, 1n< 0) : (4.1)
gcrit
at which the number of electrons is
2 E
N o(Eo) = = , 4.2
'max (F0) e (4.2)

where the super-index + is used to unambiguously indicate the results are for an electro-
magnetic cascade. The quantity & is known as the critical energy; it depends on the

propagation medium and in air amounts to ., ~ 87 MeV. (218)

Albeit the Heitler model oversimplifies the description of electromagnetic cascades,
it is rich in the sense that it introduces two important observables and relates them to the
energy of the primary particle: a logarithmic dependence in the case of X', and a linear
relation for N7, ... The estimate of X7,

realistic treatment in terms of diffusion equations (219-220) and also with predictions of

in Equation 4.1 remarkably agrees with the more

the average (X7 ,.) from full Monte Carlo simulations up to 1EeV, as shown in the left

max

plot of Figure 28. Above 1 EeV, the departure of (X7 ) from the naive prediction of the

max

Heitler model results from a combination of the Landau-Pomeranchuk-Migdal effect (221),
which causes showers to be more penetrating (222), and the probable early interaction of a
primary photon with the geomagnetic field before its entrance into the atmosphere (223),

causing X to be significantly shallower. (224-225) Regarding the average number of

max

electrons at the shower maximum (N . ), the Heitler model overestimates the real value

e,max

by a factor of about 10, as shown in the right plot of Figure 28, but correctly approximates
<N,Y > X Eo.

e,max
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Figure 28 — Average depth of shower maximum (left) and average number of electrons
at maximum (right) in electromagnetic cascades. Simulations with CONEX
(black dots) are compared to predictions from analytical calculations.

Source: By the author

Both X7, and N7, relate to the longitudinal profiles of extensive air showers, to
be understood as the number of particles versus the atmospheric depth X (h) = [ p(1)dl
to which a shower has penetrated, where p(h) is the atmospheric density and h is altitude.
The lateral distribution, that is, the spread of shower particles perpendicular to the shower

axis direction, is not accounted for in the Heitler model.

A more precise account for the description of longitudinal profiles of electromag-
netic cascades has been computed soon after the discovery of extensive air showers in terms
of diffusion equations. (219) In particular, the approximate solution given by Greisen to
the average number of electrons with energies above & in an electromagnetic cascade of

primary energy Ej, reads

Ne(FEo,t) = m((;ij);&mexp [))((0 (1 — 2111 8)] , (4.3)

where s is a parameter called shower age, discussed in Section 4.1.5, and X, is given

by Equation 4.1. (220) The number of electrons at maximum can be obtained from the

Greisen profile in Equation 4.3 by taking X = X7 and s = 1. In accordance with

max

Equation 4.1, this results in

0.31 Ey
N Ey) = 4.4
e,max( 0) h](EO/gcrit) <€crit > ) ( )

whose comparison with simulations, shown in Figure 28 reveals excellent agreement. Av-
erage longitudinal profiles of gamma-ray induced showers of different primary energies
are well described by the Greisen profile, as shown in Figure 29. The longitudinal profiles
shown in this figure more accurately represent the development of an electromagnetic cas-

cade than the Heitler model: the growth and then decay of the cascade are due to particle
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Figure 29 — Average longitudinal profiles of electromagnetic showers at different primary
energies. Simulations with CONEX (black dots) are compared with the
Greisen profile function (blue).
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multiplication and to a progressive softening of the energy spectrum of shower particles.
Meanwhile, ionization, Cherenkov radiation, and other radiation processes steadily dissi-
pate the primary energy in the atmosphere and can be used to reconstruct the longitudinal

profiles. (71)

4.1.2 Hadronic cascades

Showers initiated by protons or nuclei are more complex than the pure electromag-
netic cascades, as the strong nuclear force dominates over the electromagnetic interactions
at cosmic-ray energies. When, say, a high-energy proton enters the atmosphere, it will in-
teract in the field of atomic nuclei and produce a series of secondary particles in a process
like

p+A—=p+Y + a0 L KEO 4 (4.5)

where Y are the remnants of the interacting nucleus of mass A and p, at the right side of the
expression, is the probably surviving initial proton, arising as the leading particle among
the secondaries. The products of the first interaction will propagate further, increasing
the cascade size through successive interaction or decay processes, until the energy is
dissipated in the atmosphere. Notably, the number of pions largely overcomes that of other
types of particles in hadron-hadron processes (226-227) and to a large extent determine
how a cascade develops. (228) Of particular importance is the production of neutral
pions (7°) in the hadronic interactions. These short-lived mesons (¢t = 25nm) quickly

decay through the channel 7° — 2+ (branching ratio ~ 98.8%) and feed a preponderant
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electromagnetic component in hadronic showers. Charged pions (7%), on the other hand,
typically propagate and interact with air nuclei, unless their energy is below some critical
value €7, when the decay length becomes smaller than the interaction length for these
particles. Being 7* — u* + v,(7,) the preferred decay channel of charged pions (with a
branching ratio ~ 99.99%), the decay of low energy 7% gives rise to a muonic component
in air showers that is able to reach the ground almost unattenuated. The role of charged
kaons K*, whose number produced in hadronic interactions is also relevant, is similar
to that of 7% as the lifetime of these particles is ¢ = 3.7m and they typically decay
into muons. The average lateral distributions and longitudinal profiles of the multiple

components of a 10! eV proton shower are shown in Figure 30.

To accommodate for protons as primary particles in a simple calculation of the
depth of maximum, the following reasoning is in order. A proton of energy FEy traverses
a mean free path \,(Ep) in air, corresponding to its interaction length, after which it
interacts with an air nucleus and produces, on average, n(Ey) secondary particles. In an
approximation analogous to the Heitler model, Ej is assumed to be equally shared among
the secondary products. After this first interaction, a dominant electromagnetic subshower
is produced by the decay of the secondary 7’s into a pair of photons, whose energy is

Eo/an(Ey). This proton-induced cascade will reach a maximum number of electrons at an
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atmospheric depth corresponding to the sum of the depth of the primary interaction A\,
and the depth of maximum X _ of the dominant electromagnetic subshower. In this
scheme, it is useful to approximate the average multiplicity and the mean free path,
respectively, as n(Ey) ~ (ang” and A\,(Ep) =~ Xo(ax — by1n Ey) (229-231), so that, in
accordance with Equation 4.1,

XD (Eo) & Xolax — In(26ainay) + (1 — by — by) In By , (4.6)

max

where the index p indicates the expression is for a proton-induced shower. Using realistic
values for the coefficients ay, by, a,, and b, in the expression above does not yield a correct
estimation for the absolute value of X? _ when compared to Monte Carlo simulations,
as noted in reference. (229) This inconsistency was expected, as the model oversimplifies
the description of extensive air showers. Nevertheless, Equation 4.6 captures the insight
that XP. ~ A, + AXpax, which is important to investigate fluctuations of this variable,

as well as it introduces a correct functional form for the elongation rate A, defined as

A = d{Xmax) /din Ey.

Regarding the elongation rate, if Equation 4.6 is interpreted as the average value

for proton-induced showers, a constant value is implied, which is
AP = Xo(1—=bx—10y). (4.7)

For by, b, > 0, as expected from particle physics, Equation 4.7 puts an upper bound to
AP which is equivalent to the radiation length X,. This upper bound would coincide with
the unphysical case in which by = b, = 0, corresponding to a proton-nucleus cross section
and a secondary multiplicity not evolving with energy. Such result (a constant AP and
AP < X)) is known as the elongation rate theorem, introduced by Linsley in reference (232)
and discussed in references. (82,84,218,233) The elongation rate theorem is fundamental
on experimental analyses of X,., as discussed below in the context of nuclei-induced
showers. Furthermore, introducing a constant free parameter ¢ not dependent on the

primary energy Fjy, the elontagation rate theorem suggests the modelling of (X2 ) as

max

(XP. )MEo) =c+ APInEy . (4.8)

A further development of a simple branching model for proton-induced showers
allowing for a description of the muonic component was introduced by Matthews (229,234)
in what is now known as the Heitler-Matthews model. In his approach, Matthews assumes
all particles produced in hadronic interactions are pions, of which two-thirds are 7+ and
one-third are 7°. Every hadronic particle traverses a depth A, before interacting again,
except s, which are assumed to decay immediately after being created. A constant
number 7., of charged pions is assumed to be produced in a hadronic interaction either

started by a primary proton or by a secondary charged pion, regardless of the particle
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energy. Having set the main parameters, the overall picture of the model is analogous
to the Heitler model: a primary proton enters atmosphere and traverses a depth A
before interacting and producing 7, charged pions and 7),/2 neutral pions; neutral pions
decay and feed the electromagnetic cascade; charged pions further traverse a depth Aje
and interact, producing 7., charged pions each and the corresponding number of neutral
pions; and so on. In this scheme, illustrated in Figure 27, each n-th layer of atmosphere
of thickness A\, will contain N; = (ne,)™ hadrons of energy E, = (2/35..)" Ey. When the

energy F. drops below the critical value £7 .., all charged pions decay into muons, whose

™
crity

number is found to be

Eerit

with 5 = In(ne,)/ ln(%nch). Conceptually, the Heitler-Matthews model is again an over-

B8
NE(Ep) = (E> | (19)

simplification of the air shower physics aiming to get qualitative results, just as in the
original Heitler model. However, Equation 4.9 correctly predicts the evolution of In N, as

linear in In Ej.

4.1.3 Nuclear primaries

The preceding discussion of proton-induced showers can be generalized to the case
of nuclear primaries in view of the superposition model, in which a nucleus of mass A and
energy Fjy is assumed to be equivalent to A free nucleons of energy Ej/A. This is justified
by the observation that the binding energy of the bound nucleons is much smaller than
the typical kinetic energy of a cosmic ray. In this case, a shower initiated by a cosmic-ray
nucleus of mass A is to be interpreted as the superposition of the A showers generated
by each nucleon. Consequently, some observables will have the additive property, such as
those related to the shower size. The number of muons, for instance, can be obtained from
Equation 4.9 by replacing Ey — Ey/A and adding a factor of A (229-230,235), resulting

1mn

N, (Fy, A) = A*F <E°>ﬁ : (4.10)

fﬂ'
crit
that is, the number of muons in an air shower is expected to increase with the primary

mass proportional to A'~?. An obvious implication from this result is that the number of

muons measured at the ground is an estimator of A (236) as well as of Ey. (66)

The depth of maximum X,,.,, on the other hand, is not an additive property as
each subshower is expected to reach a maximum number of particles at the same average
value. From this, assuming the primary flux to have an average logarithmic mass (In A)
at an energy FEjy, the replacement Fy — Ey/A in Equation 4.8 prescribes an average depth

of maximum given by

(Xumax)(Eo) = ¢+ A”(In By — (In A)) | (4.11)
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from which it is gathered that the heavier the primary mass, the less penetrating is a
shower. Apart from the absolute value, Equation 4.11 prescribes a constant elongation
rate A = AP independent of the primary mass if (In A) does not change with energy. In

contrast, if (In A) is assumed to explicitly depend on Ej, the elongation rate becomes

A(Ep) = AP <1 _ din A>> , (4.12)

dlnEO

suggesting that if A changes with Ej, the primary mass composition is also changing. Thus
the importance of the elongation rate in experimental analysis: the evolution of (Xpax)
with Ej is an accessible observable and provides vital information on the primary mass
composition. (33,82) The result of Equation 4.12 is to be considered valid under the con-
dition that assumptions from particle physics, encoded in AP, as well as the superposition

model are, at least in approximate form, also valid.

4.1.4 Fluctuations

All the reasoning above relied on interpreting the average behavior of extensive air
showers. Such discussion resulted in a qualitative description of the relation between the
average values of some shower observables and the average characteristics of the primary
cosmic-ray flux. Were the extensive air showers free from intrinsic fluctuations, relations
such as those in Equations 4.11 and 4.10 could provide an unambiguous determination of
the primary mass and energy of every shower in an experimental analysis, provided the
free parameters of the model are given and the observables are measured. However, this
is not the case. In reality, observables of an extensive air shower are of stochastic nature,
and each cascade is more precisely understood as the realization of a stochastic process.
As a consequence, the distributions of observables from showers of different primary types
overlap and an unambiguous characterization of the primary particle is not possible on a
shower-by-shower basis. From a statistical perspective, the measurement of fluctuations on
observables also characterizes the primary flux. The role of fluctuations in the longitudinal
profiles in gamma-ray-, proton-, and iron-induced showers of 100 PeV is illustrated in the
left plot of Figure 31. It can be drawn from this figure that the fluctuations are an intrinsic
property of extensive air showers and, from comparison of profiles from different primaries,

that the extent to which showers fluctuate depends on the primary particle type.

The measurement of fluctuations on X, is a typical source of information about
the primary particle type, along with its average. (82) Following the reasoning that re-
sulted in Equation 4.11, the variance of X.x distributions, 0?(Xax), can be approxi-
mated by

0 (Xmax) (Fo) = 0% (Xmax) + APa?(In A) | (4.13)

where 02(In A) is the variance of logarithmic masses on the primary flux at energy Fj

and 03 (Xmax) accounts for intrinsic shower-to-shower fluctuations, which depends both
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Figure 31 — Longitudinal profiles of extensive air showers as a function of atmospheric
depth (left) and shower age (right).

Source: By the author

on Ey and the relative abundances of primary masses. This result, in somewhat more
elaborated form, has been used in experimental analyses to derive the evolution of (In A)
with the primary energy from measurements of (X.x) and o(Xpax). (28) Such method
however has the limitation of not providing the exact fractions of different mass groups,
as different combinations of primary mass abundances can result in a same value of
(In A). This limitation can be overcome by relying on the analysis of X, fluctuations
not based only on the first two moments but on its entire distribution. Methods to derive
the relative primary mass abundances from measured X,,,, distributions are discussed in
references. (29,31,237-238) As a common factor, these methods need to know a priori the
shape of X ., distributions in terms of the primary energy and mass. The description and
the parametrization of the X, distributions in the regime of ultra-high-energy cosmic

rays are covered in Chapter 5.

To get a heuristic insight about shower-to-shower fluctuations, in particular of

Xmax, consider again the Heitler model, in which X is written as the sum of interaction

max
lengths of different generations of particles. Considering the interaction length of each
generation to fluctuate according to an exponential law of scale parameter \, = X;1n 2,
as expected for a single particle, then the Heitler model predicts X follows a gamma

max

distribution,

dNx: 1 X1\ o

X = T (ne) ( ;X> e nenl (4.14)
where n. = log,(Fo/&ui) is the number of generations required for particle energies to
drop below &.i. In Figure 32, the prediction from Equation 4.14 (red, dashed line) is
compared to the simulation (black solid) of the X distribution from 100 TeV gamma-

ray showers. As expected, being too simplified, this crude model fails to describe the

fluctuations by overestimating the width of the distribution. If, on the other hand, only
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the tracks of the first few n generations are considered to fluctuate, then the substitutions

n.—nand X — X2 — A\(n.—n) apply and Equation 4.14 can be restated as

max max

dNx~ et X7 el —Xhax/A
max __ max — Ne max/ e R 415
Dax AL (n) ( o ") ¢ (4.15)

with n being a free parameter of this simple model. Suppose, say, n = 4, meaning fluc-
tuations of only the first four generations are considered, then Equation 4.15 provides
a reasonable approximation to the simulated distributions, as can be seen in Figure 32
(blue, solid line).

Formally, the result from the previous paragraph is not correct. However, from
a heuristic perspective, it provides an interpretation of air showers that is essentially
plausible: most fluctuations in air shower observables arise from fluctuations from few
interactions at the shower start, when particle numbers are still small and the output from
interactions affect the entire shower development. A discussion in this direction is given
by Greisen, who states that once a shower “is well under way, further fluctuations in the
development are small because of the great number of particles that interact independently
of each other. The place where the fluctuations are most serious is near the origin, where
chance variations in the behavior of one or a few particles may retard or accelerate the

entire subsequent development.” (220)
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4.1.5 Shower universality and the age parameter

That shower-to-shower fluctuations are reduced when cascades reach close to the
point of maximum development, X,,.x, is a fundamental result. This means that if showers
are expressed as a function of some parameter describing its stage of evolution with respect
to Xmax, instead of the penetrated thickness X, then shower-to-shower fluctuations can
be minimized. A common choice for such parameter is the shower age s, which arises from
cascade theory (219-220) and has the form

03X
X 4+ 2X

A comparison of the longitudinal profiles of multiple showers normalized by their size at

s (4.16)

maximum and expressed as a function of s is shown in the right plot of Figure 31. The
comparison of the two plots in this figure reveals the interesting fact that, at least for a
common primary particle, profiles approximate a universal behavior when expressed in

terms of s.

The concept that different showers at a same age present a common behavior is
known as shower universality. (218,239) This concept has been explored in Monte Carlo
simulation of extensive air showers (240-244), and has been established that not only
the total number of electrons is universal but also their energy spectrum and angular
distribution, as illustrated in Figure 33. Since the seminal work of Hillas in 1982 (245),
the age parameter has been used to parametrize characteristics of extensive air showers
such as the energy spectrum and the angular distribution of electrons from Monte Carlo
simulations. The concepts of shower age and universality are very important in Chapter 6,
in which a parametrization of the angular distribution of Cherenkov photons in air showers

is presented.

4.2 Computational techniques

In what concerns the reconstruction of the primary cosmic-ray flux from measure-
ments of extensive air showers, the current paradigm is to rely on simulations to correlate
observables with the characteristics of the primary particle. This is because computer
simulations currently provide the only way to describe the complete development of an
extensive air shower for any type of primary particle, including the intrinsic shower-
to-shower fluctuations. Accordingly, values of observables and their fluctuations can be
parametrized in terms of the primary particle so to be used in experimental analyses.
This concept of parametrizing observables using simulations is at the core of the results
presented in Chapters 5, 6, and 7 of this thesis. In light of this, the current section is

dedicated to review the different strategies available for simulating extensive air showers.

It has been seen in the previous section that an extensive air shower develops

according to the propagation of particles in the cascade, including their interactions with
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air nuclei, decays, and radiation processes. From a computational perspective, thus, a
method to store particles in memory and simulate their interactions and decay chances is
mandatory. Two are the main algorithms used in the astroparticle physics community for
that purpose: the full Monte Carlo approach, available in the CORSIKA package (246),
and a hybrid approach, combining a full Monte Carlo for the early shower development
with the numerical solution of cascade equations, available in the CONEX (247-249)
package.

4.2.1 Full Monte Carlo approach

In CORSIKA, the simulation process relies on the concept of a first-in-last-out
particle stack (250), which at the start of the computational process contains a single
primary particle. At the beginning, this primary is removed from the stack and its prop-
agation in the atmosphere is simulated, in which a first interaction point is chosen at
random according to its inelastic cross section in air and the atmospheric density profile.
The target of the interaction is chosen by chance between nitrogen, oxygen, and argon,
respecting realistic values for the relative densities in air. From this first interaction, a
final state comprising a set of secondary particles is determined at random by employing
a Monte Carlo event generator suited for the particle type, which could be electromag-
netic or hadronic. Each secondary particle, then, is sent back to the particle stack if its
energy exceeds a pre-defined cutoff value. Next, the program enters a loop, in which the

last particle sent to the stack is separated from it and its propagation, radiation, energy
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deposit, and interaction or decay are simulated, sending particles back to the stack when
appropriate. The simulation of a shower will be complete under two conditions: either
the stack becomes empty because every particle is below the cutoff energy for its type
or all particles have crossed the last observation level, whose altitude is set prior to the
simulation. Along the computational process, two main pieces of information are stored
to be available at the end of the simulation: the total number of particles of each type as a
function of atmospheric depth — the longitudinal profiles — and the characteristics (type,
position, arrival time, energy, and momentum) of each particle crossing the observation

level — the lateral distributions.

Electromagnetic subshowers are simulated in CORSIKA using the EGS4 (251)
package, which describes the standard quantum-electrodynamic interaction of electrons,
muons, and photons with the air nuclei, as well as the multiple Coulomb scattering of elec-
trons. Hadronic interactions and cross sections are treated via phenomenological models
available in Monte Carlo event generators. Two physical regimes of hadronic interactions,
of low and high energy, are defined in the framework of CORSIKA and a threshold energy
Ei,, typically of 80 GeV, is a configurable parameter. In both regimes, a set of models
is available and has to be chosen a priori during program compilation. In the low en-
ergy regime (B, < Fipy), the most used models are UrQMD (252) and FLUKA. (253)
These low-energy hadronic interaction models are known to be a source of uncertainties
in the description of extensive air showers, as well as the choice of the threshold energy
Eipny (254), although not as important as the high-energy interaction models. (255) Uncer-
tainties related to high-energy hadronic interaction models are the most important in the
simulation of hadronic air showers. (34,256) The hadronic interaction models available in
CORSIKA include QGSJetll-04 (257), EPOS-LHC (258), and Sibyll 2.3. (259)

Stated as above, disregarding uncertainties in describing interaction processes, the
full Monte Carlo approach appears, conceptually, as the simplest possible: it relies on
the simulation of every shower particle with as many details as possible. However, short-
comings emerge due to the large particle number in very energetic showers. Suppose, for
instance, a cascade started by a proton of 10*° eV that can have at its maximum ~ 10!
particles. In this case, a memory of hundreds of GB would be necessary to store the
four-momentum and four-position of all particles in double precision, making the simula-
tion prohibitive for a normal computer. Besides, as the shower size grows approximately
linearly with energy, so does the time requirement for a complete simulation, which can
easily turn into a requirement of months for a single shower. This is even more problematic
in case Cherenkov-light emission and propagation are simulated (260), as the number of
photons is much larger than the number of electrons. Therefore, algorithms to reduce the
number of simulated particles are necessary to make full Monte Carlo simulations viable

at very high energies.



4.2 Computational techniques 83

The strategies for shower reduction, in CORSIKA, include the employment of
particle cutoffs, set by the user to avoid the simulation of particles not relevant for a
particular analysis. These cutoffs are set separately for hadrons, muons, electrons, and
photons. For the elaboration of the results of Chapters 6 and 7 using Cherenkov light
from air showers, for instance, a cutoff of 20 MeV is used for electrons, because electrons
with energies below this value do not radiate Cherenkov photons. Using this cutoft, no

other reduction mechanism is necessary for showers with energies up to ~ 1 PeV.

Showers with energies above 1 PeV, as those used in Chapter 6, become very time-
demanding in a full Monte Carlo simulation, even when the appropriate particle cutoffs
are set. Therefore, another shower-reduction algorithm called the statistical thinning (246)
is employed. This method, available CORSIKA, discards all particles with energies below
a fraction €y, of the primary energy emerging from an interaction, except one, randomly
selected. To the surviving particle, a statistical weight is added corresponding to the
sum of weights of the discarded particles. The smaller the value chosen for €, the more
detailed the simulation, but also the more computational resources it will require. As a
side effect, this algorithm introduces artificial fluctuations (of unphysical origin) in the
simulated particle distributions. To reduce this effect a maximum weight wy,. is defined,
and can be set by the user, after reaching which particles are not subject to the thinning

process.

4.2.2 Hybrid method

For some analyses based on shower simulations, the lateral distribution of shower
particles is of no interest. This is the case of the X ,,..-based study presented in Chapter 5,
for which only the longitudinal energy-deposit profile of the simulated showers is necessary
to extract the value of X.«. In such cases, some approximations can be employed in the
computational algorithms to simplify and speed up the simulation process. In particular,
the CONEX package builds on a one-dimensional hybrid scheme for the computation of
longitudinal profiles of extensive air showers. To solve the development of air showers in
one-dimension means that particle displacements perpendicular to the shower axis are
not considered at all, but only their movement along the shower axis. Apart from that,
the Monte Carlo method used in CONEX is very similar to that employed in CORSIKA,
described above, except no thinning algorithm is used. In place of that, particles whose
energies are below 0.5% of the primary particle energy are used as the boundary condi-
tions for the numerical solution of a system of one-dimensional integro-differential cascade
equations. As particle energies in a shower typically fall below this fraction after only a
few interactions, the use of cascade equations results in a speedup of the simulations of

several orders of magnitude.

From the cascade equation side, CONEX aims to solve a set of functions N;(E, X),
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describing the average number of particles of type ¢ with energies in the interval between
E and F + dF found in the atmospheric depth interval between X and X + dX. The
differential-to-total cross section ratios describing the average transition rate between dif-
ferent particle types are tabulated from the same interaction models as used in CORSIKA
in discretized energy intervals. Particle decays and the energy deposit from charged par-
ticles are also considered in the cascade equations. As for the fluctuations, it has been
established in references (247,261) that the approach used in CONEX is enough to cor-
rectly treat the distribution of observables, including the X, ..

4.3 Cherenkov light from air showers

Detection of light from extensive air showers is an important aspect in many
cosmic-ray observatories. In the most abundant form, light is emitted isotropically due to
the excitation of nitrogen molecules in air. Also abundant is the radiation of Cherenkov
photons by ultra-relativistic electrons in the cascades. It is a notable fact that the emis-
sion of Cherenkov light is almost collimated with the shower axis. Thus, most times, it
overcomes the fluorescence-light signal in showers observed close to their core. (76, 166)
Even at great distances from the shower core, the Cherenkov photons scattered in air
contribute significantly to the observed signal. (71) To understand the characteristics of
this peculiar form of radiation therefore is key to the observation of air showers. As the
characterization of the angular distribution of Cherenkov light is the topic of Chapter 6,
in this section some general characteristics of this phenomenon are discussed. This section
also comes in support of Chapter 7, in which Cherenkov light from air showers is proposed

as a way to access Xpax-

4.3.1 Cherenkov radiation

When a charged particle moves fast through a dielectric medium, it will produce a
transient, local polarization, after which a spherical electromagnetic pulse follows. In case
the particle velocity v = fc¢ exceeds the phase velocity of light in the medium v = ¢/n,
where n is the refractive index, pulses from successive points of the particle track will
interfere constructively in a particular angle 6 and result in a plane wave that can be
observed at large distances. The resulting radiation expands around the particle track in
a conical shape with semi-opening angle # and the apex accompanying the particle move-
ment. (262-263) This phenomenon is analogous to the mechanical shock-wave generated

by an object at supersonic speed and is illustrated in Figure 34.

Neglecting the small recoil of the charged particle due to the emission of photons,
simple geometrical inspection of the rightmost sketch in Figure 34 through Huygens’
principle is enough to reveal the angle 6 is given by

1

cosf = Bn (4.17)
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Figure 34 — Illustration of the process of Cherenkov radiation.

Source: JARDIN-BLICQ (264)

The simple relation posed in Equation 4.17 has some noteworthy physical implications.
First, the Cherenkov-light emission angle increases with the particle velocity g and has a
maximum for § = 1, equivalent to 0., = acos(1/n), determined by the refractive index
alone. Second, the condition |cosf| < 1 reflects there is a threshold velocity S, = 1/n,
below which no Cherenkov radiation occurs. In terms of the energy of the moving particle,
assumed to be of rest mass m, the threshold for radiation is

mc?

By = ——— . 4.18
th m ( )

Third, if the refractive index varies along the particle track, so does the emission angle 6.

The latter observation has an important consequence for the emission of Cherenkov light

in atmospheric showers because the refractive index decreases with altitude h.

As the moving charged particle emits light quanta through Cherenkov radiation,
part of its energy is lost. Indeed, the average energy lost through the emission of Cherenkov

light per unit track length interval d¢ can be computed by (262)

dE  ha 1
el 1——— |wd 4.1
l4 c /Bn>1 < 52n2(w)> P (4.19)

in which the refractive index depends on the frequency of the emitted light w and the
integral covers values of w for which fn(w) > 1. The quantity Z represents the particle

charge in units of the elementary electric charge e.
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Typical air-shower detectors have quantum efficiencies in a bounded wavelength
range, say, between A; and Ao. In such case, the integral in Equation 4.19 is performed
in a limited interval among which the refractive index can be regarded as approximately
constant n(w) ~ n. To estimate the signal in a detector, it is useful to express the energy
loss in terms of a photon count Ny}, through AwdN,, = dE. With this, Equation 4.19 is

seen to be equivalent to

dNpn 9 ( 1 1 > 1
=2ma/* | —— —|[|1— . 4.20
KT G VW 322 (4.20)
Bearing in mind that the refractive index in air is n = 1+ 0 ~ 1, the approximation
1 mQC4 ! —2 Et2hr
1_52712 :1—<1— 7 ) (1+9)“~20 <1_E2 (4.21)
applies in the previous expression, which results in
dNp, ) ( 1 1 > E3
—— =4t — — — ) [ 1 — S I 4.22
KT O VIR W E? (4.22)

Dividing the equation above by the local air density p and assuming an explicit depen-
dence on the altitude for p and n result in the Cherenkov-photon yield per unit thickness
Y, (E,h), used in Chapter 6.

4.3.2 Light from air showers

In extensive air showers, therefore, the bulk of radiated Cherenkov photons will

be characterized by three aspects:

o characteristics of the atmosphere that, through changes in the refractive index,
modify the Cherenkov emission angle (Equation 4.17), the threshold energy for
emission (Equation 4.18), and the yield per particle (Equation 4.22);

o the energy spectrum of shower electrons, related to the yield of Equation 4.22 and

to the Cherenkov emission angle (Equation 4.17);

« the angular and lateral spread of electron tracks, around which individual Cherenkov

cones are emitted.

Therefore, the characterization of the bulk of Cherenkov photons can be described in
terms of two parameters in a shower: the shower age, describing how electrons evolve
in the atmosphere, and the altitude, describing the evolution of the refractive index. A
more deep insight on how to take these elements in consideration to obtain the resulting

distribution of Cherenkov photons from a shower is given in Chapter 6.

Some general characteristics of Cherenkov-light emission from extensive air showers

are summarized in Figure 35. In the sketch at the left of this figure, it is shown that the
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variation of the Cherenkov-light emission angle with altitude [from ~ 0.2° at h = 30km
to ~ 1.5° at sea level (130)] has as a consequence the superposition of Cherenkov photons
in a ring (light annulus) with a radius of about ~ 150 m, concentric with the shower core.
Charged particles reaching closer to the ground will fill the area inside this annulus and
give rise to a pool of Cherenkov photons. The resulting density of Cherenkov photons
versus the distance to the shower core is shown in the upper-right plot of Figure 35 for
different primary gamma-ray energies. In this plot, the peak due to the ring and the
Cherenkov pool are clear. The time structure of the arrival times of photons emitted at
different altitudes is sketched in the lower-right plot of the same figure. This plot shows
that close to the shower core, inside the Cherenkov pool, photons from smaller altitudes
arrive first, followed by the photons emitted from higher altitudes in a time range of
few nanoseconds (~ 5ns at the shower core). Right at the Cherenkov ring, photons from
different altitudes reach ground almost simultaneously, in a time interval of about ~ 2 ns.
For increasingly larger impact distances, Cherenkov photons from high altitudes arrive

first, and the signal can be spread in an interval of several nanoseconds.

As a last consideration, it is interesting to look at the relation between the angular
distribution of shower particles and the distribution of Cherenkov photons at ground. Due
to the production of particles with high transverse momenta in hadronic interactions,
electrons of showers induced by hadrons typically have a broader angular distribution
compared to pure electromagnetic cascades. Moreover, the distribution of particle tracks
has a more erratic pattern in low-energy hadronic showers, because of the relatively small
particle numbers. This is illustrated in Figure 36. Accordingly, as Cherenkov cones have
narrow opening angles, the resulting distributions of Cherenkov photons at the ground

from hadronic and electromagnetic showers differ, as shown in Figure 36.

4.4 Conclusion

In this chapter, a review on some topics of extensive air showers has been pre-
sented. Some of the visited concepts pervade the studies developed in this thesis, which
are presented in the following chapters. These basic concepts include, for instance, the
correlation between X,,., and the primary composition. Also, an insight about X ., has
been obtained by writing it as a sum of the first interaction point with the later shower
development, which is used in Chapter 5 to get a possible functional form to describe the
Xmax distributions. Two other concepts that result very useful in the context of this thesis
are the shower age and universality. It is by relying on the concept of universality that

results of Section 6 are derived.

The methods used to simulate extensive air showers in the following chapters
have been presented and their limitations have been discussed. Attention was also given

to the fundamentals of Cherenkov light emission in extensive air showers in view of its
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Figure 35 — Characteristics of Cherenkov-light emission in air showers. Left: sketch of
Cherenkov light emission from extensive air showers, highlighting the forma-
tion of a Cherenkov ring. Top right: density of Cherenkov photons versus
distance to shower core. Bottom right: time delay of Cherenkov photons ar-
riving at the ground as a function of the distance to the core and the emission
height.

Source: NAUROIS; MAZIN (130)

importance for the results derived in Chapters 6 and 7.
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1. Introduction

The relative abundance of particle compositions in ultra-high
energy cosmic rays (UHECR) is of key importance in the under-
standing of their acceleration mechanisms and interactions with
extra-galactic radiation fields. The maximum particle energy of
each source, the probability of escape from the acceleration region,
the luminosity of the sources classes, the mean free path of the in-
teraction on the way to Earth and the deviation angle in the mag-
netic fields are examples of fundamental astrophysics phenomena
which depend on the particle type (mass and/or charge). A major
improvement in our understanding of UHECR physics will not be
possible without a precise determination of the abundance of each
particle type. With this in mind, the two most important UHECR
observatories (The Pierre Auger and the Telescope Array Obser-
vatories) are implementing upgrades to enhance their capabilities
to determine the relative abundances of particle types arriving on
Earth.

At these energies, the particles hitting Earth, called primary
particles, are not directly observed. Their interaction with the at-
mosphere generates a cascade of particles which is measured by
telescopes and ground detectors. The properties of the primary

* Corresponding author.
E-mail address: luan.arbeletche@ifsc.usp.br (L.B. Arbeletche).

https://doi.org/10.1016/j.astropartphys.2019.102389
0927-6505/© 2019 Elsevier B.V. All rights reserved.

particle can be reconstructed from the detected signal of the
shower. The most used and reliable parameter to determine the
primary particle type is the depth at which the cascade reaches its
maximum number of particles (Xmax). These extensive air show-
ers are very complex branching processes whose stochastic behav-
ior, although well understood in terms of particle interaction pro-
cesses, cannot be solved analytically. Thus, fluctuations of impor-
tant global quantities such as Xmax have no known functional form.
In this sense, one always has to rely on Monte Carlo simulations
to understand the intrinsic fluctuations of extensive air showers.
Moreover, an approximation to the functional form of global vari-
ables can only be determined by the parametrization of simulated
quantities.

Constant improvements in the fluorescence technique have al-
lowed the Pierre Auger Observatory to measure Xmax with a sys-
tematic uncertainties of about +8g/cm? [1] and the TA Collabo-
ration quotes systematic uncertainties of & 17.4g/cm? [2]. The res-
olution in (Xmax) are quoted to be smaller than 25g/cm? for the
Pierre Auger Observatory measurements. The precision in measur-
ing Xmax is such that new studies are based on the full distribution
instead of only its moments [1-5].

In this context, a good understanding of the Xpyax distribution
shape is mandatory since many steps in the analysis procedures
depend on knowing a priori its expected shape. The adoption of
a particular parametrization may cause a wrong interpretation of
Xmax distributions when studying the primary fractions and their



2 L.B. Arbeletche and V. de Souza/Astroparticle Physics 116 (2020) 102389
.ﬁ 5§ Proton | 107 eV [ Carbon 1107 eV F Silicon 110" eV [ Iron 110" eV
£ 10°F QGSJetll.o4 F 3 3
weoor EPOS-LHC [ ; ;
10°F Sibyll2.3c  F 4 4
L ! By B e b U G B
500 1000 ) 1500 600 800 N 1000 500 600 700 2800 900 500 600 7(2)0 800
Xumax [9/CM’] Xomax [9/CM] Xumax [9/CM’] Xumax [9/CM’]
.§ 5§ Proton | 10®° eV [ Carbon | 10®° eV F Silicon 1 10® eV [ Iron 1 10%° eV
£ 10°¢ QGSJetll.o4 £ 3 3
weo EPOS-LHC [ : :
10°F Sibyll2.3c  F 3 3
1;"| ! ! ! "||||"||||"|||
800 1000 1200 1400 700 800 900 1000 700 800 900 1000 700 800 900

Xmmax [9/CM] X max [9/EM]

Xmax [9/CM’] Xmax [9/CM]

Fig. 1. Examples of simulated Xmax distributions for four different primary masses (proton, carbon, silicon, iron) and three hadronic interaction models (QGSJETII.04, EPOS-

LHC and SiByLL2.3c) at the energies 10'7 eV (upper panel) and 102° eV (lower panel).

evolution with energy. Some functions have been proposed to de-
scribe the Xmax distribution [6,7] but no comparison between them
is available. In this paper, three functions are used to describe
the Xmax distribution and a detailed statistical comparison between
them is presented. The purpose of this paper is to select the best
description of the Xmax distribution and parametrize its dependen-
cies with energy and mass.

This study is based on Monte Carlo simulations of air shower
which are discussed in Section 2. In Section 3, the functions used
to describe the Xmax distribution are presented and discussed.
Section 4 presents the results of the fits and Section 6 presents
the conclusions.

2. Simulation of Xax distributions

Large samples of extensive air showers are simulated using
the software CONEX [8]. This software is an implementation of
a one-dimensional hybrid model of the longitudinal development
of particle cascades which has been extensively tested [G]. Four
atomic nuclei are considered: proton, carbon, silicon and iron (A =
1, 12, 28 and 56, respectively) with energies ranging from 1017 eV
to 102%eV in steps of 1 in log;g(Eg/eV). The incident zenith angle
of the primary cosmic rays is set to 75 °. The longitudinal develop-
ment is sampled in steps of 10 g/cm? until particles reach sea level,
corresponding to a slant depth of 3860 ¢g/cm2. The energy cutoff
for hadrons, muons, electrons, and photons is 1GeV, 1GeV, 1 MeV
and 1 MeV, respectively. Given the known dependence on hadronic
interaction models [9-11], three post-LHC hadronic interaction
models are considered: EPOS-LHC [12], QGSJETI.04 [13] and

SiByLL2.3c [14]. For each combination of primary mass,
energy and hadronic interaction model, 10% showers are
simulated.

CONEX provides the depth at which a shower reaches its
maximum number of particles (Xmx variable in CONEX output)

and the depth at which the energy deposit profile reaches its
maximum (XMXDEDX in CONEX output). XmMx and XMXDEDX are
calculated by fitting a quadratic function around the maximum
of the longitudinal particle and energy deposit profile, respec-
tively. Details of the fitting procedure can be found in the CONEX
manual [8]. These variables are compared and a maximum dif-
ference of 0.8+3.4g/cm? between them is found in all simu-
lated cases. Given that the difference between these variables is
very small, much smaller than the uncertainties of the measure-
ments, the depth at which the shower reaches the maximum
number of particles (XmMX=Xmax) is used in the following calcu-
lations. The small difference and statistical uncertainty between
Xmx and XMxDEDX also illustrate the quality of the fit done in
CONEX.

Showers with two maxima in the longitudinal profile, the so-
called double bump showers [15], for which the depth of shower
maximum is not an unambiguously defined quantity, are removed
from our analysis. The double bump showers are identified by
searching the longitudinal profiles with more than two inflection
points by computing the second derivative of profiles at each point
in terms of finite differences. This approach effectively removes
showers with two pronounced peaks. The fraction of removed pro-
files is below 0.4% for all combinations of primary, energy and
hadronic model.

Examples of simulated Xmax distributions for some primary
masses with energies of 10'7 eV (upper panel) and 102% eV (lower
panel) are shown in Fig. 1. Primary types are indicated in the top-
right corner of each plot. Each colored line corresponds to sim-
ulations done with a particular hadronic interaction model, indi-
cated in the legend of the left plots. These distributions, as al-
ready known, have an accentuated positive skew that results from
the exponential nature of particle interaction length distributions.
Note, in Fig. 1, the logarithm scale in the y-axis and the very small
fluctuations of each point. In this illustration, Xmax was binned in
intervals of 10 g/cm2. As a result from the large simulated samples,
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Fig. 2. Examples of fits of Xmax distributions. The primary particle is indicated at the top-right corner of each plot. Fit functions are shown as colored solid lines, while the
simulated Xm,x distribution is shown as circular dots. The bottom panels show the deviation of each fitted function to the simulated point, defined as the difference between
the function and the point divided by the statistical uncertainty of the point. Only results for QGSJETII.04 are shown in this example.

fluctuations in the obtained distributions become larger only for
very deep showers.

3. Proposed functions to describe the Xpax distributions

In this section, three functions are studied to parametrize the
Xmax distributions: Exponentially Modified Gaussian, Generalized
Gumbel, and Log-normal. They are going to be explained below
and, whenever possible, an interpretation of their parameters is
going to be given. Other functions have also been tested: Amoroso,
Lévy «-stable, Fréchet, Exponentiated Fréchet, Exponentiated
Exponential, Landau and Gamma, but either they do not showed
a good description of the Xmax distributions or they unreasonably
increased the number of fitting parameters without providing a

better description of data. The motivation for each function is also
going to be briefly explored.

3.1. Exponentially Modified Gaussian distribution

The Exponentially Modified Gaussian (EMG) distribution
was proposed in [6] to describe Xmax distributions. It is mo-
tivated by the assumption that Xmix can be decomposed as
Xmax = Xgrst + AXmax, where Xg.s is the depth of the first inter-
action and AXmax represents the shower development after the
first interaction. While Xg.; is known to have an exponential
distribution with the mean free path A, the distribution of AXmax
is unknown. The simplest approach is to assume that AXmax is
normally distributed with an average p and variance o2, so that
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panel for EPOS-LHC and right panel for SiByLL2.3c.
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Fig. 4. Error on the first moment (upper plots) and second moment (lower plots) between the parametrized distributions (par) and the simulated (MC) Xmax distributions.

Xmax is distributed according to the convolution of an exponential
and a Gaussian. The resulting function is:

X—p o

fx) = exp( 5 79 )erfc(

w—x+0%/)\

(1)

)

V2o

where erfc(x) is the complementary error function.

The EMG has three parameters that can be interpreted in
terms of extensive air showers physics. A, u and o are related
to the decay factor of the exponential, the depth of maximum
of the distribution and the width of the distribution, respectively.
o and A influence both the width and the mean of the Xmax
distribution in different ways, mathematically (Xpnqx) = 1 + A and

RMS (Xmax) = v/ 02 + A2. The EMG function has already been em-
ployed in studies such as the determination of Xmnax moments
from Pierre Auger Observatory [1], the comparison between Pierre
Auger Observatory and Telescope Array Xmax data [3] and the pro-
posal of new methods to study the mass composition from real
Xmax data [4].

3.2. Generalized Gumbel distribution

The Gumbel distribution arises in the field of extreme value
statistics to describe the frequency of extreme events (either
minimum or maximum) in series of independent and identi-
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Table 1

Relative AIC values (A;) of the fit of the unbinned Xmax distributions for the three hadronic interaction models and primary particle energy ranging from 107 eV to 102° eV.
Note that a value of zero for a model means that this is the best model for the respective energy, mass and hadronic model combination.

Primary Proton Carbon Silicon Iron
logyo(Eo/eV) 17 18 19 20 17 18 19 20 17 18 19 20 17 18 19 20
QGSJETIL.O4
EMG 10113 11209 12226 12830 6636 6099 5181 5160 4213 3743 3447 3151 4920 5251 4875 4872
GMB 675 1044 1285 1397 131 105 32 104 0 0 0 0 0 0 0 19
LOG 0 0 0 0 0 0 0 0 402 381 384 330 202 79 81 0
EPOS-LHC
EMG 8932 10507 13115 14264 4325 3884 3728 3027 2156 1236 1315 0 1742 1066 1571 1563
GMB 28 573 1425 1865 0 0 0 0 0 0 0 475 0 0 0 0
LOG 0 0 0 0 232 293 262 272 526 629 643 1222 681 754 781 802
SIBYLL2.3C
EMG 9319 10117 11619 12648 11851 11493 11277 10987 6492 6637 6559 6269 6542 6282 5655 4954
GMB 420 666 1103 1362 914 805 760 713 0 0 0 0 0 0 0 0
LOG 0 0 0 0 0 0 0 0 247 182 123 139 326 379 495 538
Table 2 action lengths, and to write
Primary fractions which best describes the Xp,x distributions measured
by the Pierre Auger Observatory [5] at the energies used in this paper. n-1
X = X 4
Model EPOS-LHC QGSJETILO4 SIBYLL2.3C max % ko (4)
log(EgleV) 18 19 18 19 18 19 - . .
where 7 is the number of generations of particles. If  — oo the
P 61.5%  9.5% 63.2%  356%  404%  2.8% distribution of the sum converges to Eq. (2). In this scenario, the
He 0.0% 62.0% 36.8% 64.4% 9.7% 38.7% f h of the first i L b 5. Th 1
C 36.7% 285%  0.0% 0.0% 499%  585% mean free path o t e first interaction is given by ol .. The scale
Fe 1.8% 0.0% 0.0% 0.0% 0.0% 0.0% parameter o describes how fast the average interaction lengths
change between generations of particles. The location parameter
Table 3 () of Eq. (2) is introduced to shift the mean of the distribution.

Relative AIC values (A;) of the fit of the unbinned Xpmax distributions
for the three hadronic interaction models and mix of primary parti-
cle. Note that a value of zero for a model means that this is the best
model for the respective energy, mass and hadronic model combina-

tion.
Model EPOS-LHC QGSJETIL.O4 SIBYLL2.3C
log(Eo/eV) 18 19 18 19 18 19
EMG 0 5557 6093 5415 6846 9378
GMB 1747 0 0 0 0 200
LOG 6790 991 4813 1457 4143 0

cally distributed random variables [16]. The Generalized Gumbel
distribution (GMB) [17] is written as

fx) = %% exp {—)\[X?% + exp (—%)]}

Note that for A =1 one recovers the standard Gumbel distri-
bution. Eq. (2) was proposed by Ref. [7] to describe Xmax distribu-
tions.

The importance of the GMB distribution in extreme value statis-
tics and its relation with the statistics of sums [18] can give some
insight on its use to describe the Xmax distribution. Suppose a se-
ries of random variables X}, is exponentially distributed according
to

(2)

Me—()ﬁrk)x/o . (3)
o

It has been shown in Ref. [19] that the distribution of the sum
Y reo X, converges exactly to Eq. (2) after a convenient shift and
re-scaling of Xj. That is, the asymptotic sum of exponentially dis-
tributed random variables with increasing amplitudes converges to
a GMB distribution. Based on it, it is possible to interpret Xmax as
a sum of interaction depths of multiple generations of particles,
similar to the model proposed in Ref. [20], but with variable inter-

g (x) =

For finite 7, the sum above follows a beta-exponential distribu-
tion [21]:

1 _ _ n-1

f(X) — me Ax/o (1 _e x/o’) . (5)
where B(x, y) is the beta function, defined for x, y>0. If a loca-
tion parameter (u) is added to the beta-exponential distribution,
it could as well be considered a candidate to describe Xmax dis-
tributions. The beta-exponential distribution was also tested fol-
lowing the method explained below, however, it did not show any
improvement in the description of Xny,x distribution in comparison
to the GMB. Since the beta-exponential function has one parame-
ter more than the GMB, it was decided to keep only the GMB for
further studies which in total has also three parameters.

3.3. Log-normal distribution

The log-normal distribution is characteristic of stochastic pro-
cesses where the variable of interest can be written as a product of
independent and identically distributed random variables so that
its logarithm is normally distributed according to the central limit
theorem. The log-normal distribution (LOG) proves to be difficult
to interpret in terms of extensive air showers. However, as it will
be shown later, it provides a good description of Xyhax distributions.
The probability density function is given by

0, ifx<m
f@O=3 1 1 [In(x —m) — puJ? .
JﬁaxmeXp{ D } ifx>m.
(6)

It has three parameters m, u and o related to the position of
the peak, the width of the distribution and the length of the tail,
respectively.
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Fig. 5. Comparison between first (upper plots) and second (lower plots) moments of parametrized Xpax distributions with parametrizations from [6] (left) and [7] (middle
and right). Results are shown only for parametrizations based on simulations with the same hadronic model, which is indicated in the top-left corner of each plot.

4. Fitting the Xax distributions

The Xmax distributions of each combination of primary mass,
energy and hadronic interaction model are fitted using the three
functions presented in the previous sections. The best descrip-
tion of the Xpmax distributions is achieved by searching for the
three parameters in each function which resulted in the maximum
likelihood. The Xmax distributions are not binned (unbinned fit).
The MinuIT [22] library available within the ROOT analysis frame-
work [23] is used in the fitting procedure.

Examples of fitting results are presented in Fig. 2 for simula-
tions obtained with QGSJETIL.O4 at an energy of 1020eV. Only for
illustration purposes, the distributions are binned in intervals of
10 g/cm?2. Note the logarithmic scale in the y-axis. The primary par-
ticle is indicated at the top-right corner of each plot. Fit functions
are shown as colored solid lines, while the simulated Xmax distri-
bution is shown as circular dots. The bottom panels show the de-
viation (pull values) of each fitted function to the simulated point,
defined as the difference between the function and the point di-
vided by the statistical uncertainty of the point.

Fig. 2 shows that the EMG distribution is not able to describe
the simulated distributions for small and large Xmax values. No
clear preference between the GMB and the LOG distributions is
seen.

Values of the Akaike Information Criterion (AIC) for each case
are shown in Table 1. Since the absolute value of the AIC has no
meaning in this unbinned fit, the values shown are relative (A;) to
the smallest AIC in each case. Reader is referred to Appendix A for
the definition of AIC.

The first notable fact in Table 1 is that the EMG distribution
has the worst AIC value for every primary, energy and hadronic

interaction model except one: silicon - 102°eV - EPOS-LHC for
which the AIC value is slightly better than the GMB fit. This
makes the EMG distribution the worst selection among the three
functions described here to describe Xmax distributions of single
primary particles.

The GMB and LOG distributions represent similar good descrip-
tion of the Xmax distributions. The LOG distribution performs better
for low mass primaries (proton and carbon) and the GMB distribu-
tion performs better for heavier primaries (silicon and iron). But
the differences between the quality of the fit of GMB and LOG are
only marginal.

4.1. Mixed composition

The Xmax distributions of events with energy between 1018 eV
and 10'? eV measured by the Pierre Auger Observatory can be bet-
ter described by a combination of primary particles rather than a
pure element [5,24]. Therefore in the analysis of these distributions
it is important that the used function is able to describe also mixes
compositions instead of only pure samples. In this section, the pro-
posed functions are going to be tested against a mix of primary
particles. The simulated Xpax distributions are mixed following the
fraction which best describes the data of the Pierre Auger Observa-
tory as shown in Ref. [5] and Table 2. Fig. 3 shows two examples of
mixtures at 10'8 eV for EPOS-LHC and SiByLL2.3¢ models. Distribu-
tions are binned in intervals of 10g/cm? for illustration purposes.
The resulting mixture is fitted by the three proposed functions.

The A; values for the fits are shown in Table 3. The GMB
shows an overall better description of the distributions, losing
only marginally to the EMG for EPOS-LHC at 108 eV and LOG for
SiByLL2.3C at 1019 eV.
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5. Parametrization of Xax distributions as a function of
energy and mass

The three proposed functions are used to fit the simulated
Xmax distributions for proton, carbon, silicon and iron with ener-
gies ranging from 107 eV to 1029eV in steps of 1 in logqg(Eg/eV).
Each function has three parameters as shown in Section 3. These
parameters are modeled as a function of primary energy and mass.
The proposed functional form is:

0 (Eo.A) = a(A) + b(A) logyo Eo + c(A) (10g9 Eo)? . (7)
where

a(A) = ap + a; logp A + a (logyy A)* .

b(A) = bg + b1 loggA + by (log A)?, (8)
C(A) = co + 1 logip A + ca(logp A)? .

Values obtained for the parameters a;, b; and ¢; and their cor-
responding statistical uncertainties are found in Appendix B. Note
that a value of zero in Table 4 means the inclusion of that param-
eters leads to a worse fit of the simulated distribution.

The error caused by the use of Eqs. (7) and (8) to calculate
the parameters as a function of mass and energy was determined
by evaluating the differences between the first and second mo-
ments of the parametrized distributions and the simulated distri-
butions for each mass and energy. Results are shown as histograms
in Fig. 4. The upper plots show the deviations on the first moment
of the Xmax distributions for each hadronic interaction model indi-
cated in the top left corner of each box. The lower plots show the
differences for the second moment of the Xn,x distributions. The
largest difference between the proposed parametrization and the
simulations is 2 g/cm? for the first moment and 3 g/cm? for the
second moment.

Ref. [6] (Peixoto et al.) and [7] (de Domenico et al.) also pro-
posed parametrizations of the Xmax distributions. The compari-
son of these parametrizations with the ones presented here is
meaningful only when the same hadronic interaction models was
used. Fig. 5 compares first and second moments of the previ-
ously proposed parametrizations with the ones presented in this
paper for simulations performed with QGSJETI.04 and EPOS-LHC
hadronic interaction models. Previous parametrizations differs on
the (Xmax) by as much as 20g/cm? and on RMS(Xmax) by as
much as 12 g/cm?.

6. Conclusion

The Xmax distribution is of great importance in UHECR stud-
ies and some functional forms have been proposed to describe
it. In this paper, for the first time, three functions have been se-
lected, explained, and compared to simulated Xmax distributions. A
large sample of showers (106) has been generated for each point
in a wide range of parameters space: four atomic nuclei have been
considered: proton, carbon, silicon and iron with energies rang-
ing from 107 eV to 1020eV and three hadronic interaction mod-
els: EPOS-LHC, QGSJETII.04, and SiByLL2.3c. The primaries have also
been mixed with fractions given by the best description of the
Pierre Auger Observatory data.

In total three functions have been tested. Two were taken
from the literature: Generalized Gumbel distribution [7] and Ex-
ponentially Modified Gaussian distribution [6], and, in addition,
the Log-normal distribution has been used as well. All functions
have three parameters. The parameters have been fitted to the
simulated Xmax distributions and the result is shown in table 4.

The excellent quality of the fits allows the prediction of the first
and second moments of the Xmax distribution with a maximum er-
ror of 2 and 3 g/cm?, respectively.

The function that shows an overall best description of the Xmax
distributions is the Generalized Gumbel distribution, followed by
the Log-normal distribution. In some specific cases, the Log-normal
distribution has a slightly better fit to the simulated distributions.
However, in many other cases, the Generalized Gumbel distribu-
tion is much better than the Log-normal distribution. In studies of
measured Xmax distribution, it is not possible to know beforehand
which is the primary particle. Moreover, the hadronic interaction
model dependence of the analysis must be minimized. For those
reasons, the Generalized Gumbel distribution is proposed here as
the best choice because it shows the best description for most of
the cases. The Exponentially Modified Gaussian distribution is the
one which most poorly describes the simulated showers among
the three functions studied for almost all cases.
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Appendix A. Akaike information criterion

The Akaike Information Criterion (AIC) [25,26] is defined as
AIC = 2k — 2log (£(0)) , (9)

where k is the number of fitted parameters and £ is the maxi-
mized value of the likelihood function for the fitted parameter set
0. Given a set of models, the AIC criterion calculates the relative
quality of each model in describing the data. From its definition,
it is expected that the model with the smaller AIC value in a set
is the one that has the smallest statistical distance to the data set
used to fit model parameters.

Given that the absolute values of AIC carry no meaning and de-
pend on the sample size, in this paper, model selection is based on
the computation of the so-called Akaike differences (A;), or rela-
tive AIC. These are defined as the AIC values of each model with
respect to the model with the smaller AIC, that is,

A; = AIG; — AlCpniy . (10)

The relative AIC values provide a strong support for model se-
lection in terms of information theory. A value of A; =0 means
that a model is preferred among the set to describe fitted data.
Small values of A; indicate that this model is not the best for the
particular data set, but is competitive and should not be discarded.
Large values of A;, on the other hand provide a strong argument
against the ith model.

Appendix B. Parameter values

In Section 5 a method to describe the evolution of Xyax distri-
butions energy and mass is proposed in terms of Eqs. (7) and (8).
This appendix compiles fitted parameters a;, b; and c; of Eq. (8).
Table 4 shows the values of fitted parameters whereas Table 5
shows their statistical uncertainties.
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Table 4
Fitted parameters of Eq. (8) describing the evolution of Xmax distributions as a function of primary energy and mass. Details in Section 5.

Exponentially modified gaussian

QGSJetll.04 a; a as by b, bs C c c3

A 391.6 —354.39 97.21 —31.848 31.654 -9.193 0.7526 —0.7955 0.2407

i -5443 -152.02 —33.81 76.067 17.644 1.251 —0.4692 —0.5436 0

o 44.9 =27 —4.35 -1.03 0.25 0 0 0 0

EPOS-LHC a; a, as by b, bs c [ c3

A 478.15 -576.14 204.98 —41.845 55.499 —20.799 1.0336 —1.4561 0.5626

I —757.99 -133.86 —32.58 99.306 15.373 0.914 -1.053 —0.4468 0

o 239.07 —50.64 —18.25 -23.27 7.411 0.778 0.624 —0.2493 0

Sibyll2.3¢ a; a, as by b, bs C C c3

A 389.8 —199.83 3.46 -31.021 16.28 0.168 0.7148 -0.3993 0

I —784.86 -3.33 -15.91 100.993 -0.983 0.433 -1.0377 0 0

o 80.76 8.01 -10.2 —4.684 -0.815 0.526 0.0988 0 0

Generalized Gumbel

QGSJetll.04 a; a, as by b, bs c Cy c3

A 1.24 11.74 —6.85 —0.088 -1.393 0.855 0.00302 0.04702 —-0.02778

I —368.79 —238.75 -32.14 61.443 25.159 1.255 —0.1138 —0.7326 0

o 55.9 20.9 -15.9 -1.08 0.32 0 0 0 0

EPOS-LHC a; a, as by b, b3 C C c3

A 4,34 —4.84 4.83 —0.4489 0.427 -0.314 0.01325 0 0

I -565.11 -211.43 —36.32 82.199 22.453 1.288 -0.6189 —0.6475 0

o 3773 324 —228.1 —37.67 —29.63 22.436 1.0216 0.7366 —0.5955

Slby"23C a ar as b] bz b3 C1 C2 C3

A 0.02 0.16 0.11 0.038 0.014 0 0 0 0

N -537.61 -131.99 -19.68 78.952 11.515 0.731 —0.4886 —0.3366 0

o 60 24 -17 -1.06 -1.5 0.78 0 0 0

Log-normal

QGSJetll.04 a; a, as by b, b3 C c c3

w 8.974 -0.84 0317 -0.3978 0.0684 —0.0344 0.0096 0 0

o 0.532 —0.08 —0.04 —0.0065 —-0.01 0.0066 0 0 0

m -1152.4 64.9 -50 129.78 -8.74 4.65 —1.846 0 0

EPOS-LHC a ar as b] bz b3 C1 Cy C3

I 14.745 —2.04 0.043 -1.058 0.2761 -0.023 0.02806 —0.00752 0

o 0.034 -0.31 0.0043 0.0544 —0.00104 0.00582 —0.001768 0 0

m -1745.1 -168.6 239 198.41 4.04 0.64 -3.738 0 0

Sibyll2.3¢ a; a, as by b, b3 C C c3

N 5.78 —0.03 —0.059 —0.0422 —0.0094 0 0 0 0

o 0.551 —0.151 0.014 —0.0086 0.0026 0 0 0 0

m -1085.3 —66.4 24.2 120.33 2.68 -1.38 -1.493 0 0
Table 5

Statistical uncertainty on fitted parameters of Eq. (8) describing the evolution of Xnax distributions as a function of primary energy and mass.

Details in Section 5.

Exponentially modified gaussian

QGSJetIl.04 a; a, as by b, bs C Cy c3
A 0.1 0.08 0.05 0.006 0.004 0.003 0.0003 0.0002 0.0001
N 0.1 0.08 0.05 0.006 0.005 0.003 0.0003 0.0002 0
o 0.4 0.3 0.03 0.02 0.02 0 0 0 0
EPOS-LHC a; ar as by b, b3 C C c3
A 0.08 0.06 0.04 0.005 0.003 0.002 0.0002 0.0002 0.0001
i 0.08 0.06 0.04 0.005 0.004 0.002 0.0002 0.0002 0
o 0.05 0.04 0.02 0.003 0.002 0.001 0.0002 0.0001 0
Slby"23C a; a as b] bz b3 C1 Cy C3
A 0.1 0.08 0.04 0.006 0.004 0.002 0.0003 0.0002 0
I 0.1 0.07 0.04 0.006 0.004 0.002 0.0003 0 0
o 0.07 0.05 0.03 0.004 0.003 0.002 0.0002 0 0

(continued on next page)
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Table 5 (continued)

Generalized Gumbel

QGSJetll.04 a; a, as by b, b3 c [ C3

A 0.01 0.03 0.02 0.0008 0.002 0.001 0.00003 0.00009 0.00006
w 0.09 0.06 0.04 0.005 0.004 0.002 0.0003 0.0002 0

o 0.9 0.8 0.1 0.05 0.04 0 0 0 0
EPOS-LHC a a as b] b2 b3 Cq Cy C3

A 0.01 0.04 0.03 0.0009 0.002 0.001 0.00003 0 0

“w 0.07 0.05 0.03 0.004 0.003 0.002 0.0002 0.0001 0

o 0.2 0.2 0.1 0.02 0.01 0.008 0.0007 0.0006 0.0004
Sibyll2.3¢ a; a, as by b, bs c Cy C3

A 0.03 0.04 0.007 0.001 0.002 0 0 0 0

" 0.08 0.06 0.04 0.005 0.004 0.002 0.0002 0.0002 0

o 1 3 2 0.06 0.1 0.08 0 0 0
Log-normal

QGS]Jetll.04 a a as by b, bs Cq C C3

w 0.006 0.007 0.004 0.0004 0.0004 0.0002 0.00002 0 0

o 0.007 0.02 0.01 0.0004 0.001 0.0006 0 0 0

m 0.7 0.8 0.5 0.05 0.04 0.03 0.002 0 0
EPOS-LHC a; a, as by b, bs c (2 C3

" 0.006 0.007 0.004 0.0004 0.0004 0.0002 0.00002 0.00002 0

o 0.002 0.001 0.0009 0.0001 0.00007 0.00005 0.000005 0 0

m 0.6 0.7 0.4 0.04 0.04 0.02 0.002 0 0
Sibyll2.3¢ a; a, as by b, bs C c C3

w 0.02 0.02 0.002 0.0009 0.0008 0 0 0 0

o 0.007 0.005 0.0007 0.0004 0.0003 0 0 0 0

m 0.6 0.5 0.3 0.04 0.03 0.02 0.002 0 0
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Abstract

The Cherenkov light produced in air showers largely contributes to the signal observed in ground-
based gamma-ray and cosmic-ray observatories. Yet, no description of this phenomenon is available
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I. INTRODUCTION

A large amount of Cherenkov light is produced in extensive air showers [1] and several
experimental techniques have been proposed to explore this signal to study astroparticle
physics. The generation of light in the cascade is highly dominated by electrons. The emis-
sion of Cherenkov light by relativistic electrons including geometry, intensity, and wavelength
is explained by classical electrodynamics [2], which has been used as an inspiration for the

development of robust detection techniques.

The total signal produced by all particles in the air shower evolves as the cascade deep-
ens in the atmosphere. The correct description of this evolution is mandatory to extract
physical results from measurements. This problem is common to all collaborations running
ground-based detectors, including Imaging Atmospheric Cherenkov Telescopes (IACT) and
Fluorescence Detectors (FD), and also to proposed space experiments. In particular, to re-
construct the properties of the primary particle, it is necessary to understand the properties
of Cherenkov-light production in air showers, including the longitudinal distribution, the
lateral distribution, and the angular distribution. In this paper, special attention is given

to the description of the angular distribution of Cherenkov photons in air showers.

[ACTs are of fundamental importance for the Very High Energy (VHE) gamma-ray
astronomy (Ey > 100 GeV). The identification and the reconstruction of the primary gamma-
ray are done by interpreting the Cherenkov light detected by telescopes at ground. Current
observatories [4-6] are equipped with some (< 5) telescopes with few degrees (< 5°) of field
of view installed hundred meters apart from each other. The Cherenkov Telescope Array
(CTA) [7] is the next-generation IACT system presently under development. The CTA
baseline design calls for 118 telescopes to be installed at two sites covering areas of 0.6 km?
in La Palma, Spain and 4km? in Paranal, Chile. The angular distribution of Cherenkov
photons in an air shower determines the image shape detected by IACTs and is therefore a

key aspect in many reconstruction techniques [8-10].

FDs have been long used to study Ultra-High Energy Cosmic Rays (UHERC) [11]. These
telescopes have been optimized to measure the isotropic fluorescence light emitted by nitro-
gen molecules due to the passage of charged particles in the atmosphere. The telescopes in
operation [12, 13] have large aperture (~30°) and cover a detection area of thousands km?.

The fluorescence and Cherenkov emission produce signals in the telescopes in the overlapping



wavelength band of 300-450 nm, making it impossible to separate their signals. Tradition-
ally, Cherenkov light was considered as an unwanted noise in the FD measurements [13],
but recently the Cherenkov light seen by FDs has been used as signal to detect showers with
energies down to 2PeV [14-16]. Direct Cherenkov light is also used to study UHECR with
ground detectors [17, 18] and is proposed to be used as an important signal source in future
space experiments [19]. The angular distribution of Cherenkov photons in an air shower is
an important feature for all UHECR experiments because it determines the lateral spread
of light and the balance between fluorescence and Cherenkov-light signals measured by the
FDs, including large angles (> 10°) and great distances (several km) from the shower axis.

The number of Cherenkov photons produced in an air shower reaching a detector at a
given distance from the shower axis can be calculated only if the angular distribution of
photons is known. Reversely, the reconstruction of the primary particle properties is only
possible if the measured amount of light in each detector is converted into the amount of
light emitted by the particles in the shower. The angular distribution of Cherenkov photons
is determined by the convolution of the longitudinal development of electrons!, the energy
distribution of electrons, the angular distribution of electrons, the scattering of electrons,
the refractive index, the geomagnetic field effects; and the scattering of photons [20-24].

Influenced by the main techniques detecting Cherenkov light (IACT and FD), the study of
the angular distribution of Cherenkov photons has been divided respectively in two regimes:
(a) gamma-ray primaries, small angles < 10°, and TeV energies and (b) cosmic ray primaries,
large angles > 10°, and highest energies (1017 eV). Experiments have measured the angular
distribution of Cherenkov photons [25] in regime (b). Since the pioneering work [21], the
angular distribution was simulated for regime (a) [8] and (b) [24, 26].

In this paper, the angular distribution of Cherenkov photons is simulated using the most
updated simulation software and a new parametrization based on shower physics is proposed.
The parametrization presented here improves the precision in the description of the angular
distribution of Cherenkov light in comparison to models found in previous publications [8,
24, 26]. Beside the needed update of the parametrizations concerning the new shower models
made available after the previous works, this paper aims at the improvement of the precision
requested by the new generation of experiments [7, 19] and at the refinement demanded by

the new uses of Cherenkov light as the main signal source in FD analyses [15, 16]. Moreover,

I The term electrons here refer to both electrons and positrons.



a unified view of the two regimes is presented for the first time.

This paper is organized as follows. In section II, an exact model to compute the angular
distribution of Cherenkov photons is derived. This model is simplified in section III to obtain
a simple form in terms of free parameters. The parameters of the model are constrained
by Monte Carlo simulations in section IV. A discussion of the results and a comparison to

previous works are presented in section V and some final remarks are given in section VI.

II. EXACT MODEL FOR THE CHERENKOV LIGHT ANGULAR DISTRIBU-
TION

A mathematical description of the number of Cherenkov photons emitted in a given
angular interval as a function of the shower development in the atmosphere, d2N7 /dodX,
is presented in this section. Each physical quantity relevant to this description is identified
and explained below.

Electrons are responsible for over 98% of the Cherenkov-photon content in a shower [24].
Therefore it is assumed in this study that all photons are emitted by electrons. Figure 1
depicts the composition of angles determining the final angular distribution of Cherenkov
photons. Shown is that an electron emitted during the shower development is subject to
scattering in the atmosphere and its trajectory forms an angle 6, with the shower axis.
Such an electron will emit Cherenkov photons in a cone of half-aperture angle 6., around
its propagation path. The two angles Oy, and ¢e, (measured in a plane perpendicular to the
moving electron track) determine the direction of the emitted photon. Finally, the emitted
photon forms an angle # with the shower axis.

It is the interplay between the Cherenkov emission angle 6., and the scattering angle
of electrons 6, that determines the distribution of the resulting Cherenkov-photon angle 6.
In the beginning of the shower, most electrons move parallel to the shower axis, therefore
0p =~ 0= 0 = Oen. The angle 0., in its turn, is an increasing function of the atmospheric
depth and reaches a maximum value of about 1.5° at sea level. As the cascade develops
further, electrons scatter multiple times, increasing the fraction of particles with large 6,
values. Indeed, the effect of multiple scattering generates electrons with 6, > 6, and
therefore 6 > 0.,,. As a consequence, for 8, > 0., = 0 =~ 0,,, so that the angular distribution

of Cherenkov photons approximately reproduces the angular distribution of electrons in the
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shower.
The number of Cherenkov photons emitted by electrons with energy £ and angle 6, in a

shower per interval of depth dX is given by?

N, N,
AN, = N.(s) %(E, 5)dE %(ep, F)df, Y, (B, h) sec, dX df;m , (1)
1%

where s is the shower age® and h is the emission height above sea level. N,(s) is the total
number of electrons, dN./dE is the energy distribution of electrons, and dN./df, is the
angular distribution of electrons. The function Y, (E, h) represents the number of photons
emitted by one electron per depth interval (yield) and the factor of sec§,, takes into account
the correction in the length of the electron track due to its inclined trajectory. Photons are
uniformly distributed in ¢ (factor of 1/27). According to reference [24], Y, (E, h) is given
by

Y, (E, h) z4m% (i - i) (1 — %) : (2)

in which @ =~ 1/137 is the fine-structure constant, n(h) is the refractive index of the
medium, p(h) is the atmospheric density, and \; the wavelength interval of the emit-
ted photons. The threshold energy FEi,, for an electron to produce Cherenkov light is
Eu(h) = mec?/4/1 —n=2(h), where m, is the electron rest mass.

The dependency of dV, on the angle between the Cherenkov photon and the shower axis

directions, 6, is found after a change of variable from ¢e, to 6 (see Figure 1)

cos § = cos 0, cos Bepy — sin O, sin Gepy COS Gern (3)
which leads to
d em
dppem = 2 ¢ de
do A
2 sinf df (4)

= . . ?
\/sin? 0, 8in? O — (cos 0, coS Oory — c0s )2

2 The dependency on the primary particle energy (FEp) is omitted here for brevity and discussed in terms of
simulated showers in the following sections. For the purpose of this section, Fy may be regarded as fixed.
3s=3X /(X 4+ 2Xmax) where Xpax is the depth in which the shower reaches the maximum number of

particles.



in which a factor of 2 was added to account for the fact that there are always two values of
¢em resulting in the same value of 6 (see Figure 2). The half-aperture angle of the Cherenkov

radiation cone, 6.y, relates to the particle velocity S by the usual expression

1
oS by = — .
Bn

Substitution of Equation (4) into Equation (1) gives

dN, dN,

dN, = N,(s) d_Ee(E’ s)dE g@(ﬁp, FE)de,Y,(E, h) secl,dX
P
1 sin 0 df (6)

T \/sin? 0, $in? Oy, — (c0s O, cOS Oery — cos 0)2

Finally, to obtain the desired angular distribution of Cherenkov photons, d2N7 /dodX,
it is necessary to integrate Equation (6) over all possible values of electron energies F and
angles 0,. Integration over £ must assert that relation (5) is satisfied, therefore E takes
values for which £ > Ey,,(h). Limits of the integral over electron angles 6, should take only
values that contribute to 6. From Figure 2 and Equation (3), it is found that this interval

is |0 — Oem| < 0, < 6 + Oeny. Thus, the exact angular distribution of Cherenkov photons is

given by
d°N, 1 > dN,
0.5, h) == Ny(s) sind dEY,(E,h) = (E,
FaeOn = Nelo)snd [ dBY (B0) T8, )
O*0em AN, dg
<[ 6w E) s .
10—0em| A0p cos 0,+/sin” 0, 8in” Oery, — (oS 0, COS oy — cOs 0)2

(7)

III. APPROXIMATED MODEL FOR THE CHERENKOV LIGHT ANGULAR
DISTRIBUTION

In this section, an approximation of the above equation is proposed to obtain a sim-
pler yet meaningful description of the angular distributions of Cherenkov light. The idea
is to summarize the angular distribution to a minimum set of parameters, allowing its
parametrization.

First, note that the integration in 6, is done in a very narrow interval given that 0., <

6



1.5°. Therefore it is possible to consider that sec 6, dN./d6, varies little within integration
limits and, in a first approximation, can be taken as constant and calculated in the mean

angle (6,) of the range in between the integration limits

d°N, 1 > dN,
~— N, i EY,(E,h)—(F
dedX(@,s,h) - o(s) sm@/Ethr(h)d S(E,h) dE( ,S)
1 dN.
— E
X Cos <9p> dep (< p>7 ) (8>

/9+6'em dep
X )
|0—Oem| \/ sin® 0, $in? e, — (08 0, COS Oy, — 08 0)2

where

Oem, if 0 <O
<9p> = . (9)
0 if 0> 0o

The remaining integral over 6, is a complete elliptic integral of the first kind and can be

approximated by a logarithmic function

9+0cm
/ de, -
10—0em| /5107 0, 8107 Oey — (OS 0, COS Oy — COS0)2

1 T — log (1 — efm) 5 it 0 S ‘gem (1())
sin(0;) m — log (1 — 969’“) , if 0> 0

The abbreviation below is introduced

1 7—log(l—-2), if 6<0um
(0, 0, E) = —— (1= a) , (11)

S0) | 7 log (1— 80) , if 0> O

and by noting that cos 6., = 1/8n rapidly converges to 1/n as the electron energy increases,
it is reasonable to assume that cosfe, = 1/n for all electrons. With this assumption the

function 1(0, Oem, E) ~ 1(0,0cn) = 1(6, h) becomes independent of the electron energy*

d*N, 1
0,5, h) ~ = Nu(s) sin0 1(0, h
doane Or 1) & o Nels) sin @ 10, 1) (12)
« [T apvien) e L ey py
Fune (h) T AE YT cos(B,) O, Y

4 From now on .y, = arccos(1/n).



The validity of the approximations done until here were tested using Monte Carlo simu-
lations of air showers and the results shown in Appendix A.

The remaining integral over electron energies,

1 dN,
cos(f,) db, ((6e), B)

Q/m 4B V,(E,h) e, 5) (13)

Ethr(h) dE
has been studied before in references [24, 26]. A parametric form to describe this quantity

is proposed here

K(0,5,h) = C(0,)" e/ (1 4 cel®)/f2) | (14)

where v, 01, 05, and € are parameters varying with shower age, height (or refractive index),
and, possibly, the primary energy. The constant C' is intended to normalize Equation (14)
according to Equation (13). In the next section the parameters of this function are going to
be studied and the quality of the description is going to be tested. The approximated model

is summarized as

Ny o hy = L No(s) simBI(6.1) K(6.5. ) (15)
s,h) = = N.(s) sin , .5, h).

agax\>sM =7

IV. PARAMETRIZATION OF THE CHERENKOV LIGHT ANGULAR DISTRI-
BUTION

Monte Carlo simulations of air showers are done using the CORSIKA 7.6900 package [27].
Gamma-ray and proton showers are simulated with energies between 100 GeV and 1 EeV
in intervals of 1 in log,y(Ep/eV). For each combination of primary type and energy, at
least 120 showers are simulated. Simulations are performed for vertical showers and showers
inclined at 20°. QGSJETII.04 [28] and URQMD [29] are used as high- and low-energy
hadronic interaction models, respectively. The U.S. standard atmosphere model is used in
the simulations and the refractive index is considered to be independent of the wavelength
(180nm < A < 700 nm) of the emitted photons. Cherenkov photons are produced in bunches
of maximum five. The COAST option is used to store the angle between the Cherenkov
photons and the shower axis directions, 6. X .., which is used to compute the shower age, is
extracted from the longitudinal development of charged particles by fitting a Gaisser-Hillas
function [30].

The approximated model summarized in Equation (15) suggests that the angular distri-

8



bution of Cherenkov photons should vary with shower age and atmospheric height. Both
dependencies are made clear in the upper plots of Figure 3, where the angular distribution
of Cherenkov photons of five randomly chosen gamma-ray-induced air showers at different
values of s and h are compared. From the cascade theory [31-33], the angular distributions
of Cherenkov light in gamma-ray showers are expected to be independent of the primary
particle energy and this is confirmed in the bottom-left plot of Figure 3. In the case of
proton showers, some dependency on the primary energy is observed in the bottom-right
plot of the same figure. These plots also reiterate the fact that distributions with common

age, height, primary type, and primary energy are similar.
Taking this dependency into account, the angular distribution of Cherenkov photons in
a given interval with mean age 5 and height h in a shower of energy E, can be described by

—F(0.5,h, Ey) = N sin0 1(6,h) K(6,5. h, Eo) (16)

in which N (different from N,(s)) is a normalization constant which depends on the param-

eters of K (0,5, h, E).

The parameters of K (6,3, h, Ey) are considered to be

v(s,n) = poy (n—1)""* + pa, log(s),

61(s,n, Ey) = pog, (n — 1)1 (Ey/TeV)**%1 + p3 4, log(s), a7
02(s,n) = 61(s,n) (Pog, + P1,6:5)
e(Eo) = po,c + p1,e (Eo/TeV)P> .

The coefficients p; , are the parameters of the model to be fitted. In these equations, the
dependence in height, h, was changed by the dependence in the refractive index, n, to make

the parametrization independent of the atmospheric model used in the simulations.

The simulated angular distributions of Cherenkov photons are fitted with this model. For
that, a multinomial likelihood function (Lyypg) is built taking into account every simulated
distribution from shower ages in the interval 0.8 < s < 1.2. A single value of refractive
index n is associated with each distribution according to the emission height. Histograms
are weighted by the inverse of the primary energy in TeV, so the contribution from showers

of distinct energies to Ly g are of the same order of magnitude. Gamma-ray and proton



showers are fit separately, as distributions strongly depend on the primary particle type in
lower energies. All coefficients p; , are allowed to vary in the fit procedure. In the case of
gamma showers, however, the energy dependency is dropped (p2g,, pie, P2 = 0). Fitted

values of p; , and their associated confidence intervals are found in Tables I and II.

V. RESULTS

In this section, the parametrization proposed in the previous section is compared to the
Monte Carlo distributions and to previous works. Figure 4 shows the simulated angular
distribution of Cherenkov photons in comparison to four models for one single gamma-ray
(upper panel) and one single proton shower (lower panel). The ability of the presented
parametrization to describe the simulated data both around the peak of the distributions
and at the small and large 6 regions is evident in this figure. Predictions from the models

presented in Refs. [24, 26] are shown in the region # > 5° only, for which they are defined.

Figure 5 shows the overall quality of the models by comparing their average relative
deviation to the simulated distributions for four combinations of primary type and energy.
Three shower ages (s = 0.8, 1.0, and 1.2) are shown. It is clear that the model proposed here
has many advantages. The model presents the smaller deviation from the simulations for a
large angular range. For gamma-ray showers, the deviation is very small (< 5%) for angles
smaller than 25°. For proton showers, the deviation of the model developed here improves

with energy.

Results presented in this work are optimized with simulated showers having energies from
100 GeV (1 TeV, in case of proton) to 1 EeV. The quality of the model measured with respect
to shower energy can be assessed in Figure 6, where the average relative deviation is shown
at s = 1.0 for all studied energies. For both primaries, this deviation is smaller than 10%
in a wide angular and energy interval. In the case of gamma-ray showers (left box), the big
deviation seen for 100 GeV gamma-ray showers above § = 30° is related to the small number
of photons in this region. On average, 99.8% of the Cherenkov photon content of 100 GeV
gamma-ray fall in the region 6 < 30°. This figure confirms again the quality of the proposed

model and ensures its adequacy to be employed in both the aforementioned regimes (a) and
(b).
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VI. CONCLUSION

To understand the nature and to describe the angular distribution of Cherenkov photons
in air showers is of great importance in current experimental astrophysics. An exact model
has been derived in Section II to describe the angular distribution photons in terms of the
unknown energy and angular distributions of electrons. In Section III, successive approxi-
mations to this exact model have lead to a factorized form for the angular distributions of
Cherenkov photons: a first term, I, depending on the maximum Cherenkov emission an-
gle and a second term, K, depending on the energy and angular distributions of electrons.
A simple parametric form has been proposed to describe this second term, overcoming the
necessity of describing the two-dimensional energy and angular distribution of electrons. Pa-
rameters of this model have been obtained by fitting Monte Carlo simulations in Section I'V.

The direct comparison of the parametrization and Monte Carlo simulations in Section V
has shown the excellent capability of the model to describe the angular distributions of
Cherenkov photons. The use of this model has many advantages as it is able to: 1) cover
both small and large angular regions, including the peak around 6., and 2) cover a large
energy interval, from hundreds of GeV to EeV energies. The parametrization presented
here is therefore adequate to be employed in both the reconstruction of gamma-rays and
cosmic-rays in TACT systems and also in the study of extensive air showers with fluorescence

detectors.

ACKNOWLEDGMENTS

LBA and VdS acknowledge FAPESP Project 2015/15897-1. This study was financed in
part by the Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES)
- Finance Code 001. Authors acknowledge the National Laboratory for Scientific Comput-

ing (LNCC/MCTI, Brazil) for providing HPC resources of the SDumont supercomputer
(http://sdumont.Incc.br). VdS acknowledges CNPq.

Appendix A: Validation of approximations

In this Appendix the models presented in Section II (exact) and Section III (approxi-

mated) are compared to a direct simulation of the angular distribution of Cherenkov pho-
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tons. This comparison is shown in Figure 7 for the case of a vertical 1PeV gamma-ray
air shower at three different shower ages. The inset plot shows the region of large angles
(0 > 5°). The angular distributions of Cherenkov photons directly extracted from the sim-
ulation (reference) are represented by the filled curves. The dashed blue (exact model) and
solid orange (approximated model) lines show the computation of the angular distributions
of Cherenkov photons using Equations (7) and (15), respectively. For these computations,
the energy and angular distributions of electrons (dN./dE and dN./df,) were extracted

from the same simulation.

From Figure 7 it is seen that in the region of # > 5° (inset plot) the curves of both models
appear superimposed with the reference distributions for the three ages being shown. Further
insight about the quality of these models in the region of smaller angles can be obtained by
inspection of Figure 8, where the relative deviations between both models and the reference

distribution are studied.

The exact model presents no deviation with respect to the reference distribution, except
in the region around the peak of this distribution where a deviation of < 10% is found, as
can be seen in Figure 8. However, this may be attributed to a side effect of binning the

electron distributions (dN./dE and dN./df,) used as input in Equation (7).

The approximated model of Section III, on the other hand, deviates less than 10% from
the reference distribution at s = 1.0 (center plot). At the ages of s = 0.8 (upper plot) and
s = 1.2 (lower plot), on the other hand, this deviation is typically smaller than 20%, except
at the peak. While this approximation is not as good as the exact model, it validates the
idea that it is possible to approximately reproduce the shape of the angular distribution of

Cherenkov photons as a product of two functions, as claimed in Section III.
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TABLE I. Coefficients describing the angular distribution of Cherenkov photons in gamma-ray air

showers.
[ Po,u (Eerr) p1,u (Eerr) pa,u (Eerr) P3,u (Eerr)
v 0.34329(0.00006) —0.10683 (0.00002) 1.46852 (0.00004) —
0, 1.4053 (0.0002) 0.32382 (0.00002) 0 —0.048841 (0.000003)
0, 0.95734(0.00008)  0.26472 (0.00005) - -
e 0.0031206 (0.0000006) 0 0 —

TABLE II. Coefficients describing the angular distribution of Cherenkov photons in proton air

showers.

] Po,p. (Eerr) p1p (Eerr) P2, (Eerr) P, (Eerr)

v 0.21155(0.00006) —0.16639 (0.00003)  1.21803 (0.00006) —
01 4.513(0.001) 0.45092 (0.00003) —0.008843 (0.000002) —0.058687(0.000006)

(
6> 0.90725(0.00008)  0.41722(0.00005) — —
e 0.009528 (0.000002) 0.022552 (0.000007)  —0.4207 (0.0002) —
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FIG. 1. Definition of the relevant angles for Cherenkov light emission in air showers. The blue cone
represents the emission of Cherenkov photons around the emitting electron trajectory, in orange.

The final angle between each Cherenkov photon (blue trajectory) and the shower axis is denoted
by 6.

Shower axis

Emission point
L]

FIG. 2. Depiction of the intersecting region between the Cherenkov cone (blue ring) and the ring
of width df around the angle 6 (grey ring) in the unit sphere. There are two intersection points
whenever [0 — 6| < ey and none otherwise.
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FIG. 4. Angular distribution of Cherenkov photons from a single gamma-ray (top) and proton
(bottom) shower. CORSIKA simulations (filled histograms) are compared to the parametrized
distributions (solid curves) at s = 0.8, 1.0, and 1.2 (indicated inside the plot). Predictions from
Refs. [8, 24, 26] are shown for comparison (see legend). Curves of a common shower age are
vertically displaced for better visualization.
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box depicts a single primary-energy combination, indicated in the top-left corner. Parametrization
of this work is compared to predictions from Refs. [8, 24, 26] (see legend in the upper pannel).
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FIG. 7. Comparison of the exact (blue dashed) and the approximated (orange solid) models of
Sections IT and III to a simulated angular distribution of Cherenkov photons at three shower ages
(see annotations inside the box). The inset plot shows the region 6 > 5°. To avoid superposition of
the curves and therefore make the figure more clear, some curves were scaled by factors indicated
together with the shower age.
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7 A TECHNIQUE TO MEASURE X,,., USING CHERENKOV LIGHT

In the paper listed as reference (77), A. Giler and collaborators propose a method
to obtain the depth of shower maximum of extensive air showers from measurements
performed by imaging atmospheric Cherenkov telescopes (IACT). This method introduces
a new observable called X (#PParent) “wwhich corresponds to the apparent depth of shower
maximum derived from the longitudinal Cherenkov-light profiles seen by one or a group
of telescopes. The value of X @Paent) is found to be linearly correlated to the real depth
of maximum of the charged component of the shower X(hareed) The main result of this
study is to show that X(charzed) can be reconstructed with reasonable accuracy through

the measurement of X (apparent

), under the conditions that the shower is not observed too
close from its core and that the correlation between X (charged) and X (@pparent) jg given g
priori.

The author of the present thesis has contributed to this study by providing the
shower simulations from which the analysis is derived. This chapter aims to describe the
simulations used in this study and to summarize the principal results. The discussion is
structured as follows. In Section 7.1 the motivation to develop this technique is outlined in
view of possible cosmic-ray studies. Section 7.2 describes the procedure used to simulate
extensive air showers and to analyze the Cherenkov photons from each shower. Following,
in Section 7.3 the analysis of the simulated Cherenkov-light profiles and the main results,
which were obtained by A. Giler, are summarized. At last, some concluding remarks are

presented in Section 7.4.

7.1 Motivation

Imaging telescopes constitute the major class of instruments used for ground-
based gamma-ray astronomy. Such detectors are used to capture Cherenkov-light images
of air showers from which the features of the primary particle can be extracted, including
its type, its energy, and its arrival direction. In the current generation of TACT sys-
tems, H.E.S.S., MAGIC, and VERITAS, the potential of this type of detector to measure
gamma-ray fluxes has been explored in arrays combining 2 to 5 telescopes, with analyses
based on the stereoscopic view of extensive air showers. These TACT systems were de-
signed to work as detectors of gamma rays having some tens of GeV up to some hundreds
of TeV. In this energy regime, every observation of a gamma-ray source is accompanied by
an overwhelming cosmic-ray background, whose flux is at least three orders of magnitude
higher than the expected cosmic photon fluxes. The presence of this background has two
notable implications: the first is that gamma-ray-based analyses have to efficiently reject

events generated by cosmic-ray protons and nuclei based on the shower images; the sec-
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ond is that IACTs have the potential to measure the cosmic-ray flux in an energy range

slightly above the nominal range for detection of gamma rays.

The primal motivation for the current study lies in the possibility of performing
cosmic-ray composition analyses using TACTs. It is foreseen that arrays such as VERI-
TAS (140), for instance, with its 4 telescopes, can observe about 1000 proton events above
1 PeV per year. (77) This makes IACT systems especially suited to measure the cosmic-
ray flux in the knee region, around which precise measurements of relative abundances
of primary masses are scarce. Such measurements are of great importance for cosmic-ray
physics, as knowledge of the fluxes of individual components around the knee region would
represent a fundamental piece of information to better understand the transition from a
galactic-dominant to an extragalactic-dominant flux of cosmic rays. (38) Therefore, de-
veloping a technique to disentangle the relative abundances of different primary masses
using TACTs would result in an important scientific outcome. This is even more promising
in view of the forthcoming Cherenkov Telescope Array (CTA) (167) that, with its larger
effective area, may be able to observe the cosmic ray flux at the knee with even higher

statistics and precision.

In this study, a new technique to measure the depth of shower maximum of the
charged component of extensive air showers X(haged) is proposed. This observable is
known to be correlated with the mass of the primary cosmic ray (see Section 4.1.3).
Shower reconstruction algorithms from which the X (harsed) of eamma-ray showers can be

2 and a small bias in the reconstructed

derived exist (177), with a resolution of 30 g/cm
value. The advantage of the technique presented here is that it is specifically targeted to
reconstruct X (har#ed) wwhich results in a resolution that improves with increasing energy

in a method that is complementary to other analyses techniques.

7.2 Simulation procedure

All results from this study derive from simulations performed in the framework of
CORSIKA 7.6300. (246) Specifically, CORSIKA is used to simulate the development of
extensive air showers, including the detailed emission of Cherenkov photons and its prop-
agation. Some important parameters used in all simulations are summarized in Table 2.
Apart from these parameters, three types of primary particles are considered (gamma rays,
proton, and iron nuclei) with four values of primary energy (10 TeV, 30 TeV, 100 TeV, and
300 TeV). For each of the 12 combinations of primary particle type and energy, a sample of
10* showers is generated. Along the simulation of each shower, the longitudinal evolution
of the charged particle profile is sampled in steps of 5g/cm? and a fit to a Gaisser-Hillas

function (Equation 2.9) is used to extract X (charged),

During the simulation, the emission of Cherenkov photons is performed as usual

in CORSIKA by producing bunches containing no more than 5 photons each. To simulate
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Table 2 — CORSIKA steering parameters common to all simulations presented in Chap-

ter 7
Parameter Value

Hadrons 300 MeV

. Muons 100 MeV

Particle energy cutoffs Electrons 920 MaV

Photons and 7° 20 MeV

Shower axi Zenith angle 20°
OWeL axis Azimuth angle Random
. . Low energy (E < 80GeV) FLUKA (253)

Hadronic interaction models High energy (E > 80 GeV) BPOS-LHC (258)

Observation altitude 2150 m

Source: By the author

what would be the detection of these photons in an ideal detector, a fictitious array of
telescopes is simulated as represented in Figure 37. This array comprises 30 juxtaposed
spherical photon-collection surfaces of 5m radius in a linear arrangement. Each of these
telescopes represents an ideal instrument in which all photons are efficiently collected and
their arrival direction and impact position are exactly determined. The linear configura-
tion of the simulated array allows for the study of the impact-parameter dependence of

the observed Cherenkov-photon profiles.

Along with the simulation, information of every photon bunch hitting a detector
is piped to an external program responsible to reconstruct the longitudinal and lateral
profiles of Cherenkov photons at emission. This procedure relies on the definition of a
shower-face plane (SFP), illustrated in Figure 37. Formally, the SFP is defined as the set
of points p'such that (p'— pp) -7 = 0, where py is the shower impact point and 7 is a vector
normal to the SFP. The normal vector n, in its turn, is defined in terms of the shower
axis direction 05 and the position of the telescope 7 with respect to the impact position
as . = 05 X (7 X ¥5). Therefore, for each telescope a different SFP is defined depending on
the arrival direction of the primary particle. To account for the effect of the limited field
of view (FOV) of a real detector, a cut is applied on photon arrival directions to select
only photons that would be observed within a limited FOV. Typically, a cut of 10° is
applied in this study, unless otherwise noted. All photon bunches surviving this cut are,
then, projected back into the SFP, with the intersection point characterized by the slant
atmospheric depth, measured along the shower axis direction, and the lateral position in
meters, measured in the direction transversal to the shower axis. Examples of histograms
obtained from projecting photons back into the SFP are shown in Figure 38 for 100 TeV

showers observed at two different impact parameters.
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Figure 37 — Depiction of the shower-face plane and the array of ideal telescopes.

Source: By the author

The final products of the simulations, therefore, are the two-dimensional his-
tograms with photons projected back into the SFP for various impact parameter values.
In these distributions, the vertical direction is associated to the longitudinal evolution of
the Cherenkov-light emission profiles along the shower axis. Simple comparison between
the left and right plots of Figure 38 reveals that, when observed through Cherenkov
light, each telescope will perceive a different depth of shower maximum X (Cherenkov) ot
necessarily coinciding with the real depth of shower maximum nggrge@. This apparent
depth of shower maximum, however, is a measurable quantity and its ability to be used

to estimate X (hareed) ig explored in this study.
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7.3 Results

From this point on, the study was carried by A. Giler with only minor contributions
from the present author. This section aims to briefly describe the central ideas present in

the analysis of the simulated showers and to summarize the results obtained.

A central concept in this study is that the observable X (Cherenkov) "if ypeasured

max
outside the Cherenkov-light pool, correlates with X (harged) and allows for its reconstruc-
tion. Indeed, it is seen that X(Cherenkov) ig approximately constant with respect to the
impact parameter r in the region 150m < r <200m. Therefore, a third quantity, de-
noted X(@pparent) ig defined as the value of X (Cherenkov) averaged over a group of tele-
scopes lying within this impact parameter region. An analysis of the joint distribution of
X (apparent) anq X (charged) from the simulated showers reveals that, in general, a linear form
X (charged) — o 4 g X (@pparent) provides a reasonable description of the correlation between
these two variables. By extracting the values of a and [ from the simulations, therefore,
it is possible to estimate X (chareed) from measurements of X (@pparent),

The parameters « and [ are determined using distinct configurations and the

(charged)

Ria is computed as the standard deviation

resolution of the technique in determining X
of the distribution of the residuals between the reconstructed depth of shower maximum
and the real value X (hareed) Namely, the resolution is studied in three scenarios: i) varying
the number and position of the telescopes used to compute Xg?;farenﬂ; ii) deriving v and 3
separately from gamma-ray and hadronic showers; iii) varying the FOV of the telescopes.
The resulting resolution in each case is shown in Figure 39. The three plots in this figure
exhibit the quality of the proposed technique by showing that the resolution improves

with energy and is almost independent of the FOV for values > 5°.

7.4 Conclusion

In this chapter, a new technique to reconstruct X(harged) yging Cherenkov light

max
has been presented. This technique is the result from a collaboration with A. Giler and
the contribution from the present author on the provision of shower simulations has been
discussed in detail. The performance of the technique has been summarized in terms
of the resolution in reconstructing X(harged) that for energies > 100 TeV is of about
~ 25g/cm?. Remarkably, the resolution obtained is comparable to that of fluorescence
detectors. This result shows that IACTs have, indeed, a great potential to measure the
depth of shower maximum of cosmic-ray showers in a region of the spectrum where mass-
composition measurements need to be improved. Moreover, this technique introduces a
new air shower observable, the Xﬁ;ﬁarem), that is derived independently of any other
reconstruction technique and can be introduced in algorithms for the reconstruction of

gamma-ray fluxes.
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8 ON HADRONIC INTERACTION MODELS AND CHERENKOV
TELESCOPES

In this chapter, the association of hadronic interaction models with uncertainties
in the detection of extensive air showers through IACTs is investigated. This investigation
is divided into two parts. In a first analysis, the basic Hillas parameters predicted from
different hadronic interaction models are compared. The goal of this first study is to
understand to which extent the uncertainties in the hadronic models affect the prescription
of the Hillas parameters in simulations of IACTs. The results from this first study have
been presented in a meeting of the Analysis and Simulation Working Group (ASWG) of
the CTA after which a collaboration has been formed to develop a deeper analysis for
the CTA, which forms the second part of the present investigation. This collaboration,
lead by Michiko Ohishi, has the goal to determine the impact of uncertainties in hadronic

interaction models on the estimated sensitivity of the CTA instrument.

Results of the analysis of basic image parameters and a summary of the results
derived by M. Ohishi will be presented in this chapter, which is structured as follows.
Section 8.1 exposes the fundamental motivation for associating IACT measurements with
hadronic interaction models. Section 8.2 describes the simulation chain used to obtain
the results of Section 8.3, in which the distributions of Hillas parameters are investigated.
Section 8.4 summarizes results on the estimated CTA sensitivity. Section 8.5, the last of

this chapter, comments on the results presented below and gives some concluding remarks.

8.1 Motivation

Understanding the uncertainties associated with the theoretical description of ex-
tensive air showers is vital for collaborations running cosmic-ray observatories as they re-
flect into uncertainties on the reconstructed primary fluxes. This is because the observables
used to discriminate the primary particle and infer its properties are interpreted in light
of computational frameworks relying on a complete theoretical modeling of the particle
cascades. (82,161,171,265) Similarly, for experiments in the design or construction phase,
simulations of extensive air showers are used both to improve the final design (169) and
to estimate the instrumental performance. (266-267) Among all known sources of uncer-
tainties in the description of extensive air showers, the modeling of hadronic interactions
is critical. (34,254-255)

Hadronic processes play a central role in the development of proton- and nuclei-
induced showers as they drive the energy flow in the early stages of a cascade, thus de-
termining the growth of the electromagnetic component, and also dictate the spectrum of

muons that reach the ground. (226,262) In the case of gamma-ray showers, photoproduc-
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tion processes can give rise to a hadronic component whose relevance for gamma-ray obser-
vations is expected to be small (34), but still is not completely understood. (268) In what
concerns the modeling of hadronic interactions, uncertainties are abundant. Hadronic par-
ticles are dynamic systems composed by quarks and gluons or, generically, by partons,
which are subject to the strong interaction. The evolution of the partonic structure of
hadrons and the interaction cross sections at the partonic level can not be completely de-
scribed from first principles in Quantum Chromodynamics (QCD). (269) For this reason,
phenomenological models have been proposed (257-259,270) to describe the bulk of final
states arising in hadronic processes. Being of phenomenological character, these models
depend on several approximations and carry free parameters that have to be adjusted
to fit collider data. (271) Then, they are extrapolated to unmeasured kinematic phase-
space regions when used for air-shower physics. (272) These extrapolations give rise to

uncertainties in the prescription of air-shower observables that are difficult to quantify.

Traditionally, hadronic interactions are modelled in the simulation of extensive
air showers in two separate regimes: of low- and high-energy interactions, with a typi-
cal transition energy of 80 GeV (measured in the laboratory frame). Current IACT sys-
tems (147-149) already operate in an energy range which crosses this transition energy
and, therefore, observations in this type of experiment are affected by the modeling of
hadronic interactions in both regimes. In particular, it has been shown that the simu-
lated lateral distribution of Cherenkov light at energies relevant for TACTs depends on
the characteristics of hadronic interaction models (255) and that the value chosen for the
transition energy is a source of uncertainty as well. (254) However, there is no dedicated
study quantifying the effect of uncertainties in hadronic interaction models on the detector
response of IACT systems. Such study, besides being naturally important for the experi-
mental community, would provide an important feedback for the hadronic-model-builder

community.

In the context of the forthcoming CTA, prospects for physical analyses with this
experiment depend on the estimated instrument response to gamma-ray fluxes. In partic-
ular, the sensitivity of the instrument constrains the lowest value of gamma-ray signals
that will be observed by the CTA and is therefore of great importance to plan future
observations and derive the prospects for specific studies. The sensitivity of the CTA has
been evaluated through a complete simulation chain including the description of extensive
air showers and the full detector response. (208,266) This computation has been carried
out by the CTA collaboration with a single hadronic interaction model for the simulation
of the hadronic background. The question as to determine if the estimated sensitivity car-
ries uncertainties relative to the modeling of hadronic interactions, accordingly, remains

open.

Following this reasoning, the purpose of this study is twofold. The first goal is to
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Figure 40 — Examples of simulated images of a gamma-ray (left) and proton (right)
shower, both at 1TeV and detected at a distance of 50 m from the shower
core.

Source: By the author

investigate how sensible are the simulated distributions of Hillas parameters to differences
in hadronic interaction models. In particular, the telescopes that will be deployed at the
CTA observatory are considered in the simulations below. In the following, the impact of
uncertainties in hadronic interaction models on the estimated sensitivity of the CTA is

analyzed through its computation using different hadronic interaction models.

8.2 Simulation of IACTs

The simulations used to derive the distributions of Hillas parameters in this study
were performed in tandem with those detailed in Section 7.2. Parameters used to steer
CORSIKA simulations are the same used in that section (see Table 2), with the exception
that the results presented here are for gamma-ray and proton showers only and include
energy values down to 100 GeV, so to explore the energy regions covered by the three
CTA telescope types. The spatial arrangement of the simulated telescopes also follows

the approach of the previous chapter, which is illustrated in Figure 37.

To couple the response of the telescopes in the simulation chain, the sim_telarray
package (273) is employed. During shower simulation, each Cherenkov-photon bunch gen-
erated by CORSIKA is piped to sim_telarray, which is responsible to account for the
absorption of light in the atmosphere, to trace the photon trajectories in the optical sys-
tems of the telescopes, and to produce the electronic response on the telescope camera.
The sim_telarray package provides a complete description of a telescope, including the

mirror and camera configuration, the mirror reflectivity, and the efficiency in the con-
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Figure 41 — Distribution of the image width as predicted by six different combination of
hadronic interaction models for 3 TeV gamma ray and 10 TeV proton showers.
The simulated telescope is an MST at a distance of 100 m from the shower
core.

Source: By the author

version of photons in electronic signal. The parameters describing these configurations
match those used in Prod3b simulations (164) by the CTA collaboration. In each simu-
lated event, the center of the field of view of each telescope is aligned with the direction
of the primary particle. No trigger at the array-level is defined in the simulation, meaning

that an event is registered whenever at least one telescope is triggered.

Following the simulation of the detector response, which results in a raw image of
the simulated shower, sim_telarray performs the image analysis procedure. This process
starts with the imaging cleaning by employing a tail-cut algorithm, which requires a pixel
to have an amplitude exceeding a certain threshold t,,, and at least one neighbor pixel with
a threshold th;gn and vice versa. (171) From the cleaned image, the Hillas parameters are
computed following the standard definitions. (172) An illustration of the images produced

in the simulation can be found in Figure 40.

For this analysis, three parameters of shower images are considered, namely:

o Size: zeroth-order moment of the image, which is equivalent to the sum of the

amplitudes of all pixels surviving the image cleaning procedure;
o Image length: standard deviation of the image along the direction of its major axis;

o Image width: standard deviation of the image along the direction of its minor axis.
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Figure 42 — Distribution of the image length as predicted by six different combination
of hadronic interaction models for 30 TeV gamma ray and 100 TeV proton
showers. The simulated telescope is an SST at a distance of 100m from the
shower core.

Source: By the author

The output of the simulation procedure comprises the values of image parameters
for every triggered telescope in one event. This information is used to build the distri-
butions of image parameters for each combination of primary type, energy, and distance
between telescope and shower arrival point (impact parameter). Examples of these simu-

lated parameter distributions can be found in Figures 41 and 42.

8.3 Basic image parameters

In this section, the overall impact of hadronic interaction models on the estimated
values of Hillas parameters is investigated. For that, the average values of the parameters
are computed and expressed as a function of the impact parameter, as illustrated in Fig-
ure 43. This figure shows the evolution of the average values of the image size (logarithm),

the image width, and the image length as a function of the impact parameter.

To get a quantitative insight on the difference between the average parameters
prescribed by different hadronic interaction models, a global average is defined as the
parameter value at each point averaged over all hadronic interaction models. Below, a
comparison between prescriptions from different hadronic interaction model combinations

is performed in terms of the relative deviation to the global average of each parameter.
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Figure 43 — Average value of the image parameters as a function of the distance between
the telescope and the shower core. The logarithm of the total image amplitude
(top), the image width (middle), and the image length (bottom) are shown for
3TeV gamma ray showers (left) and 10 TeV proton showers (right) detected
by the MST telescope.

Source: By the author

Image size

The image size (or amplitude) is analyzed in Figure 44. It is inferred from this
figure that simulated gamma-ray showers (left panels) are, to a large extent, unaffected
by the choice of a particular hadronic interaction model. Minor discrepancies (<0.5%),

however, arise in the case of 30 TeV gamma-ray showers, as seen in the bottom-left plot.

Regarding proton showers (right panels in Figure 44), the image size varies from
one hadronic interaction model to another. Even at low energies, considering showers at
300 GeV, the results for different models diverge to a factor up to 6% between each other.
For showers measured too close from the core, discrepancies can be as large as 13% for

100 TeV showers, as seen in the right bottom plot.

Image width

The second parameter analyzed here is the image width, which corresponds to the
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44 — Relative percentage deviation of the average image amplitude as computed
by each hadronic interaction model with respect to a global mean, averaged
over all models. Left (right) column is for gamma ray (proton) showers whose
energies are indicated in the top left corner of each box.

Source: By the author

spread of a shower image in the direction perpendicular to its main axis. The impact of

hadronic interaction models in the estimation of this variable can be assessed in Figure 45.

This figure reiterates the idea that the simulation of gamma ray showers does not suffer

from uncertainties on hadronic interaction models. As for proton showers, deviations of

the order of 2% are seen in the right panels of Figure 45.

Image length

The image length, the last parameter analyzed here, provides a measurement of the

image size along its major axis. Figure 46 shows the average deviation of this parameter

as computed from different models. Again, as expected, no discrepancy between models

is seen for gamma-ray showers. On the other hand, discrepancies in the case of proton

showers increase with the primary energy. Differences on the average length between

models, however, are smaller than 3% in proton showers.
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Figure 45 — Relative percentage deviation of the average image width as computed by
each hadronic interaction model with respect to a global mean, averaged over
all models. Left (right) column is for gamma ray (proton) showers whose
energies are indicated in the top left corner of each box.

Source: By the author

8.4 Sensitivity of the Cherenkov Telescope Array

The results presented in the previous section are of preliminary character and were
idealized as part of a major study towards the investigation of the relevance of hadronic
interactions in TACT measurements. However, by getting in touch with M. Ohishi, who
was already carrying out similar work in a more advanced stage, the present author and
collaborators joined efforts with her towards a publication on the effect of the uncertain-
ties of hadronic interaction models on the estimated CTA sensitivity. This collaboration
includes other members from the ASWG and was established by 2018.

M. Obhishi has performed the computation of a set of sensitivity curves for the
CTA using a set of different hadronic interaction models. From the comparison of the
different curves computed using distinct models, an insight on uncertainties that accom-
pany an estimated sensitivity curve can be obtained. A preliminary result of this work

has been presented by M. Ohishi in the 16th International Conference on Topics in As-
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Figure 46 — Relative percentage deviation of the average image length as computed by
each hadronic interaction model with respect to a global mean, averaged over
all models. Left (right) column is for gamma ray (proton) showers whose
energies are indicated in the top left corner of each box.

Source: By the author

troparticle and Underground Physics (TAUP 2019) and is available in the conference
proceedings. (274) The sensitivity curves presented at this conference are reproduced in
Figure 47. The curves shown in this figure carry the important message that there is a
non-negligible uncertainty on the estimation of the CTA sensitivity that is due to model-
ing hadronic interactions. Indeed, discrepancies are most evident in the region from 1 TeV
to 30 TeV, in which the average difference reach 32% when comparing EPOS-LHC and
QGSJetll-04.

The present author has contributed to early discussions of this work and, more
recently, on the writing of the manuscript of a paper with the computations by M. Ohishi.
This manuscript is under internal revision in the CTA collaboration and will be submitted

for publication soon.
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8.5 Conclusion

This chapter has been elaborated to discuss the role of hadronic interaction models
in the context of TACT systems and, in particular, of the CTA. The original results
from the present author are summarized in Section 8.2, in which the impact of hadronic
interaction models on the Hillas parameters is investigated. From these results, it is clear
that investigations on the importance of hadronic interaction models on TACT systems
are necessary. It has been shown that the comparison of models, even when looking at
the simple averages of the basic image parameters, reveals non-negligible discrepancies.
In Section 8.4 the CTA sensitivity curves estimated with different hadronic interaction
models were compared and it has been seen that a significant influence from hadronic
interaction model exists. This work, lead by M. Ohishi, highlights the importance of
studying hadronic interactions in the context of the CTA. Importantly, it shows that as
observables at the CTA will be sensible to hadronic interactions, this experiment will have
the potential to constrain hadronic interaction models from measurements of extensive

air showers.
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9 FINAL REMARKS

This thesis was dedicated to the study of extensive air showers from simulations
in view of its detection by different ground-based detectors. As a summary, an outlook of

the results from Chapters 5, 6, 7, and 8 is presented.

First, Chapter 5 was dedicated to study and parametrize the fluctuations of the
depth at which a shower reaches its maximum, X ... Specifically, a study was performed
to find the best functional form to describe the distributions of X, in the ultra-high-
energy range (F > 1017 eV) and covering four groups of primary masses (A = 1, 12, 28, 56).
An extensive library of extensive air showers was built, from which X, distributions were
extracted and fitted to three different functions. It was found that, in the overall case,
the Generalized Gumbel distribution provides the best description of the simulated X,
distributions. All three functions studied, each with three parameters, were parametrized

as a function of the primary energy and mass.

This study on the X, distributions is of importance for the cosmic-ray physics
community, as there was no available systematic comparison between the functions com-
monly used to describe these distributions prior to the current work. Beside that, previous
parametrizations were not derived from the most up to date hadronic interaction models,
as done in this study. In a more wide context, this work ultimately contributes to the
understanding of the primary mass composition of ultra-high-energy cosmic rays and,
therefore, to unveil their origin. Indeed, these results provide a practical tool to evalu-
ate Xax distributions without having to simulate them and has already been used to
constrain cosmic-ray-source models (275) and to study the acceptance of future observa-
tories. (267)

The second study, presented in Chapter 6 of this thesis, consisted of a parametriza-
tion of the angular distribution of Cherenkov-light emission in extensive air showers. This
study comprised, in a first step, a survey to understand what shower variables are nec-
essary to describe the emission of Cherenkov light from air showers. After that, simpli-
fications to an analytic, exact model were made to find a practical functional form that
could be parametrized. A four-parameter function, then, was proposed. This function was
parametrized in an energy range covering both typical IACT energies and Auger energies
with the aim to provide a single, universal parametrization. Besides that, the studied
angular interval comprises both detection regions relevant for IACTs and detection of
ultra-high-energy cosmic rays. It was seen that the obtained parametrization largely im-

proves the precision of previous works, mainly in the region 6 < 5°.

The third study was presented in Chapter 7. In this work, a method was developed
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to reconstruct X ., using IACTs. The primary motivation for this study was the ability
of TACTs to observe cosmic rays in the knee region and the possibility of understand-
ing the mass composition on X,,..-based analyses. The realization of the method relies
on projecting the Cherenkov light reaching a detector back to a shower-face plane from
which a longitudinal profile of Cherenkov-light emission can be derived and the corre-
sponding depth of shower maximum computed. It was found that X .., can be effectively
reconstructed with this method. A reasonable resolution (o & 20 g/cm? at 100 TeV) that
improves with increasing primary energy was found. By using a fictitious array of ideal
telescopes on the simulation, this study serves as a proof of concept that X,,., can be
derived from the Cherenkov-light profiles seen by TACTs. Moreover, the study was based
on the computation of a new observable that can be used to improve gamma-hadron

separation in gamma-ray-based studies.

Finally, the fourth study was described in Chaper 8. This chapter dealt with an
important aspect of the simulation of extensive air showers: hadronic interaction models.
It was shown that different hadronic interaction models used in the simulation of IACT
systems produce different outcomes in the simulation of detectors. In particular, the Hillas
parameters width, length, and size were investigated and shown to be sensible to hadronic
interactions for hadronic showers. In the following, the effect of the uncertainty in hadronic
interaction models on the estimated sensitivity curve of the CTA was quantified. It was
found that there is non-negligible influence of hadronic models on the estimation of the
CTA sensitivity.
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