THE HENRYK NIEWODNICZANSKI
INSTITUTE OF NUCLEAR PHYSICS
’ POLISH ACADEMY OF SCIENCES

Search for ultra-high energy photons
through preshower effect with
camma-ray telescopes

Kévin Almeida Cheminant

Supervisor
Dr. hab. Dariusz Goéra

A thesis submatted in fulfillment of the
requirements for the degree of

Doctor of Philosophy
in the

Henryk Niewodniczanski Institute of Nuclear Physics
Polish Academy of Sciences

Krakow, 2020







"M. Le Verrier a apercu le nouvel astre sans avoir besoin de jeter un seul
regard vers le ciel; il I’a vu au bout de sa plume.”

Frangois Arago, 1846






Abstract

As ultra-high energy photons (EeV and beyond) propagate from their sources
of production to Earth, radiation-matter interactions can occur, leading to an
effective screening of the incident flux. In this energy domain, photons can
undergo et /e~ pair production when interacting with the surrounding geo-
magnetic field, which in turn can produce a cascade of electromagnetic parti-
cles called preshower. Such a cascade can initiate air showers in the Earth’s
atmosphere. Gamma-ray telescopes, such as the next-generation gamma-ray
observatory Cherenkov Telescope Array, can detect these showers thanks to
the Cherenkov radiation they emit. The feasibility of detecting such phenom-
ena using Monte-Carlo simulations of nearly-horizontal air showers is studied,
considering the example of the La Palma site of the Cherenkov Telescope Ar-
ray. The efficiency of a multivariate analysis in correctly identifying preshower
events initiated by 40 EeV photons and cosmic-ray dominated background sim-
ulated in the energy range 10 TeV — 10 EeV, is investigated. The effective areas
for such events are also calculated and event rate predictions related to differ-
ent ultra-high energy photons production models are presented. The expected
number of preshowers from diffuse emission of ultra-high energy photon for
30 hours of observation is estimated around 3.3 x 107°, based on the upper
limits put by the Pierre Auger Observatory, and is at the level of 2.7 x 10~*
(5.7 x 107°) when considering the upper limits of the Pierre Auger Observa-
tory (Telescope Array) on ultra-high energy photon point sources. However,
ultra-high energy photon emission may undergo possible "boosting" due to
gamma-ray burst, increasing the expected number of preshower events up to
0.17, and yielding a minimum required flux of ~ 0.2 km~2yr~! to obtain one
preshower event, which is about a factor 10 higher than upper limits put by
the Pierre Auger Observatory and Telescope Array (0.034 and 0.019 km—2yr~—1,
respectively).
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INTRODUCTION

IN astroparticle physics, several theoretical models predict the production of
ultra-high energy (UHE) photons (EeV and beyond), that would constitute
a fraction of the ultra-high energy cosmic-ray (UHECR) flux seen on Earth.
Whether they emerge as the result of the interaction of UHE protons or nuclei
with the cosmic microwave background (CMB), or from the decay of super-
massive particles, the direction of propagation of UHE photons is unaffected by
electromagnetic fields, which makes them valuable messengers in the identifica-
tion of sources of UHECRs. Nevertheless, the highest energy events observed
by the leading collaborations, the Pierre Auger Observatory and Telescope
Array, are not considered photon candidates, if the present state-of-the-art
air-shower reconstruction procedures are applied.

The most straightforward explanation for the absence of UHE photon
observations could simply be related to the absence of physical mechanisms
responsible for their production, therefore refuting predictions made by both
classical bottom-up and exotic top-down scenarios of UHECR production. Al-
though rather simplistic and quite effortless, such an explanation remains fully
conceiveable, as recent experimental limits from the Pierre Auger Observatory
and Telescope Array on the UHE photon flux strongly disfavor the exotic mod-
els. Alternatively, as predicted by Lorentz invariance violation models, UHE
photons may decay after a very short period of time (of the order of 1 second).
In this case, their decay occurs nearly immediately after their production and
gives them no chance to reach the Earth, making direct observations of such
photons almost impossible. One can also speculate that UHE photons do not
reach the Earth because of some yet unknown, or not well-understood, pro-
cesses occurring before entering the Earth’s atmosphere. As these photons
travel through space, they may interact with electromagnetic fields of differ-
ent origin and produce cascades of secondary particles of lower energy. Such
screening effect leads to the production of air showers, whose properties may
differ from the ones of unconverted photons. Consequently, the lack of con-
clusive observations of UHE photons could also be related with the fact that
existing air-shower reconstruction techniques are not capable of distinguishing
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hadronic showers and showers induced by UHE photons which would have first
generated an electromagnetic shower before entering the atmosphere.

Since such a process may occur at very large distances from Earth, the
transverse size of the mentioned cascades can be comparable with the Earth’s
diameter. A good candidate for such a mechanism is an electromagnetic shower
induced by an UHE photon interacting with the solar magnetic field. The
particles within this shower could be spread on a global scale and may be
observed through the analysis of the spatial and time correlation between the
multiple subsequent air showers produced. Such endeavor has been undertaken
by the Cosmic-Ray Extremely Distributed Observatory collaboration, which
provided the framework within which this work was carried out.

In this dissertation, particular attention was given to the case where such
photons interact with the geomagnetic field up to several thousands kilome-
ters above the Earth’s atmosphere, and produce electron-positron pairs which,
in turn, radiate bremsstrahlung photons. This ensemble of electromagnetic
particles rushing towards the atmosphere is called preshower. This preshower
channel of observation has not yet been studied by the existing cosmic-ray and
gamma-ray observatories, and therefore, investigating it constitutes a pioneer
research focus of astroparticle physics.

The observation of gamma rays from the ground can be performed with
Imaging Atmospheric Cherenkov Telescopes (IACT') which record the Cherenkov
light emitted by the charged particles of the air showers produced by these
gamma rays. Three major observatories are presently collecting data in both
hemispheres, allowing a full-sky survey of the Universe at the highest ener-
gies. In the northern hemisphere, the Major Atmospheric Gamma-ray Imag-
ing Cherenkov (MAGIC) telescopes and the Very Energetic Radiation Imaging
Telescope Array (VERITAS) have been operating since 2005 and 2007, respec-
tively, while the High Energy Stereoscopic System (H.E.S.S.) has produced
results in the southern hemisphere since 2003. So far, the highest energies of
detected gamma rays reach a few hundred of TeVs.

However, due to the low expected flux of particles in the UHE domain
and to the energy threshold of TACTs, the standard vertical mode of observa-
tion of gamma-ray telescopes is no longer efficient. In this energy range, the
detection of air showers is usually performed by arrays of particle detectors
on the ground, such as the Pierre Auger Observatory and Telescope Array,
which extend over several hundred or thousand of square kilometers. Never-
theless, in this dissertation, the use gamma-ray telescopes in a non-standard
approach, i.e. in the nearly-horizontal direction (high zenith angles), is consid-
ered. Nearly-horizontal air showers have their hadronic and electromagnetic
components absorbed in the atmosphere, leaving muons as the dominating
component in the later development stages. This muonic component signif-
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icantly varies from one primary to another and can be used to assess the
differences in the characteristics of extensive air showers produced by differ-
ent primaries, such as unconverted photons, protons and iron nuclei, in order
to identify how distinctive preshower-induced showers may be. Consequently,
looking at nearly-horizontal air showers makes possible the isolation of the
muonic component, as well as the study of the separation power between the
cosmic-ray dominated background and the preshower effect one could obtained
using gamma-ray telescopes. Furthermore, looking for air showers at high
zenith angles offers a greater collection area, about 10-100 times larger, com-
pared to the typical aperture of gamma-ray experiments in the standard mode
of observation. However, due to the geometry of the cascade development, the
Cherenkov light detected by the IACT cameras is produced further away from
the telescopes. In the TeV domain, such a characteristic leads to the formation
of very small images in the cameras, often within a single pixel, and therefore
results in a poor photon/hadron separation. Nevertheless, in the EeV domain,
the dominating muonic component can produce brighter and larger images
such that a good separation can be recovered.

In this work, the study of the properties of preshowers was carried out
by investigating different energies for the primary photons, as well as different
arrival directions, with a particular attention given to the case where photons
are headed towards La Palma — the selected northern hemisphere site for the
future Cherenkov Telescope Array (CTA-North) and present MAGIC location
—in a nearly-horizontal direction. To do so, the PRESHOWER algorithm was
used.

When these preshowers fall into the atmosphere, they may in turn ini-
tiate extensive air showers. The properties of these showers, such as their
composition, their longitudinal development, their ground distribution, and
the origin of the Cherenkov light they emit, can be examined via the COR-
SIKA simulation software.

As previously mentioned, the Cherenkov light emitted by extensive air
showers can be recorded by the cameras of TACTs in the form of images gen-
erated by triggered pixels. The main focus is set on simulating the cameras
properties and the geographical location of CTA-North with the sim_ telarray
package. The images formed by the cosmic-ray background and preshower-
induced air showers are analyzed and compared, through a set of geometri-
cal parameters — called Hillas parameters — that characterize these images.
With a multivariate analysis using Boosted Decision Trees (BDT), the cosmic-
ray background/converted UHE photon separation power obtained assuming
properties of the CTA-North design, and for different preshower scenarios
(point /diffuse source of UHE photons), was investigated.

From the results of the multivariate analysis, the aperture of CTA-North,
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as well as the number of events that should be detected based on the flux of
UHE photons predicted by different models (Greisen—Zatsepin—Kuzmin effect,
super-heavy dark matter, etc.), were calculated.

This dissertation is organized as follows: in Chapter [I} the fundamental
physics of extensive air showers, as well as the latest measurements of UHECRs
performed by leading experiments, are reviewed. In Chapter 2, UHE photons
are discussed: how they might be produced, the results of searches performed
by cosmic-ray experiments and the properties of magnetic cascades they may
generate when interacting with different electromagnetic fields. Chapter
briefly discusses the underlying principles of gamma-ray astronomy, addressing
the characterisitcs of nearly-horizontal air showers. The Cherenkov Telescope
Array is also introduced. In Chapter [4] the properties of preshowers at CTA-
North are analyzed and the features of the extensive air showers produced by
different primaries at high-zenith angles, including the characteristics of the
images they form in the telescopes cameras, are examined. Chapter [5| investi-
gates the cosmic-ray background/converted UHE photon separation obtained
with the help of BDT. Finally, in Chapter [6], the aperture and the event rate
of preshowers are calculated, taking into account different production models
and upper limits set by the Pierre Auger Observatory and Telescope Array.
The influence of different simulation parameters on the camera images is also
discussed and futher research perspectives are provided.
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1. Ultra-High Energy Cosmic Rays

THE discovery of cosmic rays by Victor Hess in 1912 opened a new window
on the Universe [I], providing a new channel of observation on some of the
most energetic events occuring in the cosmos. In the twentieth century, many
experiments dedicated to the detection of cosmic rays saw the day, seeking
to reveal their origin and their nature. Above 10'* €V, cosmic rays interact
with the atmosphere and produce atmospheric cascades of secondary particles
that can be detected on the ground. Since the first evidence of cosmic rays
with energy above 1017 ¢V [2], also referred to as ultra-high energy cosmic ray
(UHECR), remarkable progresses have been made in the quest for understand-
ing the properties of the most energetic particles ever observed. Yet, UHECRs
are still shrouded in mystery and unanswered questions. Are they of Galactic
or extragalactic origin? Are the observed anisotropies providing any clue about
the nature of their sources?” What physical mechanisms may allow to acceler-
ate particles to such extreme energies? How do they interact with magnetic
fields and background radiation as they travel through space? How does their
composition evolve as a function of the energy? Most recent results obtained
by leading collaborations such as the Pierre Auger Observatory (Auger) and
Telescope Array (TA) have provided a better understanding of the properties
of UHECRs by reducing both systematics and statistical uncertainties, essen-
tially thanks to hybrid modes of observation and larger exposure. Figure [1.1
shows the most up-to-date cosmic-ray spectrum measured by multiple ground-
based experiments, covering 7 orders of magnitude in energy. Nevertheless,
the characteristics of UHECR remain poorly understood for the most part,
and much effort is still being devoted to strengthening our knowledge of these
elusive particles. In this chapter, a concise review of the physical processes re-
sponsible for particle cascades initiated by the interaction of UHECRs with the
atmosphere, is given. Detection techniques of such cascades are also discussed
and the latest results obtained by leading UHECR experiments are presented,
before reviewing some of the propagation effects affecting UHECRs. Their
possible sources of production are also addressed in the last section.

1.1 Extensive Air Showers

When ultra-high energy particles (protons, nuclei, photons or neutrinos) in-
teract with the oxygen and the nitrogen molecules composing the atmosphere,
they initiate cascades of secondary particles which characteristics are a func-
tion of the properties of the atmospheric layer they propagate through and
of the type of physical interactions occuring at different stages of the cascade
development. In the initial phase of the cascading process, the number of par-
ticles increases while the energy per particle drops and distinct components
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Figure 1.1: Energy spectrum of cosmic rays observed by several ground-based experiments.
Figure taken from [3].

emerge, namely the hadronic, electromagnetic and muonic components (see
Figure . Such growth carries on until a maximum is reached, as particles
below a certain energy threshold are no longer capable of producing additional
particles and as atmospheric absorption processes, such as ionization, take
over. As many as 10° — 10° secondary particles may reach the ground over a
surface that can extend up to several square kilometers — such phenomenon is
often referred to as Extensive Air Shower (EAS). In this section, a definition of
the atmospheric depth, the quantity used to investigate the behavior of EAS’s
at different stages of their development, is given. Then, some of the toy models
that have been developed in order to describe electromagnetic and hadronic
shower properties, are described. The most important particle interactions are
summarized and an outline of the transport equations that govern the particle
content of both hadronic and electromagnetic showers, is given. Finally, the
relation between the muon content and the nature of the UHECR primary is
discussed, and the different EAS characteristics, that play an essential role in
the photon/hadron separation, are highlighted.

1.1.1 Atmospheric depth

As secondary particles produced in EAS’s traverse several kilometers of at-
mospheric layers, absorption processes, mainly ionization of the medium, may
occur along the path of propagation. In order to characterize how the number



1. Ultra-High Energy Cosmic Rays

shower size N,

12 km

0L

-------- N (Max) @ [ =-=-===========-

sca level

vertical shower

yrdap jueps
0Eol

00TT

sea level

6 km

un/3)

Figure 1.2: Characterization of EAS development as a function of the slant depth (electrons,
hadrons and muons are represented in blue, green and red, respectively), produced by a 10%°
eV proton. The depth of maximum development X ., as well as the number of electrons N,
as a function of the depth are shown (see Heitler’s and Heitler-Matthews’ models in Sections

& for more details on these quantities).

of such interactions varies with the amount of atmosphere travelled through,
one can rely on the vertical atmospheric depth X (in gcm™2), also called col-
umn density, which represents the amount of atmospheric mass thickness an
EAS has already penetrated when observing it at an altitude zys (see Figure
. It is expressed as a function of the atmospheric mass density patm, which
in turn is a function of the altitude z:
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The atmospheric pressure Py, is defined by the amount of mass m weighting
on a cross-sectional area A at an altitude z such that:

oo

1
Patm<zobs) = Z /gdm =g / patrn(z)dzu (12)

Zobs

where g = 9.8 ms™2 is the gravitational acceleration and is considered con-
stant. One can notice from Equations[I.I|and [I.2] that the vertical atmospheric
depth is simply proportional to the pressure.

Consequently, the atmospheric pressure drops by an amount dP,;,,, when
the observation level is increased by a quantity dz.,s such that:

dPatm = —g Patm dZobs~ (13)

Additionally, assuming that the air behaves as an ideal gas in hydrostatic
equilibrium, one can write that P, = patm” 17" where r is a constant that
depends on the nature of the gas and is equal to 287 Jkg=! K~! for the air,
and T is the air temperature, assumed to be independent of the altitude. This
state equation allows us to write:

dPatm —9g
= 9z, 1.4
Patm rT Fob ( )

The solution of Equation [1.4] can be written as:

Patm<zobs> = PO exp <__Y€ZObs> y (15)

rip

where Py = 1.01 x 10° Pa and Ty = 15°C are the pressure and the temperature
at ground level, respectively. Plugging Equation [L.5] into Equation [I.2] and
integrating results in:

0

X (2obs) = / Patm(2)dz = Xg exp (%zobs) , (1.6)

Zobs

where Xy = Py/g = 1033.9 gcm ™2 is the atmospheric vertical depth at ground
level. By definition, X = 0 gcm™~2 at the top of the atmosphere.

The definition of the atmospheric depth given by Equation holds
true for secondary particles coming in the vertical direction. However, when
considering UHECR primaries entering the atmosphere at high zenith angle,
these secondary particles must travel through a larger layer of atmosphere
and it becomes more convenient to express the vertical depth along the path

11
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Figure 1.3: Slant depth as a function of the zenith angle of the incoming UHECR primary
obtained using Equation The observation levels are taken at sea level (red), 1000 m
(blue) and 2200 m (green), which are equivalent to vertical (6 = 0°) atmospheric depths of
1033.9 gecm™2, 918.4 gcm ™2 and 796.6 g cm ™2, respectively.

of propagation of particles, i.e. along the EAS core axis. Such quantity is
referred to as slant depth and can be expressed as a funtion of the zenith angle

0:

X (Zobs)
cos(f)
Figure shows the evolution of X as a function of the zenith angle of the
incoming UHECR primary and for different observation levels, using Equation
[1.71 However, this equation holds true for zenith angles up to ~ 60° for which
the flat atmosphere approximation remains valid. For larger zenith angles, the
curvature of the Earth must be taken into account, as atmospheric depths are
overestimated in a planar geometry. The corrected slant depth X ... can be
expressed analytically after introducing the Chapman funct@'onﬂ [4], such that:

Xs,curv. 97 Zobs)
Ch(ZObS, 0) = X(?E N )

o ein / exp(x — x sin(0)/sin(¢))
—osint) [ =

Xs(zobsa 9) =

(1.7)

(1.8)

do, (1.9)

For low zenith angles, Equation approximates to 1/cos(f) and for § = 0°,
Xs,curv.(gv Zobs) = X(Zobs)-

12
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Figure 1.4: Difference in atmospheric depth between the flat atmosphere approximation
and the curved atmosphere model as a function of the zenith angle and of the observation
altitude. Note: The fact that 0 is not exactly reached for # = 0° is due to the use of the
approximation of the Chapman function written in Equation to plot this figure. At

low-zenith angle, the Chapman function approximates to 1/cos(f) and AX,0q is therefore
equal to 0 at 8 = 0°.

where X (z,s) is the vertical depth at observation level zqs calculated using
Equation and x = (Rg + 2zobs)/20 With Rg = 6371 km, the radius of the
Earth and zg, the local scale height such that zg = kpTo/Mg, where kp is
the Boltzmann constant and M is the mean molecular mass. This function
corresponds to the ratio of the slant depth — taking into account the curvature
of the Earth — of an incoming particle with a zenith angle 6 over the vertical
depth (6 = 0°), both observed at a z,,s altitude. Although several approxima-
tions have been developed to describe Equation [5], the one worked out by
Swider is particularly accurate in the range 6 = [0°;85°] [6] and can be written

ad?t

Ch(zops,0) = —x cos(0)V/1+ 22— W [\/W—i— #W (1- 5% + o5 — 8%,[5,3)] :

(1.10)
where W = z(1 — sin(f)). In order to characterize the variations obtained
when taking into account the curvature of the Earth, the difference AX ,,q =
Xs — Xscmv. as a function of the zenith angle is plotted (see Figure , for
the same observation levels as in Figure Although the changes are not

2For § = 0°, Equation is a few thousandths below 1 for any value of x, which
explains the small divergence from 0 seen in Figure [[.4at 6 = 0°.
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1. Ultra-High Energy Cosmic Rays

substancial for zenith angles below 75°, one should notice that above this value,
the atmospheric depths are significantly affected by the change of geometry,
losing up to more than 1000 gcm 2.

Although numerical integrations with layer-dependent atmospheric mod-
els are beyond the scope of this work, the values obtained for X .. are in
good agreement with the results from the work found in [7], in which numerical
integration is performed for 5 layers of atmosphere along the path length of
the particle trajectory and which is used in the simulation package of EAS’s
used in this dissertation.

The longitudinal profile of EAS’s is often characterized by the evolution
of the energy deposited in the atmosphere and of the particle content as a
function of the slant depth (see Figure [1.2)). The atmospheric depth at which
an EAS reaches its point of maximum development is written X,,... Unless
specified otherwise, the slant depth values shown in further sections all refer
to the slant depth which takes into account the curvature of the Earth and
will be simply noted X for more clarity.

1.1.2 Electromagnetic Showers

Electromagnetic cascades can either be produced by gamma-ray primaries
or through the decay of neutral pions in EAS’s produced by hadrons. The
continuous feed of photons through the latter channel leads to different char-
acteristics in both modes of production. However, the interactions at stake
remain the same and are described below. Before giving a concise description
of what these interactions are and of the analytical approach that allows to de-
scribe how electromagnetic showers form, the toy model developed by Heitler
in [] is discussed. Despite restrictive approximations, this model is capable of
predicting some of the features of electromagnetic showers with high accuracy.

A. Heitler’s Model

Monte-Carlo simulations derived from the analytical study of electromag-
netic showers can constitute a great tool to obtain a detailed description of the
evolution of particle cascades. However, a simpler approach through toy mod-
els, as the one introduced by Walter Heitler in [§], is also capable of providing
an accurate prediction of some of the quantities that characterize electromag-
netic showers without the need for high-performance computing. In his model,
Heitler first establishes some simple approximations:

> The energy Ej, of the primary photon is assumed to be significantly
greater than the critical energy ES™ for which collisional energy losses of
electrons become predominant.
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At each step:
N=2"
> E=E, /N

Ionization and Compton scattering energy losses

Figure 1.5: Heitler’s toy model: a primary photon with energy Ej produces a pair of electron
and positron. After traveling a splitting length d, which depends on the the radiation length
X, each member of the pair radiates one bremsstrahlung photon and a new generation
of electromagnetic particles goes through the same process. At each stage, the daughter
particles equally share the energy of the parent particle and after n splitting lengths, the
total amount of particles in the cascade equals to 2. The multiplication stops after n,,qs
splitting lengths, as collisional losses outweigh the radiative ones below a critical energy
ES™ = Ey/2Mmas,

> (ollisional energy losses and Compton scattering are ignored for particles
with energy greater than ES™ and annihilation of positrons with free
electrons is disregarded.

> After traveling one radiation length d, electrons and positrons each pro-
duce only one bremsstrahlung photon. The cross section for brems-
strahlung emission is assumed to be independent of the electrons and
positrons energy.

> The energy of the parent particle (photon, electron or positron) is as-
sumed to be equally divided between the two outgoing particles.

With these assumptions in mind, Heitler’s model can be described as such:
a primary photon with energy FEj produces a pair of electron and positron,
each with energy Fy/2. After traveling a splitting length d = X,In(2), where
X, = 37.1 gem™? is the average radiation length in the air, both electron
and positron radiates one bremsstrahlung photon, each carrying half of the
energy of the incoming particle. This new generation of electrons, positrons
and photons undergoes the same interaction processes until the electrons and
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1. Ultra-High Energy Cosmic Rays

positrons reach a critical energy ES™ below which radiative energy losses are
overpowered by ionization and Compton scattering energy losses. In the air,
this critical energy is approximately equal to 8 MeV. A schematic view of
Heitler’s model is shown in Figure[I.5] The number of particles N in the shower
after n splitting length, such that the penetration depth is X = nX,In(2), is
equal to 2" and each particle in the shower carries an energy E = Ey/N.
Consequently, the critical energy is reached for n = n,,,, where the energy per
particle is therefore E™ and the maximum number of particles N2 _ is:

max

— Qrmax. (1.11)

From Equation [I.11], the expression of ny,, can be derived, such that:

In(Ey/E™)
Npax = ——————. 1.12
In(2) (1.12)
As discussed in Section|[I.1.1] the depth at which a shower reaches its maximum
is characterized by the quantity X,.x. Using the expression of the penetration
depth X given above, X .« can be written:

Xiax = Nmax X,I0(2) = X, In(Ey/ES™). (1.13)

As seen from Equation [I.13] primaries with higher energy initiate showers that
reach their maximum development deeper in the atmosphere, i.e. have larger
expected Xa.c. In order to characterize how X,,.. varies with the energy FEj
of the primary, the so-called elongation rate D7 is introduced. It represents
the change in X,,.x per decade of primary energy:

o deax
dlogl() (E())

v =2.3X,. (1.14)

In the air, the elongation rate is approximatel equal to 85 gcm™2 per energy
decade. Despite the strong assumptions made by Heitler, some essential fea-
tures of air showers are accurately described:

> The maximum number of particles is proportional to the primary energy
Ey.

> The depth at which this maximum is reached is proportional to the
logarithm of the the primary energy In(Ep).

A full understanding of Heitler’'s model requires to highlight some its
limitations. First of all, because collisional losses are ignored and particles are
assumed to remain within the shower, the maximum number of particles is
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overestimated. Secondly, for the same reasons and under the hypothesis that
each electron and positron only radiates one bremsstrahlung photon, the ratio
of the number of electrons and positrons over the number of photons is also
overestimated. According to Heitler’s model, the total number of electrons and
positrons N .. is approximately equal to (2/3)NJ,,. In fact, many photons

are radiated per splitting length and electromagnetic showers actually contain
far more photons than electrons when X, is reached.

B. Electromagnetic Interactions and Transport Equations

In order to understand how EAS’s are formed and how their content and
longitudinal profiles may vary with the nature and the energy of the primaries
that initiate them, the different types of particle interactions occurring in the
atmosphere must be described. In this section, the various physical processes
that are responsible for electromagnetic showers at the highest energies, are
reviewed. The so-called transport equations (or cascade equations), as studied
in [9], that describe the evolution of the particle content as a function of the
slant depth, are discussed, taking into account the particle interactions at
stake.

At high energy, whether initiated by a gamma ray primary or fed by the
neutral pion decay channel of hadronic interactions, the development of elec-
tromagnetic showers is lead by the production of e~ /e™ pair and the emission
of bremsstrahlung photons in the vicinity of atomic nuclei. Below a certain
critical energy, ionization losses of electrons and Compton scattering of pho-
tons are responsible for the slow-down of the EAS development and the shower
eventually dies out.

Pair production

Photons propagating in the atmosphere may interact with nuclei of nitro-
gen and oxygen, and produce pairs of electrons and positrons. The presence of
nuclei insures the conservation of momentum as the photon’s momentum must
be absorbed, causing a recoil of the nuclei. Although the threshold energy Ef
for such process to occur is defined by the fact that the photon must have an
energy that is at least twice as large as the electron’s rest mass m.c?, it also
depends directly on the mass m 4 of the target nuclei with mass number A:

EY = 2m,c? (1 + m) . (1.15)
ma

From Equation [I.15, one can observe that the heavier the target nucleus,
the smaller the threshold energy. For nitrogen with a rest mass of ~ 13 GeV,
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Figure 1.6: Photon production of incident electrons as they interact with the electromagnetic
field of the nuclei and emit bremsstrahlung photons (1,2,3) or kick an electron from one of
the atomic shells before an electron located on a higher level fills the vacancy and emits a
photon (4). Figure taken from [I1].

Ef’ ~1.06 GeV is obtained. The cross section for pair production is a function
of the atomic number Z of the element composing the medium [10]:

, [In(191 Z=1/3) 1

opp(Z) = 4Z20451”6 —9 "l

(1.16)
where Z is the atomic number of the medium; g ~ 1/137 is the fine structure
constant; and r, is the electron classical radius. The 1/54 factor accounts for
the possible pair production in the field of the atomic electrons. As one can
notice, this expression does not show any dependence on the energy of the
photon that initiated the pair production. Moreover, target nuclei with higher
atomic number have larger cross sections for pair production and therefore,
pair production is more likely to occur. For nitrogen (Z = 7), this leads to a
cross section of approximately ~ 5.61 x 1073 m? ~ 56 mb.

The energy of the photon undergoing pair production is equally splitted be-
tween the electron and the positron. Photons of higher energy produce pairs
that are more collimated. However, while the positron is likely to annihilate
when encountering another free electron, the electron produced via pair pro-
duction may carry on and lose energy via bremsstrahlung radiation.

Bremsstrahlung radiation
Electrons traveling in the vicinity of atomic nuclei may interact with the
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nuclei electromagnetic field and get deflected and decelerated by the existing
Coulomb force. As momentum is lost, the incident electrons emit so-called
bremsstrahlung photons. The energy of these photons depends on the nature
of the material the electrons are passing through and on the distance between
the electrons and the target nuclei, as shown by tracks 1 and 2 in Figure [I.6]
Two important properties can be highlighted: electrons interacting with the
electromagnetic field at smaller distances emit photons of higher energy (larger
electron deflections) and the fraction of the energy of the incident electrons
emitted in the form of bremsstrahlung photons increases with the energy of
the electons and the atomic number of the target nuclei. These features are
well illustrated by the energy loss per unit of column depth d.X function derived
in [10]:

Ee—mec?

dE, N
(dX)brem:_Z / ove(E., E,)E,dE., (1.17)

where F. and E, are the energy of the incident electrons and of the emitted
photons, respectively; N is the number density of the target material; and m.
and ¢ are the mass of the electron and the speed of light, respectively. The
bremsstrahlung cross-section oy, as introduced by Bethe and Heitler [12], can
be written as: AP

oo (e, E,) = Eo”e F(E.,E,). (1.18)

Y

The function F(E., E,) characterizes the screening of the nuclear electromag-
netic field by the atomic electrons. In the high energy range, Equation
takes the following form:

dE, ANZ 191 1
= E.|ln(==)+—], 1.1
(&), T (zm) o5 oo

where the 1/18 factor accounts for the possible interactions with the electro-
magnetic field of the atomic electrons.

In relation to the previous section about atmospheric depth, the radiation
length in gcm™2 can be introduced to define the bremsstralhung energy loss
as a function of the average amount of atmosphere an electron has traveled
through to emit a photon [12]:

dE E
° o p——— 1.2
(dX>brem X'r ( 0>

For an atmosphere composed of 75% nitrogen and 25% oxygen, the average
radiation length X, is around 37.1 gecm™2. For a vertical EAS observed at the
sea level (X ~ 1033.9 gcm™2), its atmospheric depth corresponds to around
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28 radiation lengths. However, below the critical energy ES™ (this energy de-
creases with the atomic number Z of the medium), ionization losses become
more dominant and bremsstrahlung emission ceases.

lonization

For energies below ES™, electrons mostly lose their energy through the
ionization of atoms, which leads to the slow decline of the EAS development.
For electrons with energies > m.c?, the energy loss due to ionization per col-
umn depth can be expressed as [12]:

dE, ) o5
(dX>ion = —27remec ZN In (2m802[> : (1.21)

where [ is the ionization potential of the medium and is proportional to the
atomic number Z of the medium. As expected, energy losses due to ionization
are more substancial for denser media composed of heavier nuclei. The critical
energy L™ for which ionization becomes dominant can be obtained when

Equations and are equal:

dE, dE,
(dX)ion a (dX)brem' (122>

For the atmosphere, ES™ is approximately equal to 85 MeV. The electrons
that are stripped away from their nuclei are of small energy and ionization is
therefore considered as a process of dissipation rather than of multiplication.

Compton scattering

Another low energy interaction lies in the scattering of photons on an
atomic electron, resulting in a transfer of energy to the latter and of the emis-
sion of a photon of lesser energy. Such interaction is referred to as Compton
scattering. For photons with energies < m.c?, the Compton scattering cross
section is approximately equal to the Thomson cross section o1, = 665 mb.
For higher energies, the cross section can be written as:

3m,c? 2E 1
UC’(E ) — OTh |:1n ( 7 ) + —:| s (123)
K 8E, 2

mec?

where F, is the energy of the incident photon. The opposite process through
which an electron loses energy when interacting with a photon is called inverse
Compton scattering and is responsible for the production of very high energy
gamma rays in the Universe when electrons scatter with the CMB.
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Transport equations

Although Heitler’s model provides a clear and simple tool to investi-
gate some of the features of electromagntic showers, a more detailed picture
can be obtained via the cascade equations that govern the development of
such showers and that take into account particle decay and interactions. Such
endeavor was undertaken and presented by Rossi & Greisen [9], developing el-
egant solutions of these equations for electromagnetic showers under different
approximations. The so-called Approximation A describes the development of
these showers for energies above the critical energy ES™, defined in the discus-
sion about Heitler’s toy model, ignoring collision energy losses and Compton
scattering. However, in this dissertation, a particular attention is given to
EAS’s with high zenith angles, meaning that their electromagnetic component
travels through a thickness of atmosphere that is large enough for collisional
energy losses to eventually dominate. Such component is therefore most likely
absorbed before reaching the ground. For that reason, a short review of Ap-
proximation B, for which ionization of the medium is taken into account and
id considered to be constant with respect to energy (Compton scattering is
still neglected), is given. In fact, the transport equations between both ap-
proximations only differ in an additional term accounting for ionization losses
in the equation of the evolution of the electron content. Following Rossi &
Greisen notation, the equation that governs the change in content of electrons
with energy between F and F + dF as a function of the atmospheric depth X
can be expressed such that:

1—vw 1—vw

i Ty Ts

(1.24)

where 7(E, X) is the differential electron spectrum as a function of the electron
energy F and the atmospheric depth X. The different terms in Equation
describe the interaction processes affecting electrons that were previously
discussed:

> T - Pair production: taking v = E /W photons with energy W greater
than F produce electrons and positrons in the energy range (E,dFE).
~v(W, X)) is the differential photon spectrum and y(u) is the differential
probability for pair production per radiation length. The latter is taken
in the case of complete screening, i.e. the electric field of atomic electrons
completely screens the one of the nuclei (valid for large impact distances
and high energies).
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> T, - Bremsstrahlung radiation: this type of interaction leaves elec-
trons "alive" with lower energies. Therefore, electrons of energy E’ both
leave (1°* term in the brackets) and enter (2°¢ term in the brackets) the
interval (F,dF) by radiating a photon of energy W = vE’. ¢o(v) is the
differential probability of bremsstrahlung radiation per radiation length
and is also taken for complete screening.

> T3 - Ionization: electrons traveling through an atmospheric thickness
dX lose an amount of energy € due to collisions with atomic electrons.

Equation is coupled to the transport equation of photons which describe
the evolution of the content of photons with energy between W and W + dW
as a function of the atmospheric depth X:

1
MW, X) W dv
= [ (X ) a0 T amrx, 0
0

where the quantities appearing are the same as the one described in the case
of electrons. The terms in Equation refer to different processes affecting
the photon content:

> T| - Bremsstrahlung radiation: taking v = W/FE, electrons of energy
E greater than W emit photons in the energy range (W ,dW).

> T; - Pair production: photons with energy in the interval (w,dW)
produce pairs of electrons and positrons. og is the total probability for
pair production and is a function of the atomic number Z of the medium.

C. Properties of Electromagnetic Showers

Although solving Equations and is well beyond the scope of this
dissertation, I present the solutions obtained by Greisen [13] in the case of
showers initiated by photons of energy Wy, and discuss some of the shower
features that are derived, such as the longitudinal profile, the lateral spread and
the shower-to-shower fluctuations. The results are also compared to Monte-
Carlo simulations in order to assess the accuracy of these solutions.

The number of electrons contained in a shower initiated by a photon of
energy W, as a function of the scaled atmospheric depth ¢ can be written:

NE(Wy, t) = %exp {t (1 - gln(s)ﬂ : (1.26)
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Figure 1.7: Longitudinal profiles: number of electrons as a function of the number the
reduced length for several photon primary energies. The t,.x at which the showers reach
their maximum is shown by the red dots. These profiles are obtained for ES™ = 85 MeV (in
the air) using Equation m

where fy = In(Wy/ES™); t = X/ X, is the number of radiation lengths (reduced
length); and s is the shower age that characterizes the stage of development
of the shower such that:

3t

S = .
t+ 205

(1.27)

The shower starts at s = 0, then the number of particles increases with atmo-
spheric depth until it reaches its maximum at s = 1 before starting to decrease
for s > 1.

Longitudinal profile

The longitudinal profile of electrons contained in electromagnetic showers
can be obtained by plotting Equation as a function of the number of
radiation lengths. In Figure [I.7, profiles of showers initiated in the air by
primary photons of different energies are shown. By setting s = 1 in Equation
the maximum number of electrons is obtained:

0.31 Wy
NE Wo) = ——=——. 1.28
e,max( 0) \/%Egm ( )
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Values of Ngmax are plotted on Figure [1.7| with red dots for each one of the
longitudinal profiles. The estimated depth at which these showers reach their
maximum as well as the maximum number of electrons according to Greisen’s
analytical solution and Heitler’s toy model are given in Table

Comparing Heitler’s estimation of the maximum number of electrons to
Greisen’s, one can notice a significant discrepancy between the given numbers.
While Heitler’s value is obtained by assuming that 2/3 of the maximum number
of particles are electrons, Greisen finds a value almost 7 orders of magnitude
lower, mostly due to the fact that ionization is taken into account in Greisen’s
Approximation B. Connecting the maximum number of particles N given
by Heitler’s model to the maximum number of electrons found by Greisen
NE x> & factor g = 10 can be introduced such that N .. ~ NI /g [14].

Monte-Carlo simulations were performed by Stanev [10] in order to as-
sess the accuracy of Rossi & Greisen analytical solutions in [9] and Greisen’s
approximated solution given by Equation The Monte-Carlo algorithm
is described in [15] and allows to include some physical features that are not
taken into account in the analytical approach, such as Compton scattering or
the energy dependence of the cross section for the particle interactions. Fig-
ure [I.§ shows the number of electrons and photons for a photon primary with
energy Wy = 1 TeV and a threshold energy set at 10 MeV. The number of
electrons in the analytical approach is higher than the one obtained through
Monte-Carlo simulations. Such difference can be explained by the fact that
the former describes the total number of electrons while the latter does not
take into account electrons below the energy threshold. On the other hand,
simulations allow to give a more detailed description of bremsstrahlung radia-
tion and consequently, the number of photons is significantly higher once the
shower maximum is reached. The agreement between Rossi & Greisen’s solu-

tion and Equation is excellent through the entire shower development.

Wy (GeV) X2 (gem™2) NS N

1 89 2 8
10 176 17 78
100 262 137 784
1000 347 1191 7842
10000 432 10673 78423

Table 1.1: Summary of quantities used to describe longitudinal profiles of electromagnetic
showers for different primary photon energies. The maximum number of electrons is obtained
from Equation in the third column and from Heitler’s estimation (N2 = (2/3)N

with N taken from Equation ) in the fourth one. Taken from [10] 7
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Figure 1.8: Longitudinal profiles of electron and photon contents, for a shower generated by
a 1 TeV photon. The solid line and the long-dashed line represent the number of electrons
and photons in the case of Rossi & Greisen’s Approximation B solution, respectively. The
short-dashed line is the number of electron given by Equation[I:26] The dots and the square
are the number of photons and electrons givent by Monte-Carlo simulations, respectively.
Taken from [10].

Shower-to-shower fluctuations

One significant disadvantage of the analytical approach is that it de-
scribes the average behavior of showers and does not account for the fluctua-
tions that may affect their development. Indeed, for a given primary energy,
the depth at which showers reach their maximum as well as the number of
particles at a given depth may vary significantly shower-to-shower. These fluc-
tuations may find their origins in the altitude at which the first interaction
(pair production in the case of a primary photon) occurs and depend on the
overall characteristics of the interactions at stake. The number of particles at
a given depth vary such as [I3]:

(0ln(N)) = 0.7[s — 1 — 3In(s)]. (1.29)

Fluctuations of the number of particles are at their lowest around the maxi-
mum of the shower, as shown by Equation [I.29 for s = 1 and by Monte-Carlo
simulations performed by Stanev [I0]. In first approximation, one can assume
that X is a function of the altitude of first interaction: a primary photon
splitting into a pair of electron and positron deeper in the atmosphere pro-
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duces a shower that will reach its maximum closer to the surface.
Lateral distribution

Secondary particles produced by bremsstrahlung and pair production are
emitted with a scattering angle that depends on the nature of the interaction
and of the particles at stake, and on the energy. Moreover, multiple Coulomb
scattering are also responsible for the spread of electrons in the shower. Con-
sequently, investigating the lateral spread of the shower as a function of the
depth can reveal informations about the nature of the primary and its en-
ergy. The shower front can be approximated by the shape of a disk with
the density of particle being higher at the center (shower core). Currently,
most descriptions of the evolution of the density of particles as a function of
the distance to the shower core, as found in [I6] and [I7], are based on the
Nishimura-Kamata-Greisen (NKG) function [18, [19]:

po(R, X) = oN;fz‘g( ) (}%)H (1 + ]%)5_4.57 (1.30)

where p.(R, X) is the electron density at a given depth X and distance to the
shower core R; C is a normalization constant; and Ry is the Moliére radius
which characterizes the lateral spread of low-energy electrons and is equal to 78
m in the air, at sea level, and increases with altitude. As Coulomb scattering
is the main source of lateral spread, low-energy electrons, which are subject to
larger deflection angles, are found in larger abundance further away from the
shower core, where electrons of higher energy remain concentrated. Moreover,
electromagnetic showers initiated at shallower depth tend to have wider lateral
distributions.

As shown by simulations performed by Stanev [10], Equation tends
to overestimate the maximum lateral spread of electrons. Furthermore, be-
cause the radiation length for pair production is larger than the one for ion-
ization, electrons suffer greater deflections than photons and the number of
photons at larger distances from the core is greater than the number of elec-
trons. Such characteristic leads to a flatter distribution of photons while the
electron lateral spread has a sharper peak closer to the shower core.

D. Muon content in Electromagnetic Cascades

The muon content of EAS’s constitutes an important quantity that can
help assessing the type of primary that initiated it and its primary energy.
While more extensive details regarding this remark are given in Section [I.1.4]
here, the possibility for EAS’s produced by photon primaries to develop a
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muonic component is discussed. So far, such feature has been ignored by
Greisen and Heitler’s model on the basis that pair production is the dominant
interaction process for particle multiplication. Nevertheless, electromagnetic
showers may also develop a muonic counterpart through the interaction of
photons with atomic nucleons resulting in the production of charged pionsﬂ
Such physical process, referred to as photopion production, consists of the two
following channels:

Y+p—=n+at
Y+n—p+m

The subsequent decay of charged pions leads to the production of muons,
which mean free path is significantly larger than electrons and photons, and
to the creation of a hadronic component that can be quite substancial if the
first pions are produced soon after the first interaction of the primary with
the medium. Because the cross section for photopion production is relatively
low, electromagnetic showers are poor in muons. For that reason, and as I
will discuss in the next sections, the muon content can be used to discriminate
EAS’s produced by photons from EAS’s produced by hadrons.

1.1.3 Hadronic Showers

Hadronic showers are initiated when a proton or a heavy nucleus interacts
with nuclei of a target medium and a cascade of secondary particle is generated.
After the first primary interaction, charged and neutral pions are produced
through the decay of kaons, with a ratio of charged to neutral pions of 2 to 1.
Neutral pions, having a mean lifetime of ~ 8.4x 1077 s, decay immediately into
two photons (with a branching ratio of 0.98), which initiate the electromagnetic
counterpart. On the other hand, charged pions mean lifetime is longer by 10
orders of magnitude compared to neutral pions (decay via the weak rather
than the electromagnetic force) and they are more likely to re-interact with
the target nuclei and generate the second generation of charged and neutral
mesons. As their energy decreases, their decay length becomes shorter than
the interaction length and further multiplication is limited by the decay to
muons and neutrinos (with a branching ratio of 0.99). While hadrons travel
deeper due to their interaction length being larger than the typical radiation
length of the electromagnetic component, they also lose energy at a faster rate
due to the large multiplicity at each interaction point.

Analogously to the previous section, I discuss the toy model developed
by Matthews [14] which provides an accurate estimation of these features.

3Neutral pions may also be produced, which decay to photons.

27



1. Ultra-High Energy Cosmic Rays

At each step:
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Figure 1.9: Heitler-Matthews’ toy model: a primary hadron with energy Ey produces N,
charged pions and Ny, — N, neutral pions in a ratio of 2:1. While neutral pions rapidly
decay to photons and initiate the electromagnetic counterpart, charged pions produce a new
generation of pions after traveling a splitting length d that depends on the interaction length
X;. The multiplication stops after n,,q, splitting lengths, as charged pions are more likely
to decay to muons.

Thereupon, I review the transport equations that describe the evolution of
the flux of hadrons and mesons before examining hadronic shower properties.
Finally, I give a short summary of some of the hadronic interaction models that
have been developed at low and high energy, and that are used in Monte-Carlo
simulations of EAS’s.

A. Heitler-Matthew’s Model

Following up on the toy model for electromagnetic showers developed by
Heitler, Matthews worked out a similar approach by generalizing such model
to showers initiated by hadrons and nuclei [14]: a primary hadron interacts
with the medium and produces N, = 10 charged particles and N, /2 neutral
pions. The neutral pions rapidly decay to photons while charged pions travel
through a splitting length d = X;In(2), where X; is the interaction length of
charged pions (X; ~ 120 gecm™2 in the air for pions), and interact again to
produce a new generation of charged and neutral pions. At each step, one
third of the energy of the new generation is transferred to the electromagnetic
component through the neutral pion decay. Such process carries on until the
energy per pion is smaller than the critical energy E” (~ 20 GeV in the air) for
which the decay length becomes smaller than X;. This critical energy decreases
with increasing primary energy. At this point, charged pions decay to muons
such that the number of muons NF is equal to the total number of charged
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pions at the last splitting length. The energy carried by each charged pion
after passing through n layers can be written as:
Ey

34Vc

while the total energy carried by the pions, in amount of (Ng,)", can be es-
timated to be around (2/3)"E, and the remaining energy is carried by the
electromagnetic component.

One interesting consequence of Matthews model is that the energy of
the primary can be estimated by simply knowing the electron and muon con-
tent of the shower. This energy is a function of the critical energies ES™ and
E" for electromagnetic and pion multiplication respectively, and of the num-
ber of electrons and muons at the shower maximum (assuming N? = N).
Condsidering the case of atmospheric showers and taking into account the re-
duction factor g = 10 previously used to obtain the real number of electrons,
the primary energy can be expressed as:

Ey ~ 0.85(N, + 24N?), (1.32)

where the number of muons N7 and electrons N, grow as a function of the
primary energy:

E 0.85 E 1.03
N? ~ 10 (1 PZV) . N, ~ 10° (1 ng) . (1.33)

When the inelasticity — the process by which the initial hadron does not com-
pletely vanish and carries a large fraction of the primary energy after the first
interaction — is taken into account, the muon size increases at a faster rate
since a smaller fraction of the energy is transferred to neutral pions. More-
over, the depth at which the hadronic shower reaches its maximum is directly
estimated from the first generation of electromagnetic showers:

E
XP = {470 + 581og;, (ﬁ)} . (1.34)
(§

Because only the first generation of electromagnetic shower is taken into ac-

count, the values of X?  are underestimated by approximately 100 gcm™2.

max
On the other hand, the elongation rate is not affected by this approximation
and is estimated around 58 g cm~2 per decade of energy in the air, a value sig-
nificantly lower than in the case of purely electromagnetic showers which can
be explained by the larger multiplicity and the growing hadron-air interaction

cross section.

29



1. Ultra-High Energy Cosmic Rays

In order to characterize hadronic showers produced by nuclei with atomic
mass A > 1, the superposition model developed in [I4] assumes that a shower
initiated by a nucleus with energy FEy is the sum of showers generated by
independent nucleons with energy Ey/A. As in the case of single proton show-
ers, the primary energy can be recovered by assessing the electron and muon
content of the shower:

Ey ~ 0.85(N, + 25N.}). (1.35)

where the muon content is obtained by calculating the muon content of a
shower initiated by a proton of energy Ey/A (solving Equation [1.33]) and can
be written such as:

A 0.15
NA = N2ASS, (1.36)

The dependence on the atomic mass A highlights the fact that heavier nuclei
produce showers with larger muon content. One of the reason lies in the fact
that lower energy nucleons transfer less energy into the electromagnetic com-
ponent and more muons can be therefore produced. Such feature strenghtens
the idea that muons constitute an effective discrimination factor to identify
primaries. Analogously, the depth of maximum development X2  can also be
expressed as a function of XP?

max*

XA =XP — X,In(A). (1.37)
Since In(A) is always greater or equal to 0, showers initiated by heavier nu-
clei reach their maximum at shallower depth than in the case of protons and
similarly to the muon content, this aspect can also be used to discriminate
showers.

B. Transport Equation of Hadronic Showers

In a similar approach to Greisen’s derivation of the coupled transport equa-
tions for electromagnetic showers, Gaisser formulated a transport equation for
hadronic showers taking into account the evolution of nucleons and mesons
fluxes [20]. In this analytical model, ionization losses are ignored and the
development of showers is governed by competing interactions and decays of
particles. In a medium with mean mass A, a particle of type i traversing an
atmospheric depth dX has a probability dX /X, to interact and d.X/d; to decay,
where X; and d; are the interaction and decay lengths, respectively:

X, = izzrp s d; =pyeT, (1.38)

7
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where m,, is the proton mass; 0" is the cross section depending on the type

and energy of the particle, and on the nature of the medium of density p; v is
the Lorentz factor of the particle; and 7; is its mean lifetime. Therefore, the
number of particles of type i at depth X with energy F;, N;(E;, X), varies as
a function of the depth such as:

o0

dN{(E;, X)  Ni(Ei, X) N(E,,X N /Fﬂ Ei, Ej) Nj(E;, X)
ax X, X; ah
Jj=t E
(1.39)

where the different terms are described as follows:
> Ti: absorption term accounting for particles of type ¢ lost to interactions.
> Ty: absorption term accounting for particles of type ¢ lost to decays.

> Tj: source term accounting for the production of particles of type ¢ with
energy F; by particles of type j with energy E;. The F}; characterizes
the inclusive cross section of the production of particles of type i through
the interaction of particles of type j with the target nuclei.

C. Muon Production via Meson Decay

Muons in hadronic showers can be produced via the decay of charged pions
and kaons, which also produces muon (anti)-neutrinos:

T = p* + ()
K =y + v,(7,)

Assuming that one pion produces one muon, the number of muons with energy
greater than 1 GeV in a shower initiated by a nucleon carrying an energy Fj
can be written:

N,(E, > 1GeV) = 10 (fo) , (1.40)
where €, = 115 GeV is the critical energy for which the probability of inter-
acting equals the one of decaying. Although the spectral index differs from
Equation [I.33] the dependence of the number of muons on the primary energy
remains one of the main feature of the muon content.

In order to get a better understanding of how the muon content may
vary with the zenith angle, the case of showers produced in the atmosphere by
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Figure 1.10: Variation of the muon flux as a function of the zenith angle 6, as a ratio to the
vertical flux and for different muon energies in GeV/c: 1 (black), 10 (red), 100 (blue) and
1000 (green). Figure taken from [I0].

cosmic rays is investigated and the results that are presented in |10, 20] are
highlighted. For stable hadrons and under the assumption that the interaction
length is independent of the energy, Equation can be simplified (without
the term accounting for decay) and a solution for the number of nucleons as
a function of the energy and the atmospheric depth can be obtained for the
measured cosmic-ray spectrum:

Ny(E, X) = g(0)exp (ﬁ) g+, (1.41)
Ay
and which satisfies the boundary condition Ny (E,0) = 1.7E~*"nuc. /cm?srs (GeV /A)
from the measurement of the cosmic-ray spectrum at the top of the atmosphere,
such that I"'=1.7. ¢(0) is a constant obtained from the derivation of the given
solution and Ay is the attenuation length and which highlights the fact that
the nucleon flux decreases exponentially as the shower develops deeper into
the atmosphere. The ratio of neutrons to protons increases from 0.11 at the
top at the atmosphere to a value close to 1 when large amount of atmosphere
is traveled through.
To investigate how the muon flux behaves as a function of the energy and
the atmospheric depth, one must first assess how the flux of pions produced
via hadronic interactions vary. In [20], Gaisser derives the vertical flux for
low-energy pions (E < €,) and high-energy muons (E > €,). In the latter
case, pion decay is ignored (valid approximation for vertical showers) while in
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the former the pion content varies as:

N.(E,X)= Ny(E,0)

Znm <_X) XE, (1.42)

XN P AN €x

where Zy, is the spectrum-weighted moment of the inclusive cross section
N + air — 7.

Ignoring muon decays and energy losses, the muon spectrum in the at-
mosphere can be written as a function of the zenith angle such that:

dN,(E) on 1 0.054 ]
) 01472 (1.43)
1.1Ecos(0) 1.1Ecos(0) |’
dE 1 + 115 GeV 1+ 850 GeV

where the first term accounts for pion decay and the second one for kaon decay
(850 GeV is the critical energy analogous to €, for kaons). From Equation m,
several characteristics can be emphasized. First of all, in the case of vertical
showers, mostly low energy muons are produced since only low-energy pions
have short enough decay lengths. On the other hand, showers with high zenith
angles are more likely to see a raise in the high-energy muon flux due to the
fact that high-energy pions travel through large amount of atmosphere and are
therefore more likely to decay. However, since this equation is derived under
the approximation that energy losses and muon decays are ignored, the muon
flux at low energy tend to be overestimated for energies below e¢,.

Figure [I.10, obtained from Monte-Carlo simulations, shows how the muon
flux changes with the zenith angle and at different energies. The flux at low
energies drops rapidly with the zenith angle as muons are subjected to greater
energy losses and are more likely to decay to electrons and neutrinos. As
higher energies are probed, the flux becomes more significant at large zenith
angles than in the case of vertical showers since high-energy pions travel larger
distances and may decay as a consequence.

D. Gaisser-Hillas Parametrization and Fluctuations

The longitudinal profile of hadronic showers was parametrized by Gaisser &
Hillas in |2T] and was shown to be a function of the first interaction depth X;
and of the number of particles N« at maximum development:

(1.44)

A

X-X
N(X)=Npax | —————— —————
( ) (Xmax_Xl :|

exp {_
where A is the mean free path. N,.. being a function of the primary energy,

Equation can be used to fit air shower data and infer on the energy carried
by the primary. In such case, the measurement of both electron and muon
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Figure 1.11: Longitudinal profiles of electron (top) and muon (center) content of 20 proton
EAS’s with energy 10'°® eV. The root mean square of the number of particles as a function
of the slant depth is shown in the bottom panel. Figure taken from [22].

content at X,,.x can provide an accurate estimation of such energy. However,
fluctuations inherent to hadronic showers may involve large uncertainties on
the actual energy reconstruction.

Figure [[.11] shows the electron and muon profiles of EAS’s produced by
10'9° eV protons. Fluctuations in both X, nax and N, max are clearly visible.
Their origins may be found in the depth at which the first interaction occurs
and in the intrinsic fluctuations of hadronic interactions: fraction of energy
transfered to the electromagnetic component, multiplicity after each interac-
tion, energy losses and decay processes, etc. The bottom panel of Figure [I.1]]
shows that fluctuations in the number of electrons are at minimum around
Xemax While the number of muons suffers larger variations at the beginning
of the shower development. In the ultra-high energy domain, estimating the
values Xpax and Nemax of an air shower from a set of measurements can be
subject to large uncertainties which stem from the hadronic models and their
extrapolation to energies beyond the reach of laboratory experiments. Such

uncertainties lead to fluctuations of the reconstructed primary type and energy
of observed EAS’s.

E. Hadronic Interaction Models

The interpretation of EAS measurements heavily rely on the results ob-
tained from Monte-Carlo simulations and consequently, on the features of the
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hadronic models that are used to characterize particle interactions in simula-
tion algorithms that describe the cascades development, such as CORSIKA
(COsmic Ray SImulations for KAscade) [23]. In fact, different hadronic mod-
els may lead to important differences in expectations regarding some of the
EAS characteristics such as the number of muons or the depth of maximum
development. Such discrepancy, most significant in the ultra-high energy do-
main, mostly stems from the inaccessibility of certain phase space regions to
accelerator experiments and to the typical energies of EAS’s. One important
consequence lies in the systematic uncertainties that cosmic-ray experiments
suffer from when assessing the mass composition of UHECRs as well as the
reconstructing the EAS energy.

Some of the hadronic model features that may affect Monte-Carlo simula-
tions include the multiplicity, i.e. the number of secondary particles produced
at each hadronic interaction; the inelastic cross section, i.e the probability for
an hadronic interaction to occur; or the inelasticity, i.e. the fraction of energy
carried by the parent particle after an interaction. Although these parameters
tend to increase with the energy in p-air collisions, their absolute values differ
from one model to another as highlighted in [24] and shown in Figure [I.12]
The observed discrepancy between models at the highest energies is essentially
due to the lack of data in that energy range. In Figure three models are
taken into consideration: QGSJETII-04 |25, 26], EPOS-LHC [27] and SIBYLL
2.3C [28]. While the structure as well as the details of these models are beyond
the scope of this dissertation, differences regarding the evolution of hadronic
interaction parameters from one model to another may be discussed.

First of all, one noticeable feature is the fact the extrapolation of the
cross section at the highest energies in p-air collisions are consistent between
models while it diverges in the case of m-air collisions. On the other hand,
large variations are observed in the multiplicity for both types of interactions.
Similar behavior is seen in the evolution of the inelasticity. The divergence of
these three parameters has serious consequences for the simulations performed
to reconstruct the features of observed EAS’s. The impact of the inelastic cross
section on the development of EAS’s is important as it affects both the depth
of first interaction X; and the number of particles (electrons and muons) at the
surface, as well as their shower-to-shower fluctuations. Lower estimations may
significantly reduce the number of interactions occuring and therefore, raise
Xmax (deeper cascades). Similarly, higher multiplicity increases the number of
particles produced at each interaction and the number of particles at ground
level, and also has an influence on the X,,,.. The effect of the extrapolation
of these parameters to the highest energies on some of the EAS observables
such as the mean X,,,., the number of electrons and muons, as well as their
fluctuations, is well described in [22]. Investigating the case of 101 eV proton
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Figure 1.12: Inelastic cross section (top-left), multiplicity (top-right) and inelasticity (bot-

tom) of p-air (thick lines) and 7-air (thin lines) collisions as a function of the center of mass
energy, for different hadronic models. Figures taken from [24].

and iron primaries, several results are highlighted:

> For both primaries, the mean X,.. as well as its fluctuations mainly
depend on the cross-section.

> While the number of muons is positiviley correlated with the multiplicity
(higher multiplicity results in more muons), this correlation is negative
in the case of the number of electrons, and the fluctuations of the num-
ber of electrons (muons) is mostly driven by the multiplicity (elasticity)
parameter.

Figure shows the expectations set by the aforementioned hadronic
models (DPMJET II1.17-1 [29]) is also included) on the mean X, and on
the number of muons at the surface (for 40° zenith angle) as a function of
the primary energy (iron or proton). One important feature is the identical
elongation rate of the mean X, for all hadronic models and for both types
of primaries. As highlighted in [22], the behavior of the X,,.x fluctuations is
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Figure 1.13: Top: Mean X,.x for EAS produced by iron (dashed line) and proton (solid
lines) primaries expected from different hadronic models, as a function of their energy. Data
from various experiments are also displayed. Bottom: Number of muons expected at ground
level scaled by a E°92° factor for the same primaries and for various hadronic models. EAS’s
with a zenith angle of 40° are considered. Figures taken from [24].

mostly governed by the cross section parameter. The top-left panel of Figure
shows that this parameter is fairly consistent between hadronic models
in the case of p-air collisions. Consequently, X,,., fluctuations vary very little
with the considered models and mass composition analyses can be strengthen
by comparing the RMS and the mean X., values for a given primary. On
the other hand, the number of expected muons at ground level depends on
the hadronic model used. Indeed, as muons are largely produced by the decay
of pions, the number of pions contained in the EAS has a significant impact
on the number of muons found at different stages of the shower. In turn,
the number of pions is a function of the multiplicity which, as shown in the
top-right panel of Figure diverge between models at the highest energies.

While the expected mean X, suffers from uncertainties that are pre-
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dominantly due to the nature of the first interaction, observables related to
muons, such as Muon Production Depth (MPD) and the number of muons
at ground level, are directly linked to the description of pion interactions in
the EAS. Measurements of these observables could effectively constrain the
parameters governing these interactions and improve the accuracy of hadronic
models [30)].

Muon Deficit

The uncertainties previously highlighted have a significant impact on the in-
terpretation of the measurements performed by cosmic-ray experiments on the
mass composition as a muon excess is observed in the data by Auger [31] and
TA [32] (both introduced later on) compared to hadronic model expectations.
Also expressed as a muon deficit in Monte-Carlo simulations, such discrepan-
cies were quantified by Auger, using various hadronic models to compare with
data obtained in the energy range 6-16 EeV with zenith angles lower than 60°
[33]. Introducing a rescaling factor for Rg and Rp.q for the measured elec-
tromagnetic and hadronic signals, respectively, the signals from Monte-Carlo
simulations were matched to the recorded ones. Figure shows the phase
space of these rescaling factors for different hadronic models and different com-
positions (pure proton or mixed). While the electromagnetic signal does not
need any rescaling for any scenario, the hadronic signal must be rescaled by a
factor 1.3-1.6 depending on the models considered. Such results are consistent
with the muon excess found in [31].

A similar conclusion was reached in [34], where agreements between sim-
ulations and data regarding the electromagnetic and muonic components in
several experiments were studied. After cross-calibration of the energy scales,
the observed muon densities were scaled and compared to expectations from
different hadronic models. While such densities were found to be consistent
with simulations up to 10'% eV, at higher energy, the muon deficit increases in
several experiments.

1.1.4 Discrimination of Extensive Air Showers

The description of the properties of EAS’s produced by different types of
primaries given in the previous sections allows us to summarize the main ob-
servables that can be used to discriminate EAS’s initiated by gamma rays
from the ones produced by protons and nuclei. To illustrate their differences,
Figure [I.I5] which shows Monte-Carlo simulations of 300 GeV gamma and
proton-induced air showers, is used as a reference.

> First of all, the lateral spread of hadronic showers, which can reach up

38



Extensive Air Showers

2 a
1.8 ]
16 | .
1.4 | .
T 12 -
c
@ 1
0.8 Systematic Uncert. = 1
Ql-04p e
06 QIl-04 Mixed © ]
04l EPOS-LHCp = |
' | | EPOS-LHC Mixed . o
0.7 0.8 0.9 1 1.1 1.2 1.3

Re

Figure 1.14: Phase space of the electromagnetic and hadronic scaling factors for different
hadronic models and compositions. The 1o statistical and systematical uncertainties are
represented by the ellipses and grey boxes, respectively. Figure taken from [3T].

to several kilometers, is mostly caused by the characteristic large trans-
verse momentum of mesons within the shower. On the other hand, elec-
tromagnetic showers lateral spread is the result of Coulomb scattering
which spreads out particles within a diameter of 200 m at maximum de-
velopment. On the ground and for energies above 10 TeV, this discrep-
ancy can be observed by installing detectors with large spacing between
one another, allowing to find correlations between triggered stations on
distances up to several kilometers. Another way of expressing that state-
ment is to note that electromagnetic showers would trigger smaller clus-
ters of detectors compared to hadronic EAS’s.

> As previously mentioned, hadronic and electromagnetic cascades have
significantly different muon contents. Although Figure [1.15] shows no
muons in the latter case, it was shown that the muon content of elec-
tromagnetic showers is in fact non-zero, although several orders of mag-
nitude lower than hadronic showers [36]. Directly measuring the muon
content at ground level or looking for particular muon light emission such
as rings of Cherenkov light (see Chapter |3 constitute a powerful tool to
indentify the nature of the primary.

> Qverall, the first interaction point of electromagnetic showers tends to
occur at higher altitudes. They also develop and die out faster than
hadronic showers and their longitudinal profiles are more uniform. In
other words, hadronic showers are initiated deeper in the atmosphere,
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Figure 1.15: Schematic view of 10 showers produced by 300 GeV gamma rays (top) and
protons (bottom). Photons, electrons and muons are represented by green, blue and red
tracks, respectively. Figures taken from [35].

reach their maximum development closer to the surface, and show larger
shower-to-shower fluctuations. Measurements of the longitudinal profiles
can be perfomed via the detection of fluorescence light emission from ni-
trogen molecules in the air or of Cherenkov radiation, which can provide
an excellent discrimination tool when compared with Monte-Carlo sim-
ulations.
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Figure 1.16: Air showers can be detected through various channels of observation. Al-
though particle detectors and fluorescence telescopes are the most prevalent techniques in
the ultra-high energy domain, EAS’s can also be observed via the Cherenkov light they emit

(see Chapter [3) or via the radio emission due to interactions of charged particles with the
geomagnetic field [37] or to the Askaryan effect [38]. Figure taken from [39].

1.2 Ground Detection of Ultra-High Energy Cos-
mic Rays

Due to the large energy range covered by the cosmic-ray spectrum and to the
variety of interactions governing the development of EAS’s in the amosphere,
multiple detection techniques are employed conjointly with Monte-Carlo sim-
ulations in order to estimate the energy of the primaries as well as their arrival
direction. Figure shows a panel of different types of detectors used to de-
tect EAS’s from the surface. In the ultra-high energy domain, surface detectors
(such as scintillators or water-Cherenkov detectors) measuring the amount of
charged particles passing through together with fluorescence light detections
are most commonly used. Such techniques focus on the reconstruction of the
longitudinal profiles of EAS’s along with their lateral distributions. Presently,
state-of-the-art UHECR experiments such as Auger and TA are both using
an hybrid observation mode by combining fluorescence detectors (FDs) and
particle detectors. Before discussing the various results regarding UHECRsS,
the basic principles of these detection techniques are briefly reviewed and these
two experiments are introduced.
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1.2.1 Particle Detectors

The capacity to detect an EAS at ground level depends on two factors: the
energy of the primary that initiated the air shower, and the altitude at which
the particle detectors are placed. As seen in the previous section, the number
of particles contained in the EAS grows with the energy of the primary, while
higher altitude means a shorter distance to the shower X,., i.e. closer to the
height at which the maximum number of particles is reached. In the ultra-high
energy domain, the energies at stake are sufficiently high so that a large num-
ber of particles can be expected at relatively low altitudes (~ 1000 — 2000 km
a.s.l.). Charged particles contained in air showers that reach the surface may
be detected via different types of detectors. In UHECR experiments, the most
popular ones are scintillators and water-Cherenkov. The physical principle of
the former relies on the excitation of a medium displaying scintillation prop-
erties (plastic or organic), a process through which photons are reemitted by
the medium after being excited by ionizing radiation passing through. On the
other hand, water-Cherenkov detectors are based on the Cherenkov photon
emission by particles traveling faster than the phase velocity in water. Scin-
tillators and water-Cherenkov detectors are both coupled to electronic light
sensors such as photomultiplier tubes (PMTs), which convert the lower energy
photons to electrons via a photocathode as a result of the photo-electric effect.
The number of electrons is then multiplied as they reach several dynodes, and
an electronic signal that can be read and analyzed, even for low incident fluxes,
is formed.

In order to observe EAS’s, particles detectors are usually laid out in a
grid pattern with a spacing distance dg, between them. The array triggers
when multiple neigbor detectors are hit within a time interval At, which de-
pends on both the data acquisition system and on the zenith angle up to which
the experiment wants to observe. If the trigger requirements are met, each de-
tector records the time of arrival of the signal as well as the particle density or
the deposited energy. The latter two are often converted into a signal in units
of Vertical Equivalent Muons (VEM), which corresponds to the signal released
by a muon passing through the detector in the vertical direction. While the
direction of arrival of the EAS is obtained by analizing the time delays between
the triggered detectors, the core position is calculated by fitting the signal of
all detectors with a lateral distribution function (LDF). By doing so, one can
obtain the signal strength as a function of the distance to the core. Because
of the uncertainties of the recorded signals, several LDFs with different free
parameters may be used. However, the obtained LDFs may intersect at a cer-
tain distance rqp; from the core of the shower, therefore allowing analyses to
avoid large fluctuations in the signal [I7, 40]. Such feature has one important
advantage: the signal at this distance is independent of the fitting and can
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be used as an energy estimator S(ropt) of the EAS when compared to calori-
metric measurements from FDs or to Monte-Carlo simulations. To account
for the atmospheric attenuation of the EAS as a function of the zenith angle,
S(rept) is often normalized to S(#) — the signal S(rqpt) the same EAS would
have produced if coming at a #° zenith angle — by using the Constant Intensity
Cut (CIC) to obtain the attenuation curve from the data [4I]. In order to
indentify the mass of the primary that initiated the air shower, it is often rec-
ommended to have separate detectors for electrons and muons. As discussed
in the previous section, hadronic showers contain more muons than electro-
magnetic showers and the amount of electrons reaching the surface increases
with X,,.., which is related to the nature of the primary.

1.2.2 Fluorescence Detectors

While ground arrays can provide a good estimation of the lateral distribu-
tion of air showers particle density, FDs are capable of reconstructing their
longitudinal profiles via the isotropic light emitted in the UV range by nitro-
gen molecules as they re-emit the energy they initially absorded from incoming
charged particles. The intensity of such light is positively correlated with the
number of particles in the shower [42]. FDs are usually made up of optical
telescopes with cameras composed of PMTs which trigger one after the other
as the EAS develop in the atmosphere. Consequently, the track formed on
the detectors by the triggered PMTs as well as the difference between their
trigger timestamps allow the reconstruction of both the impact distance and
the angular direction of the showers. In stereo observation mode, the intersec-
tion of the planes defined by the detectors position and the tracks facilitates
the geometrical reconstruction and angular resolutions lower than 1° can be
obtained.

The longitudinal profile of the air showers can be described by Equation
[[.44] and important quantities such as the depth of the showers maxima as well
as the maximum number of particles can be retrieved. On the other hand, the
calorimetric measurement of the energy deposited in the atmosphere by the
showers and provided by the fluorescence detectors, offers the possibility to
give a reliable estimation of the primary energy. However, the isotropic na-
ture of the fluorescence light makes such technique efficient only at the highest
energies, and necessary observation conditions include moonless nights and at-
mospheric properties leading to low absorption, thus reducing the duty cycle of
fluorescence detectors down to approximately 10-15%. The altitude and tem-
perature dependency of the fluorescence light yield, as studied by the Fly’s Eye
experiment [43], can be explained by the important role played by the atmo-
spheric pressure: excitation becomes more probable when pressure is higher
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(more molecules to interact with for a given pathlength) while fluorescence
yield drops due to higher chance of emitted light to interact with neighboring
molecules.

Additionally, not all particles in the showers generate fluorescence light.
Muons, neutrinos and hadrons may carry away large fractions of the primary
energy as they do not interact. This fraction, sometimes referred to as missing
or invisible energy, decreases as the primary energy increases, and can reach
values above 10% for primaries with energy E ~ 10'® eV. The observed anti-
correlation between the missing and the primary energy is mostly due to the
fact that particles of higher energy are more likely to interact than to decay.
Furthermore, for a given energy, heavier nuclei tend to show more significant
fractions of missing energy, as the energy per nucleon tends to be lower and
mesons produced subsequently have lower energies and are more likely to de-
cay. These features highlight the fact that properly estimating the missing
energy is an essential procedure when investigating the mass composition of
cosmic rays. FDs coupled to ground arrays may use the information obtained
from the latter, such as the muon content [44], to assess this energy (this cou-
pling also offers better geometrical reconstruction as the lateral distribution on
ground provides the impact position of the EAS) or Monte-Carlo simulations
can be performed in the same endeavor, making the missing energy estimation
dependent on the hadronic interaction models used.

1.2.3 Telescope Array

Located in the desert of Utah, USA, Telescope Array (TA) is the largest
hybrid cosmic-ray experiment in the northern hemisphere [45], with an energy
sensitivity range from 106 to 10?° eV. Covering an area of around 700 km?, the
507 surface detectors (SDs) consist of two superimposed plastic scintillators of
3 m? each. SDs are distanced from one another with a spacing ds, = 1.2 km (see
Figure[1.17)). Solar panels and communication systems complete the detectors
set-up. The energy estimator S(rqp) of the SDs is obtained by taking the
density of shower particles at a distance of 7,,, = 800 m from the core position
via a fit of the lateral distribution. The energy of the primary is recovered by
using look-up tables obtained from Monte-Carlo simulations in order to find
the correspondence between the primary energy and the S(800m)-zenith angle
parameters. In fact, TA also performed estimations of the primary energy
using the CIC method described in Section [1.2.1] It was shown in [46] that
the two reconstruction methods agreed at ~ 3% level.

TA also includes a total of 36 FDs distributed on three different sites
(see thick blue squares in Figure , each telescope being composed of 256
PMTs. The telescopes pointing direction can span over up to 120° in azimuth
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Figure 1.17: Map of TA site, where grey boxes represent the surface detectors and the thick
blue squares reprensent the fluorescence telescopes locations. The Central Laser Facility
helps to assess the aerosol content in the atmosphere. Figure taken from [45].

angle (with a 16° field-of-view(FOV)) and up to 33° in zenith angle (with a 14°
FOV). The shower geometry is determined using the reconstruction methods
for monocular and stereo observations described in Section [I.2.2] The missing
energy is evaluated based on iron and proton simulations at UHE performed
in [47], using Linsley’s parametrization [48]. X .y is obtained by analyzing the
signal in each of the triggered PMTs while the energy of the primary is found
after integrating the shower profile.

The energy scale of the SDs is calibrated using an energy-independent
calibration factor of 1/1.27 [49]. In order to insure precision in the range of
100% SD efficiency, only events from FDs with Epp > 6.3 x 10'8 eV and with
zenith angle 6 < 55° are selected for energy spectrum analysis purposes. One
should however note that the TA SDs can reach 1.6 x 10'® eV with an efficiency
of 10%. The systemic uncertainties derived for the energy scale at TA is about
21%.

The Telescope Array Low-Energy Extension (TALE), located north of
the array, consists of 10 FDs that are sensitive to Cherenkov radiation emitted
by the charged particles of the EAS, and of 80 scintillation counters with
smaller spacing (400 m and 600 m), thus lowering the energy threshold down to
1016 ¢V. Cosmic rays with energies below 0.1 EeV can be detected using such

45



1. Ultra-High Energy Cosmic Rays

=70
L™ - [km]

Loma Amarilla

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

.................. “Manianiegg

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

HEAT/A .. 5l - L GG A A
R MiccH DR RO SO X SRR —{50

—40

—30

oy ole e SIS Los _
........................ < Morados
20

—10

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

Los Leones

Figure 1.18: Schematic view of the Pierre Auger Observatory. The black dots represent
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telescopes making up the 4 FDs stations. HEAT and AERA (see description in the text)
are shown in red and light blue, respectively. The laser facilities XLF and CLF are also
displayed. Figure taken from [51].

method, therefore significantly decreasing the energy threshold to ~ 2 x 10'°
eV [50].

Finally, in order to obtain higher statistics, the TA x4 project is currently
underway. Its purpose is to extend the existing array by increasing the covered
aread up to 3000 km? by distributing 500 SDs, spaced by 2.08 km, over two
sites, northeast and southeast of the current experiment. Additionally, both
sites will be overlooked by one FD station composed of twelve telescopes.

1.2.4 The Pierre Auger Observatory

The Pierre Auger Observatory (Auger) is an UHECR experiment located
in the southern hemisphere, near Malargiie, Argentina [52, 51| that has been
operating for more than 15 years and has accumulated an exposure of about
100 000 km?sryr. 1660 Cherenkov-water detectors, filled with 12 tons of
purified water and spaced from one another by a distance ds, = 1.5 km, cover
an area of 3000 km? (see Figure . The Cherenkov radiation emitted by the
electrons and muons passing through the tanks is detected by 3 PMTs, which
send the recorded data to the Central Data Acquisition System in Malargiie.
The area is overlooked by 4 FDs stations each composed of 6 telescopes with
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cameras of 440 pixels (440 PMTs). The combined field of view of each station
is 180° in azimuth and 28.6° in elevation.

When an EAS triggers the SDs, the energy estimator is taken at ro, =
1000 m. Normalized to S(38°) using the CIC method, the energy of SD events
is obtained by looking at the correlation between S(38°) and the energy Frp
measured by the FDs. Such relationship can be described by a simple power
law Epp = AS(38°)8, where A and B are obtained by fitting the data. Energy
reconstruction of hybrid events (seen by both SDs and FDs) is performed for
events with Epp > 3 x 10'8 eV and with zenith angle § < 60°. Overall, thanks
to the calibration measurements offered by the hybrid detection approach,
the absolute energy scale of both experiments shows minimal dependence on
hadronic interaction models and systematic uncertainties on the energy scale
are estimated around 14%.

A denser array of 61 SDs, with spacing dy, = 750 m, uses a similar
energy reconstruction procedure as the main array and reduces the energy
threshold down to 10'7 eV. Finally, the three high-elevation fluorescence tele-
scope (HEAT) are also sensitive to Cherenkov radiation emitted by the charged
particles of the EAS, allowing measurements down to ~ 3.2 x 10'® eV [53].
Furthermore, 150 radio antennas from the Auger Engineering Radio Array
(AERA) also measure low-energy showers by recording their radio pulses in
the frequency range of 30 to 80 MHz [54].

Auger is currently undergoing upgrades, including the implemention of
plastic scintillators on top of each SD station, and the addition of a fourth PMT
in each tank to increase their dynamic range [55]. The 3.8 m? scintillator
detectors layers should allow a better discrimination between electrons and
muons triggering the stations and therefore, a better identification of the mass
of UHECRs and a better understanding of the physical processes at stake at
the highest energies.

1.3 Measurements of Ultra-High Energy Cosmic
Rays

In this section, some of the most important up-to-date results in UHECR
astronomy performed by Auger and TA are presented, and the paradigm shifts
these measurements bring forward are discussed.

1.3.1 Enmnergy Spectrum

Accurate measurements of the UHECR energy spectrum are fundamental
in our understanding of physical processes capable of producing these parti-
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Figure 1.19: Energy spectra as measured by TA (red) and Auger (blue) scaled by E3. The
second knee at ~ 0.15 x 10'® eV, the ankle at ~ 5x 10'® eV as well as the cut-off at ~ 5 x 10'?
ev are easily identifiable. Plot taken from [56] and data obtained from [57] and [45].

cles, and of altering their propagation properties. However, several issues arise
when trying to perform such measurements. First of all, the low flux above
10'7 eV prevents any sort of direct detection for multiple reasons: as of today,
no space-based detectors has been designed large enough to account for such
low statistics, and secondly, UHECRs reaching the Earth interact with the at-
mosphere and produce extensive air showers of secondary particles (see Section
. Therefore, cosmic-ray experiments probing this energy range must rely
on ground detection of these EAS’s. Such aspect has a strong impact on the
quality of the energy reconstruction as it directly relies on hadronic interaction
models which accuracy in the UHE domain depends on the energies reached
in terrestrial accelerators. These systematic uncertainties must therefore be
taken into account when investigating the UHECR energy spectrum at the
highest energies.

Such technical difficulty is in fact well illustrated by the measurements
performed by AGASA and HiRes collaborations at the beginning of the 21%
century. A flux suppression — the so-called Greisen—Zatsepin—-Kuzmin (GZK)
cut-off [58, 59| — around 10'%6 €V is in fact expected due to the interaction
of UHECRs with the CMB and the photo-pion production associated to it
(see Section for more details). While AGASA was reporting the absence
of such a cut-off [60] [61], HiRes claimed to observe a strong flux suppression
at the energy predicted by the GZK effect [62, 63]. In addition to the large
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Figure 1.20: Top: Auger and TA energy spectra above 10*° eV in the common declination
band after rescaling. Bottom: Same as on the upper panel but in the opposite declination
band (southernmost for Auger and northernmost for the TA). Figures taken from [56].

statistical errors due to a very low number of detected events in the trans-GZK
energy domain, this discrepancy could also be due to the significant differences
in observation techniques between the two collaborations (ground detection for
AGASA versus fluorescence detection for HiRes), as the sources of systematic
uncertainties were different. Both experiments presented errors in the energy
reconstruction above 25% for energies greater than 3 x 10 V.

Figure shows the most up-to-date UHECR energy spectrum mea-
surements performed by TA [46] and by Auger [57], combining all different
types of observation techniques described in Sections|l.2.1]and [1.2.2] Focusing
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on energies above 10'7 eV, one can notice that both spectra show similar spec-
tral features up to the flux suppression around 4 x 10 eV. The second-knee
region, found at (0.1540.02) x 10'® eV by Auger [64] and at (0.1140.01) x 10'8
eV for TA [65], shows a softening of the energy spectrum over an energy range
of 100 PeV which could be signature of a decrease of Galactic iron nuclei
[66]. The so-called ankle reflects the transition from Galactic to extragalac-
tic cosmic rays and is characterized by a hardening of the spectrum around
(6.2 4 0.9) x 10'8 eV for Auger and (4.9 +0.1) x 10'® eV for TA. The region
between the ankle and the cut-off found at (50 + 7) x 10 eV for Auger and
(7T1+4) x 10'® eV for TA can be described by a double broken power-law. It is
in this region that significant discrepancies between the two observatories can
be noted and that cannot be explained by the systematic uncertainties on the
energy scale alone.

In [56], a special attention is given to the differences observed between
Auger and TA energy spectra. The offset shown in Figure between the
two energy spectra can be attributed to a mismatch of the order of 10% in the
energy scale due to different fluorescence yields. However, after renormaliza-
tion (+5.2% for Auger and —5.2% for TA), these differences persist at higher
energies. In order to investigate such discrepancies, only the declination band
common to both observatories is considered. An additional energy-dependent
rescaling of +10% for Auger and of —10% for TA is required in order to match
both energy spectra, but is yet to be explained. The results of these procedures
are shown on the top panel of Figure[1.20] On the other hand, when the same
rescaling is performed on mutually exclusive declination band (southernmost
for Auger and northernmost for TA), an excess around 60 x 10'® ¢V in TA
energy spectrum is observed (see bottom panel of Figure .

Understanding the origin of the relative systematic uncertainties between
Auger and the TA is of first importance in order to explain the observed dis-
crepancies in the energy spectra. Moreover, the origin of the flux suppression
above the GZK energy is yet to be identified, as it may be explained either by
the GZK effect or by the maximum energy of particle acceleration processes at
the source. In the former case, a light composition would be favored for sources
located within 50-100 Mpc. On the other hand, a cut-off caused by a max-
imum effficiency of acceleration processes at the sources would favor a much
heavier composition, as heavier nuclei can be accelerated to greater energies
[68]. In [67], the energy spectrum was fitted assuming different composition
mixtures that could correspond to these scenarios. As shown in Figure [1.21],
the energy spectrum measured around the cut-off energy can be described by
compositions dominated by light (top panel) or heavy (bottom panel) nuclei.
Both mixtures seem to describe the measured energy spectrum and therefore,
precise measurements of the UHECR masses at the highest energy would allow
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Figure 1.21: Energy spectrum measured by Auger and fitted assuming different compo-
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nitrogen (green) and iron (blue). The combined spectra are shown in purple. Figures taken

from [67].

to discriminate between the two possible origins of the cut-off.

1.3.2 Mass Composition

In order to achieve a better comprehension of the features that characterize
the energy spectrum, a thorough analysis of the composition should be carried
out. At the highest energies, the mass composition of cosmic rays can be
investigated via the measurement of the atmospheric column depth X,,.. at
which EAS reach their maximum development. However, because of the large
shower-to-shower fluctuations, that may affect the longitudinal development
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Figure 1.22: Top: Mean (Xy,ax) (left) and standard deviation o(Xmax) (right) measured
by Auger. Predictions obtained from Monte-Carlo simulations using two different hadronic
interaction models (QGSJetll-04 and EPOS-LHC) and for proton and iron primaries are
also shown. Figures taken from [69]. Bottom: Mean (Xp,.x) (left) and standard deviation
0(Xmax) (right) measured by TA. Data is compared to Monte-Carlo simulations for a mix of
57%,18%,17%, 8% of proton, helium, nitrogen, and iron, respectively. Figures taken from

0.

of EAS’s, identifying the primary that initiated such EAS’s may prove to be a
rather difficult task on an event-by-event basis. Instead, a statistical approach
is adopted and variables describing samples of showers are considered. The
mean (Xy.y) of the X,.x distribution at a given energy is directly related to
the mass of the primaries, while the variance o(Xyax) gives informations about
the relative proportion of the chemical elements, i.e. the spread of the mass,
and about the shower-to-shower fluctuations (iron showers fluctuates less than
proton ones, on average). As mentioned in Section , EAS’s produced by
protons reach their maximum development deeper in the atmosphere (larger
(Xmax)) and tend to have greater X ., variations (larger o(Xpax)) than EAS’s
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Figure 1.23: Fraction of different elements in UHECR composition as a function of the
energy, obtained by fitting the X,,.x measurements using different hadronic models. Figure
taken from [7T].

generated by iron primaries. Additionally, the variation in muon content can
be measured on the ground and used in combination with X, measurements
to investigate the UHECR composition as a function of the energy.

Using the hybrid mode of observation of EAS’s, both Auger and TA
have reported on the analysis of the X, distributions [69, [70]. Results are
shown in Figure . Auger measurements of (X ,.x) point towards a chemical
composition getting lighter up to 2 x 10*® ¢V with an elongation rate around
77 gcm ™2 per energy decade below this energy and around 26 gcm™2 per en-
ergy decade above, hinting to a heavier composition in UHECRS of the highest
energies. Moreover, up to the ankle energy, the X ., fluctuations reach a max-
imum, indicating a possible mixed composition of light elements, while they
become less important as the energy increases above the ankle, revealing a less
mixed composition and reinforcing the predominance of heavy nuclei expected
from the (Xyax) measurements. On the other hand, measurements performed
by TA seem to be best fitted by a mixed composition of 57%, 18%, 17%, 8%
of proton, helium, nitrogen, and iron, respectively, between 1.6 x 10*® and
1.2 x 10" eV. While the uncertainties on the X,,., measurements allow the
possibility of a break in the elongation rate, a constant elongation rate in this
energy range cannot be excluded.

Because the two experiments analyze the X,,., measurement with dif-
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Figure 1.24: UHECR flux observed by Auger above 8 EeV. The Galactic plane is represented
by the thick dashed line, and the Galactic center by the star. Figure taken from [51].

ferent methods, a direct comparison of the results is not possible. In order to
overcome this issue, a joint group was formed by Auger and TA [72]. Using the
different mass composition fits used by Auger to describe their X, measure-
ments, Monte-Carlo simulations based on these fits were performed and used
as an input for the TA detectors response simulation. The group concluded on
the compatibility of the results of the two experiments in the common energy
band and within the systematic uncertainties.

Detailed studies of the composition measured by Auger were presented
in [71l [73]. The main results, shown in Figure , can be interpreted as a
composition mixture than tends to get heavier as the energy increases, helium
and nitrogen being more predominant while the fraction of protons decrease
past the ankle. None of the hadronic models considered seem to predict large
fractions of iron in UHECR primaries. However, a significant number of data
points have p-values below 0.1, which shows that the none of the combinations
were able to fully reproduce the X,,.. distributions. The ongoing upgrades,
allowing precise muon measurements and larger exposure, of Auger and TA
described in Section[I.2)should shed more light on the composition of UHECRs
and provide a better understanding of their sources.

1.3.3 Anisotropies

The existence of distinct features in the UHECR spectrum, such as the
ankle or the cut-off, inevitably raises the question of their origin. However,
the presence of strong magnetic fields in the path of propagation of UHECRs
makes tracing back their exact source of emission non-trivial and the sources

o4



Propagation Effects

of UHECRs are still enshrouded in mystery. Although very little deviation
from isotropy has been observed around the ankle by Auger [74] and TA [75],
evidences for anisotropies at higher energies and on different scales have been
accumulating.

Searches for large-scale anisotropies have been performed by both ex-
periments. In the case of Auger, a dipolar modulation with an amplitude of
~ 6.6% including events with energy above 8 EeV and zenith angle up to 80°
was observed ~ 125° away from the Galactic center (see Figure [1.24)), hinting
at an extragalactic origin |74, [76, [77]. Such result was confirmed by a joint
group of Auger and TA collaborations in a full-sky search [78]. On the other
hand, TA has reported on correlation between data with energy above 57 EeV
and the Large Scale Structure (LSS) of the Universe, rejecting the isotropic
distribution at a 3 sigma confidence level for smearing angles up to 30° |75} [79].

On intermediate scales, Auger has also looked for overdensities over the
whole field of view [80]. An excess, in an angular window of 27° centered in the
direction of the closest radio-galaxy, Centaurus A, was found at energies above
37 EeV, with a one-sided post-trial significance of 3.90. Additionally, searches
for correlation between UHECR arrival directions and various catalogs of ex-
tragalactic objects, such as 2MRS [81], Swift-BATS AGNs [82] and the 3FHL
of v—AGNs [83], were performed [80, 84]. The maximum likelihood was found
for starbust galaxies, at energies above 38 EeV, with a post-trial significance
of 4.50. In the northern hemisphere, using 11 years of data acquisition, TA
has observed a hot spot in a circle of 20° radius when considering events with
energies above 57 EeV, with a significance of 2.9¢ in an isotropic sky [85].

1.4 Propagation Effects

UHECRSs traveling in the Galactic and intergalactic medium are affected by
various physical interactions that may change their composition, their energy
and their direction of propagation. While the surrounding magnetic fields are
mostly responsible for the latter, UHECR interactions with photons have a
stronger impact on the mass and the energy. In this section, the influence of
these interactions on the UHECR nature and propagation is discussed.

1.4.1 Magnetic Deflection

One of the reason why it seems difficult to associate observed anisotropies
with the position of known sources of various nature is tighly connected to
the presence of magnetic fields along the path of propagation of UHECRs,
resulting in a deflection of their direction and a delay of their time of arrival
to Earth. As UHECRs may travel through environments of different nature
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these sources are given. Figure taken from [89].

(around the source, or in the intergalactic, Galactic and interstellar medium),
the characteristics of the local magnetic fields may show great variations and
major difficulties arise when trying to account for their effects on the UHECR
measurements. The main argument in favor of the extragalactic origin of UHE-
CRs comes from the typical value of their gyroradii, which is too high for them
to be contained within our Galaxy. In general, particles with higher energy
and smaller charge, i.e. larger rigidity, are less affected by magnetic fields. The
Galactic magnetic field (GMF) is not uniform, therefore different directions of
propagation induce different angular deflections [86]. While protons of several
tens of EeV can be deflected by less than 10° while propagating in the GMF
[87], 10'® eV protons tend to follow the GMF line [88]. Nevertheless, the in-
fluence of the GMF on the UHECR propagation remains weak, acting more
like a smearing agent of the initial source and scattering particles at angles
directly dependent of the particles rigidity.

The influence of the extragalactic magnetic field (EGMF) on UHECR
propagation is more difficult to determine as the intergalactic medium is com-
posed of clusters of galaxies, filaments and regions of void (see Figure .
While its origin is still being debated — relic of the primordial Universe or as-
trophysical sources such as radio-jets or galactic winds [90], 1] — measurements
of the Faraday rotation and of secondary emission from blazars have provided
estimations of its strenght, ranging from 107 to 107 G with local peaks at
few pG |92, 93]. The time of arrival, as well as the energy spectrum and the
arrival direction of UHECRSs are all affected by the EGMF [88,[94]. Indeed, the
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increased pathlength can cause a delay of several thousands of years, making
the search for correlations between gamma-ray /neutrino sources and UHECR
detection particularly challenging. On the other hand, the reconstruction of
UHECR arrival direction is directly linked to the inhomogeneity of the EGMF.
While UHECRs propagating in weak fields (< 1072 G) are deflected by ~ 1°
[89], the angular deflection tends to increase when traveling through regions
of stronger magnetic fields or considering the lower end of the UHECR energy
spectrum. In a turbulent EGMF, the deflection angle 6 experienced by an
UHECR of energy E propagating over a distance D can be expressed as a
function of the typical coherence length A and magnetic field strength B of the
EGMF [95], 96]:

D\ /2 A B E 2
~0.025° [ = . 1.4
6= 0.025 ()\) (10Mpc) (1011G> <10206V) (1.45)

Overall, the numerous magnetic fields encountered by UHECR strongly
affect the measurements performed on Earth and the search for UHECR sources
must take them into account. In this context, the multi-messenger approach
searching for nearby gamma-ray and neutrino emissions constitutes a possible
solution to the issues arising from the effects of these magnetic fields.

1.4.2 Greisen-Zatsepin-Kuzmin Effect and Photo-Nuclear
Disintegration

UHECR path of propagation is steeped in a photon background of various
components, such as the CMB and the infrared-ultraviolet background. While
the former is the relic light of the recombination epoch (when first atoms were
formed and the Universe became transparent to radiation), the latter is the
signature of various physical processes occurring in stars, quasars and other
astrophysical objects. As such, these components affect the energy loss of
UHECRSs as they propagate in the intergalactic medium. Protons interacting
with the photon fields may produce pions or e~ /et pairs (Bethe-Heitler pro-
cess). The top panel of Figure m shows the energy loss length of protons
at different energies from the described physical processes (see references in
[89] for the photon background and associated energy losses functions). Above
50 EeV, the energy loss of protons is dominated by their interaction with the
CMB, producing the GZK cut-off, resulting in the shortening of the propaga-
tion length of protons in the extragalactic medium. At the highest energies,
protons reaching the Earth must therefore have been produced within a dis-
tance that is mostly defined by the GZK energy loss function (as shown in
Figure other processes contribute to the total energy loss of protons as
well), i.e. in the local Universe.
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Figure 1.26: Top: Energy loss distance of protons as a function of the energy. Photo-pion
production losses are shown for interactions with the CMB (thick-dashed line) and the IR
photon background (thin-dashed line). Pair production is shown in red and horizon due to
the Universe expansion is represented by the blue-dotted line. The total energy loss length
is shown by the solid black line. Bottom: Fraction of various chemical elements that can
propagate over a distance D. Protons are shown for energies above 40, 60 and 100 EeV while
other elements are only shown for energies above 60 EeV. Figures taken from [89].

While UHE nuclei lose energy in the same interactions as protons, they
may also undergo photodisintegration. In this scenario, a nucleus of mass A
interacts with background photons to produce a nucleus of mass < A and nu-
cleons. Such effect is most significant for nuclei of intermediate masses. As the
bottom panel of Figure [1.26| shows, iron nuclei may propagate on larger dis-
tances without being affected by photodisintegration [97, [98]. In other words,
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Figure 1.27: Hillas diagram: Characteristic magnetic field/size phase-space of potential
sources of UHECRs. Sources above the blue (red) line can confine iron nuclei (protons) up
to 10%° eV. Figure taken from [89].

nuclei of lower A tend to disintegrate at lower energies. Such feature can lead
to an excess of iron nuclei in UHECR composition measurements.

1.5 Sources of Ultra-High Energy Cosmic Rays

As previously mentioned, the study of anisotropies in the arrival direction
of UHECRs inevitably raises the question of the nature of their source of
production. In this section, a short overview of the possible sources of UHECRs
is presented, as well as the necessary conditions that must be met for UHECR
production. The so-called top-down models, which predict the production of
UHECRs from the decay of supermassive particles, are also discussed.

1.5.1 Astrophysical Objects

In order for astrophysical sources to be capable of accelerating cosmic rays
to the highest energies, several conditions must be met. These conditions allow
to select the list of potential candidate sources and provide a research focus
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for correlations of source postions with anisotropies:

> The search for extragalactic sources of UHECRs is mostly motivated
by the fact that the Larmor radius of UHECRs (several hundreds of
kpc) is significantly larger than the characteristic size of our Galaxy (few
kpc), preventing charged particles to be efficiently confined in order for
them to be accelerated to the required energies. This condition can be
summarized by the equation describing the maximal acceleration energy
an astrophysical object can provide to a particle of charge Z, given its
size R and its typical magnetic field strength B, and introduced in [68]:

Foax ~ 10 eV x Z (i> ( r ) . (1.46)

1uG /) \1pc

Figure shows the so-called Hillas diagram, a representation of the
B — R phase space in which various astrophysical objects are placed.
Objects above the red line can accelerate iron nuclei up to 10%° eV, while
the ones above the blue one, such as neutron stars, gamma-ray bursts
(GRBs), active galactic nuclei (AGN) and intergalactic medium (IGM)
shocks, meet the criterion to accelerate protons up to the same energy.

> Another key factor of the acceleration mechanism is the characteristic
time t,.. it requires to accelerate particles to the energies of detected
UHECRs. For obvious reasons, this time must be smaller than the age
of the emitting source. It is also required that this time be shorter than
the characteristic time of energy losses, mostly caused by interactions
with the photon background, synchrotron emission and hadronic inter-
actions. Finally, t... must be small enough for the accelerating particles
to remain confined within the region of acceleration. As performed in
[99], tacc is compared to the dynamical time of the source in order to ob-
tain the minimum magnetic luminosity required for acceleration of 100
EeV protons:

Lp > 10 Z %erg/s. (1.47)

Such lower bound prevents Seyfert galaxies as well as TeV blazars from
producing such energetic protons [100].

> (One more requirement lies in the fact that the sources must have enough
energy to be able to produce the UHECR flux observed on Earth, which
is estimated around 5x 1043 erg Mpc =3 yr~!. This criterion is met by most
astrophysical objects, and especially transient sources such as GRBs [101]

and AGN flares [102], 103].
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1.5.2 Top-Down Models

The observation of UHECRs beyond the GZK cut-off, at energies sometimes
above 10%° eV, presents a serious challenge to the paradigm that such particles
gain their energy via acceleration mechanisms. As discussed in the previous
section, the requirements on the properties of potential sources of UHECRs are
quite stringent: most considered candidates for UHECR production can hardly
reach the energies observed on Earth. When taking into account energy losses
occurring in the source neighborhood and along the path of propagation, the
likelihood that these sources may be responsible for these UHECRs drops even
more. Several solutions to this issue can be compiled in the so called top-down
models, which group all the scenarios where UHECRs are produced through
the decay or the annihilation of a supermassive particle X. The details of these
models are well beyond the scope of this thesis — extensive reviews can be found
in [T04], [105] T06] — and only the basic principles of some of these models are
intoduced. Nevertheless, all these models must satisfy several conditions in
order to be able to explain UHECR measurements.

> The lifetime of the X particles must allow them to decay at recent cos-
mological time.

> In order for the subsequent UHECRs to be able to reach Earth without
suffering from significant energy losses, the X particles must be decaying
in the local Universe.

> The X particles must be massive enough to produce UHECRs at the
highest observed energies.

> The decay rate and the density of X particles must fit the observed flux
of UHECRs.

One of the most discussed top-down model involving supermassive metastable
particles is the Super-Heavy Dark Matter (SHDM) model [107, 108 [109]. Pro-
duced in the Early Universe in the inflationary epochF_f], these particles would
compose a small fraction of the cold dark matter present in the galactic halo,
with masses larger than 10'? GeV. Their long lifetime, allowing them to decay
at present time, is expected to be due to discrete gauge symmetries and other
possible physical effects [107, [108]. Nevertheless, the result of SHDM particle
decay is a combination of UHE photons and protons, the former being the
dominant component. The fact that SHDM particles are predicted to exist
with the galactic halo, overdensities of UHECRs should be observed in the

4Several theories regarding the production of SHDM parrticles exist, involving vacuum
fluctuations during the inflation [I10] or cryptons from string models [IT1].
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direction of the galactic center, in contradiction with the anisotropies searches
performed by Auger and TA.

Among the existing top-down models, one can mention topological de-
fects (TD), such as magnetic monopoles [112] [104] or cosmic strings [113].
Supposedly formed in the early Universe, their stability would allow them
to survive until our cosmological epoch. However, collapses of these TDs,
like monopole-antimonopole annihilation [114] or string collapse [113], may
produce GUT-scale mass particles, which in turn may decay to leptons and
quarks. Through a process referred as fragmentation, the quarks form jets
of hadrons in the UHE domain, and leptons decay to photons and neutrinos
[115].

Another top-down model that includes the production of UHECRS is
the Z-bust model [116, 117]. In this scenario, UHE neutrinos produced in
distant sources annihilate against the relic background neutrinos pervading the
galactic and supergalactic halos, producing Z bosons. As these bosons decay,
secondary protons, photons and neutrinos are generated. One may argue that
such model does not solve the problem of the origin of UHECRs as UHE
neutrinos are most likely produced through the interaction of UHECRs with
the CMB. Nevertheless, such scenario does however solve the horizon problem
that arises for very distant sources, as UHE neutrinos can travel freely through
space before interacting with relic neutrinos, allowing UHECRs to reach the
Earth without suffering significant energy losses in the process.
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2. Ultra-High Energy Photons and Magnetic Cascades

OVER the last two decades, UHECR measurements seem to have raised
many more questions, especially at the highest energies, where the na-
ture of UHECR sources remains an open problem. The cut-off observed by
Auger and TA at ~ 5 x 10! eV may originate either from the GZK effect or
from maximum energy reached at acceleration sites. The deflection of UHE-
CRs by magnetic fields in the extragalactic medium makes tracing them back
to their original sources a difficult task. In the context of multimessenger
astronomy, other particles carrying information about physical processes af-
fecting UHECRs, such as UHE photons, may help identify these sources for
two main reasons. First of all, their direction of propagation is unaffected by
magnetic fields and therefore one can retrace their source of production with
greater precision. As seen in the previous chapter, UHE photon emission is
also associated with various physical processes related to UHECRs, from pro-
duction (top-down models) to propagation (GZK effect). Moreover, detection
of UHE photons would allow to test Lorentz invariance violation (LIV) models
by searching for time delays between photons of different energies [118| [119],
as illustrated by the recent lower limits on the LIV energy scale set by the
MAGIC collaboration and resulting from the observation of TeV gamma rays
from GRB190114C [120, 121].

Independently of the source of production, UHE photons propagating
through magnetic fields can produce pairs of e~ /et which subsequently ra-
diate synchrotron radiation. The probability of such phenomenon to occur
raises with the energy of the primary. It is therefore possible to consider that
electromagnetic cascades may reach the Earth instead of single UHE photons.
The characteristics of such cascades depends on the distance at which they
were produced and on the energy of the UHE photon primary. The proba-
bility for pair creation also depends on the direction of propagation, as the
transverse component of the considered magnetic fields plays a major role in
both pair creation and synchrotron emission. In this chapter, the general prop-
erties of UHE photons, and the characteristics of the EAS’s they produce, are
reviewed. Then, the latest results of searches for diffuse and point sources of
UHE photons by Auger and TA are discussed. In the second part, the un-
derlying mechanisms of electromagnetic showers produced in magnetic fields
are highlighted and two examples found in the literature are examined: in the
geomagnetic (also called preshower effect) and solar magnetic fields.
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Figure 2.1: Left: Flux of UHE photons (red lines) as a function of the energy and the
minimal distances to the sources. The UHECR proton flux (blue dotted lines) is normalized
to HiRes data (red crosses) [124] at 4 x 10'? eV and described by a spectral law oc E~2. The
dashed pink line represents the initial proton flux. Right: Flux of UHE photons (red lines)
as a function of the energy and of the strength of the EGMF in Gauss. Figures taken from
[106].

2.1 Ultra-High Energy Photon Flux

Observing UHE photons and assessing their fraction in UHECRs would be
a step forward in our understanding of the Universe in the UHE domain and
could act as a discriminating factor regarding the origin of UHECRs. Such
endeavor was undertaken in [106], where the fluxes of UHE photons expected
from the GZK effect and from various top-down models were compared. In
the former case, a dependence was observed on the UHECR spectrum, as the
UHE photon flux increases with the maximum energy at the source and for
smaller spectral indices; on the minimal distance to the sources, as most UHE
photons are expected to be emitted within 100 Mpc (see left panel of Figure
; on the radio background, as higher background increases energy losses of
UHE photons through pair creation; and on the EGMF, as larger values of the
EGMF induces lower fluxes of UHE photons (see right panel of Figure [2.1)).
On the other hand, all the top-down models considered in that study (TDs,
Z-burst and SHDM) produce UHE photon fluxes that are significantly larger
or comparable to the flux generated by the GZK effect. Using data from Auger
[122], AGASA and Yakutsk arrays [123], upper limits on the UHE photon flux
already severely constrain top-down models as the source of UHE photons and
by extension, of UHECRs.

Measuring the UHE photon flux would also allow to investigate the mass
composition of UHECRs as different fractions are expected for different pri-
mary mixes [125], 126]. In the presence of a photon background, UHE protons
produce neutral and charged pions whose decay generates a flux of UHE pho-
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Figure 2.2: Expected photon fraction for pure proton (grey) and iron (red) compositions.
The injection spectrum of UHECRs is taken such as the spectral index is @ = 2 and the
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2009 upper limits from Auger are also displayed [127], and its ultimate reach is shown by
the thin blue line. Figure taken from [125].

tons, while heavy nuclei such as iron, mainly disintegrate to lighter nuclei and
nucleons of smaller energy. Consequently, a smaller flux of UHE photons is
expected if UHECRs are mostly composed of heavier nuclei (about one order
of magnitude lower than if UHECRSs are protons - see Figure 2.2)). In [125],
it was also noted that the presence of sub nano-Gauss EGMFs resulted in a
smaller expected flux of UHE photons, in agreement with [106].

Accurate modelisation of the production and the propagation of UHE
photons is a key factor in the estimation of the flux observed on Earth. Codes
such as CRPropa [128] allow to include multiple production channels and prop-
agation effects that seem to increase the photon horizon for sub nano-Gauss
EGMFs. However, one important factor limiting our understanding of the
UHE photon flux lies in the inaccuracy of the mapping of EGMFs and photon
backgrounds, making the reduction of the uncertainties on the UHE photon
fraction and flux a challenging tast. Such a mapping would in fact greatly ben-
efit from UHE photon observation and could significantly constrain parameters
of the extragalactic background and to some extent, their origin.
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2.2 Extensive Air Showers produced by Ultra-
High Energy Photons

The development of air showers initiated by UHE photons is governed by
three main physical effects [129]. The Landau-Pomeranchuk-Migdal (LPM)
effect 130, 131, 132] is the reduction of the Bethe-Heitler cross-section for pair
production and bremsstrahlung emission due to destructive interferences be-
tween multiple scattering sites. The major consequences of such an effect are
the slow-down of the cascade development, as fewer interactions occur, and
a higher mean X,c. Secondly, photo-nuclear interactions, although largely
dominated by electromagnetic processes, are responsible for the production of
muons, as previously discussed in Section of Chapter [ Nevertheless, it
is important to note that X,,,, and muon content values depend on the extrap-
olation of photo-nuclear interactions to the highest energies [133], leading to
large uncertainties for both observables, and consequently to the proper identi-
fication of primaries. The third important effect is the preshower effect, which
describes the conversion of an UHE photon to a pair of e~ /e after interacting
with the geomagnetic field [I34]. The pair radiates synchrotron photons, and
a collection of lower energy electromagnetic particles reaches the top of the
atmosphere. Each one of these particles produce its own air shower but due
to the resolution of UHECR experiments, they are indistinguishable from each
other. Another consequence of such effect is that X, tend to reach smaller
values, making the air shower more similar to the ones initiated by nuclei. On
the other hand, EAS’s that are produced by UHE photons and that have con-
verted in the geomagnetic field, do not display a significantly different muon
content from the ones produced by unconverted photons [135]. More details
about this particular effect are given in Section [2.4.2]

The impact of the LPM and the preshower effects is well illustrated by
the fitting of the longitudinal profile of the 3.2 x 10%* eV event observed by
the Fly’s Eye experiment [130], including or not these effects [137], and shown
in Figure [2.3] When only the LPM effect is accounted for, the cascades reach
their maximum closer to the ground. On the other hand, when both effects
are taken into account, the shapes as well as the peaks of the longitudinal
profiles are much more similar to the data of the Fly’s Eye event. Therefore,
when searching for UHE photons in existing data using Monte-Carlo simula-
tions, both LPM and preshower effects must be included in order to prevent
a misidentification of the primary if the muon content of the shower is not
available.
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Figure 2.3: Longitudinal profiles obtained for the Fly’s Eye event reported in [I36], taking
into account the LPM and the preshower effects (solid lines), only the LPM effect (dashed
line) and none of the effects (dotted line). Figure taken from [137].

2.3 Searches for Ultra-High Energy Photons with
Cosmic-Ray Experiments

Searches for UHE photons have been performed by multiple experiments
and are the subject of constant updates, as more data is collected and finer
analyses are performed. In this section, the latest results published by Auger
and TA regarding the diffuse emission of UHE photons, as well as their search
for point sources, are highlighted.

2.3.1 Diffuse sources

Thanks to the large exposure accumulated by both Auger and TA, a sta-
tistical approach to the search of UHE photons in the collected data can be
carried out. Using almost 15 years of data, Auger has been able to put strin-
gent upper limits on the integral diffuse UHE photon flux above 10 eV [13§].
In their analysis, events recorded by the SDs with zenith angle 30° < 6 < 60°
are considered. In order to prevent uncertainties due to hadronic models, only
EAS’s produced by photons are simulated. The background sample is obtained
by using a subset of 2% of the data, that is then discarded. The observables
used to discriminate between UHE photons and UHE nuclei are the LDF (see
Section of the previous chapter) and the risetime of the signal in all trig-
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gered stations. In general, EAS’s produced by UHE photons are expected to
have a steeper LDF, i.e. weaker signal at larger distances from the shower core,
and slower risetime, due to dominating electromagnetic component compared
to muons. After applying a selection cut such that 50% of the simulated UHE
photons passes the cut, 11 events in the data are found above the threshold.
Upper limits at 95% C. L. are derived and show a significant improvement
at the highest energies due to the large exposure. These limits are plotted
in Figure , along with the ones at lower energies (< 10 EeV), where X ax
measured with the FDs are used as an discrimination parameter.

In a similar analysis, TA performed a search for the evidence of a diffuse
UHE photon flux in 9 years of data [139]. Monte-Carlo simulations for both
photons and protons above 10'® eV were run, with the photon spectrum being
the same as the one from Auger previously described (< E~2) and the zenith
angle range extending from 0° to 60°. 16 parameters, including the ones used
in Auger analysis, as well as the number of triggered stations and the shower
front curvature, were used as discriminating variables in a multivariate analysis
aimed at obtaining the best photon/proton separation. The distributions of
the resulting estimator for the simulated photon and proton samples are then
compared to the data. No photon candidates are found at energies above
10182, 10 and 10'”® eV while one candidate is found above 10'® eV and 10
eV, which is compatible with background expectations (having a photon-like
shower in Monte-Carlo simulations of protons). Consequently, upper limits at
95% C.L. are derived for these energies and plotted in Figure [2.4]

The results shown in Figure [2.4] are compared to the prediction from
various UHE photon production models that were previously described. As
one can notice, top-down models are severaly constrained by the limits set by
Auger and TA, while the observation of cosmogenic photons from the GZK
effect seems to be finally within range for both experiments.

2.3.2 Point Sources

The horizon of UHE photons is limited to a few Mpc due to energy loss
processes on photon backgrounds. Therefore, if UHE photons are the results
of the interaction of UHECRs with their surrounding environment (intergalac-
tic/interstellar medium or photon background) in the vicinity of their source
of production, searches for point sources of UHE photons can be performed
by cross-correlating observed UHECR directions with catalogs of astrophysical
objects suspected to be sufficiently energetic to produce these UHECRs. Such
strategy was adopted by Auger using 8 years of data recorded in hybrid mode
of observation, and with energy between 10'73 ¢V and 10'%5 eV [142]. The
arrival directions of the events contained in the data is compared to the cat-
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Figure 2.4: Upper limits on the diffuse UHE photon flux at 95% C.L. put by TA [139]
(green) and Auger [I38] (black and blue), and at 90% C.L. by EAS-MSU [140] (purple) and
KASCADE-Grande [I41I] (orange) at lower energies.Predictions on the UHE photon flux
from the GZK effect involving protons and iron nuclei [106], [126] as well as from top-down
models such as SHDM, TD and Z-burst [106] [I11] are also displayed. The values for the
SHDM model, the GZK emission and Auger limits at 40 EeV, expressed in km ™ 2yr~'sr—!,
are 2.7 x 1072, 4.1 x 10~% and 3.4 x 1074, respectively. Figure taken from [I38].

alogs of 12 classes of Galactic and extragalactic objects such as low-mass and
high-mass X-ray binaries, pulsar wind nebulae, the Large Magellanic Cloud,
the Galactic center and the core region of Centaurus A. In total, more than 360
potential sources of UHE photons are included in the analysis. No significant
excess is found for any of the considered sources, and upper limits are set on
each of the analyzed classes of objects. The study concludes that one possible
interpretation of the results is that UHE photons could in fact be produced by
transient sources such as flares of GRBs or AGN, that are not included in this
work. Nevertheless, it is also possible that EeV photons are in fact produced
by more distant sources and that the subsequent UHE photon flux is supressed
through energy loss processes.

Using the same data set and the same Monte-Carlo simulations as in
their search for a diffuse flux of UHE photons, TA performed a blind search for
point sources of UHE photons for energies greater than 10, 1085109, 101
and 10% eV [143]. No evidence for photon signal was found and photon-flux
upper limits are set at all considered energies. These limits are conservative,
due to the fact that pure proton composition is assumed in the Monte-Carlo
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simulations, and to the possible overestimation of the energy attibuted to
recorded events. Although the limit set above 10 eV is about three times
higher than Auger [142], the larger energy range studied allows to put UHE
point-source photon-flux upper limits above 10'¥ eV for the first time.

2.4 Photons Cascading in Local Magnetic Fields

Photons propagating through space may, under certain conditions, produce
electromagnetic showers without the need of matter to interact with. As de-
scribed in [144], photons have a non-zero probability to convert to pairs of
e~ /eT if traveling with sufficient energy (hv 2 2m.c?, where h is the Planck
constant, v is the frequency of the photons, m, is the mass of the electron and
¢ is the speed of light in vacuum) in intense magnetic fields. Such probability
is an increasing function of the parameter

() (%)

where B, is the strength of the magnetic field component transverse to the
direction of the photons and B, = m2c?/eh, with e the charge of the electron
and A the reduced Planck constant, is the natural quantum mechanical measure
of the magnetic field strength. It can be expressed as a function of the photon

attenuation coefficient
1 [/ ay By,
o0 =3 () (52) v, 22)
e q

where ay is the fine structure constant, A, = (h/m.c) is the Compton wave-
length of the electron and T'(x) ~ 0.16x k3 13(2/3x) is a dimensionless func-
tion of the modified Bessel function sy/3. It is interesting to note that for a
given primary photon energy, this coefficient increases with the strength of
the local magnetic field, but that for a given field strength, ., () peaks at a
maximum photon energy defined as hiyax, = 12(B,/ By )me.c?®. Finally, over
a distance of propagation R, the conversion probability can be written as

R

P (R) = 1 — exp|— / o, (x)dl]. (2.3)
0
Because of their opposite charge, the electron and the positron travel in oppo-
site directions.

As the newly created e~ /e™ pair propagates through the same local mag-
netic field as the primary photon, it may produce secondary bremsstrahlung
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radiation under certain conditions. Analogously to the parameter y of the
magnetic pair production phenomenon, the emission probability as well as the
spectral distribution of the radiation emitted per unit distance are governed

by the parameter
Ee Btr
T= 2.4
(o) (), 20

where F, is the energy of the electron. For primary photons in the ultra-high
energy domain, the e~ /e pair carries an energy such that £, > m.c?>. Under
the assumption that the energy of the bremsstrahlung photons is significantly
lower than the energy of the electron and the positron (hv < E.), [144] defines
the bremsstrahlung spectral distribution as

Mmec? e/ A 2 hv
](Ee,hl/, Bt'/‘) = 05170[8 ( )\6 ) ( Ee ) (E) (]_ - gE) . (25)

For a given energy F, and magnetic field strength By, the bremsstrahlung
emission peaks at hvpeax = E¢[37/(2 + 37)]. As the e” /et pair loses energy
via this emission process, the emission peak shifts towards lower values. The
probability of an electron to emit a photon between energy hrv and hv + d(hv)
over a distance dx can be written as a function of the bremsstrahlung spectral
distribution, such as

E.
Porem (Ee, hv, By, dx) = da:/](Ee,hl/, Btr)@. (2.6)
v

0

Equations to show a strong dependence of these magnetic pro-
cesses to the strength of the local magnetic field. In the UHE domain, the
relatively low intensity of the Sun’s and the Earth’s magnetic fields is com-
pensated by the high energy of the primaries and therefore, probabilities for
magnetic processes are high enough to generate electromagnetic cascading in
their vicinity. In the following sections, the cases for which the local magnetic
field corresponds to the one of the Sun and of the Earth, are discussed.

2.4.1 In the Solar Magnetic Field

As UHE photons travel near the Sun, they may initiate electromagnetic
cascades if experiencing a strong enough magnetic field component transverse
to their direction of propagation (see Figure (left)). For a typical solar
magnetic field intensity of 3 G, all primary photons with energy above 10
eV convert to an e~ /e* pair if injected within a circle of radius Ri,; = 1.5Rg
centered on the Sun, with R being the radius of the Sun [145]. This impact
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Sun Sun

Figure 2.5: Left: Schematic view of an UHE photon interacting with the transverse com-
ponent of the Sun’s magnetic field to produce a pair of e~ /e™ radiating bremsstrahlung
photons. Right: Same as on the upper panel but in this scenario, the UHE photon is
interacting with the solar photons.

parameter for 100% conversion can rise up to Ri,; = 3Re when considering
photons with energies above 10%° eV. Although the rate of such events is ex-
pected to be rather small (only a few per decade), the deflection of the e~ /e™
pair in the solar magnetic field, and the subsequent bremsstrahlung radiation
produced may display a very peculiar spatial signature at the top of the Earth’s
atmosphere. In [I45], Bednarek reports a collection of secondary photons in
the shape of very prolate ellipse that can reach tens of kilometers in size, with
the photons of highest energy concentrated in its core.

More recently, extensive simulations of UHE photons cascading in the
Sun’s vicinity were performed by considering two different modelizations of the
solar magnetic field [146]: the simple dipole model and the dipole-quadrupole-
current-sheet (DCQS) model [I147|. Different impact parameters Ri,;, as well
as several photon primary energies £, were investigated. Probabilities for
the primary photon to convert into an e~ /e pair, and for the pair to emit
bremsstrahlung radiation, are calculated using Equations and [2.6] respec-
tively. The top panel of Figure [2.6] shows the probability for an UHE photon
of energy E. to convert into an e~ /e’ pair as a function of Ri,;. While pho-
tons with energy E, = 10 EeV have 100% chance to convert if injected within
Riy; = 2R, photons with E, = 100 EeV have a conversion probability close
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to unity if injected within Ri,; = 4R, therefore offering a search area for such
phenomenon 16 times larger than the apparent size of the Sun viewed from
Earth. Because the gyroradius of the electron and the positron is much larger
than the distance along which they experience the solar magnetic field, the
propagation of the electron and the positron can be assumed to occur in the
same plane. The subsequent bremsstrahlung radiation emitted by the pair is
produced in the direction of the e~ /e™ propagation and in the vicinity of the
Sun. The size of the footprint of the electromagnetic cascade when reaching
the top of the Earth’s atmosphere, as a function of the impact distance of the
first conversion, and of the helicentric latitude of the UHE photon incident
direction is shown on the bottom panel of Figure 2.6, As expected, the size
of the footprint is a decreasing function of the impact distance: the further
away from the Sun, the weaker the magnetic field experienced by the e /e™
and therefore, the smaller the deviation of its trajectory, resulting in a smaller
spatial distribution of the bremsstrahlung radiation.

Examples of footprint sizes for a 100 EeV photon primary are shown in
Figure 2.7] For both solar magnetic field models, one can note the extended
spatial distribution of the electromagnetic cascade that can reach up to several
thousands of kilometers. As previously found in [145], the secondary photons
with the highest energy are concentrated within the center of the distribution,
i.e. the location the primary photon would have reached if it had not converted.

The energy range covered by the secondary photons spans over several
orders of magnitude, from EeV down to MeV energies. Therefore, experiments
observing at different wavelengths may be capable of observing the same elec-
tromagnetic cascades due to the extended nature of the footprint at the top
of the Earth’s atmosphere. Nevertheless, cosmic-ray detector arrays, such as
Auger, should observe roughly 0.2 events per year from the direction of the
Sun and with energy above 10 EeV. Therefore, taking into account the UHE
photon production models discussed in the previous section, as well as the
current limits put by Auger on the diffuse photon flux in the EeV domain, the
number of expected events as described in this section remains very small.

In [148], photon cascades produced by photon-photon interactions are
also presented in the context of UHE photons interacting with photons from
the Sun (see right panel of Figure 2.5). By defining the probability of such
process to occur as

P, ., =nodz, (2.7)
where n is the volume density of the solar photons, ¢ is the cross section for
photon-photon interaction and dz is the path along which such interaction
may occur. Using Planck’s law of black bodies to determine the solar flux and
assuming that every solar photon is emitted in the direction perpendicular to
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Figure 2.6: Top: Probability of an UHE photon with energy E. to convert into an e~ /e™
pair in the solar magnetic field, as a function of the impact parameter. Bottom: Size of the
electromagnetic shower at the top of the Earth’s atmosphere generated by a primary photon
of energy 100 EeV and taking into account secondary photons with energy higher than 1
TeV, as a function of the impact parameter and of the heliocentric latitude of the primary
photon direction. Figure taken from [146].

the surface of the Sun, n is defined by the equation

1 87T21/<2D

n = Eo
4rs? 3

kpT

[exp( -7 (2.8)
where s is the distance between the solar photon and the center of the Sun,
Es = hvg is the energy of the solar photons, kp is the Boltzmann constant
and T, = 5778 K is the temperature at the surface of the Sun. The 1/(4ms?)
factor describes how the volume density decreases as the distance from the Sun
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Figure 2.7: Top: Size of the footprint of an electromagnetic cascade on the top of the Earth’s
atmosphere produced by a 100 EeV primary photon with an heliocentric latitude of 0° for
the two different solar magnetic field models and for Rin; = 3R». Only photons with energy
above 1 TeV are marked. DQCS footprint was shifted by 2 km in the positive z-direction
for visual purposes. Bottom: Same plot as on the left but zoomed in on the core of the
cascade and weighted by the energy of the secondary photons. For both plots, x = 0 and
y = 0 correspond to the impact position of the primary photon if no magnetic conversion
had occured. The positive z-direction points to the North while the positive y-direction
points to the East. Figure taken from [146].

increases. The cross-section can be expressed using the equation from [149]:

1
o = Zr2(1— )3 - v)log (1 v

—v

) —20(2 — v, (2.9)

where 7, is the classical electron radius and v = (%E_@mg)l/ 2, with E, the
Y
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energy of the UHE photon. By considering the UHE photon propagating along
the direction defined by the Sun-Earth vector, one can write dr = ds. The
photon-photon interaction can thus be written as:

Pfy_,y :/ds / n(s, E@)U(E@)dE@ (210)
S0 %’54
(mreRe)? 1 1
(he)3 So  S1
T 1 E?
X / (1—v?) [(3 —vh)log ( i U) —2u(2 — 02)} Ec? dEs,
et b xP(z575) —
(2.11)

for solar photons with energy such as E; > (m2c*)/E, and UHE photons
propagating from sy to s;. The calculation of the integral over F. has been
performed numerically for solar photons with energies smaller than 10 eV, and
for UHE photons between 10 eV and 10* eV propagating from an infinite
distance (sgp = o0) to Earth s; = —1 AU , along the direction defined by the
Sun-Earth vector [148]. Under these conditions, the probability P,_, for an
UHE photon to produce an e~ /et pair through its interaction with a solar
photon does not go over 1078, Therefore, such a process can be excluded as a
potential scenario for photon cascades.

2.4.2 In the Geomagnetic Field - The Preshower Effect

UHE photons propagating in the geomagnetic field can undergo similar mag-
netic processes (see Figure . For photons incident in the plane of the
magnetic equator, magnetic pair production becomes significant for photons
with energies above 5 x 10! eV and occurs within 3 Earth’s radii for pho-
tons with energies up to 10?2 ¢V [134]. Moreover, larger values of the angle
of incidence # result in larger intensity of the transverse component of the
geomagnetic field and such process becomes significant for large zenith angles
[150]. Before reaching the top of the atmosphere, the newly created leptonic
pair must travel through several radiation lengths, which leads to the emission
of bremsstrahlung photons and the production of an electromagnetic cascade,
constituted of the initial e~ /e™ pair and of several lower energy photons. Such
type of cascade is referred to as preshower, and has been studied early on in
the context of various experiments [I51], [152], [145]. By contrast with the fact
that such cascade fully develops in the Sun’s vicinity when the primary pho-
ton interacts with the solar magnetic field, the number of particles contained
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Figure 2.8: Schematic view of the preshower effect in the geomagnetic field. Credits: P.
Homola.

in preshowers strongly depends on the distance between the top of the atmo-
sphere and the location of the magnetic conversion point and consequently, on
the angle of incidence @ of the primary photon. As this distance increases, the
e~ /et pair must travel a larger distance and therefore loses more energy via
synchrotron radiation (i.e. more secondary photons are produced). Moreover,
electrons with energies above 10 eV are deflected in the geomagnetic field
with an angle smaller than 107° degrees [I50]. As a consequence, ¢~ /e pair
emits bremsstrahlung radiation in the form of a photon beam, and the spatial
distribution of the secondary photons is constrained within a few centimeters
at the top of the Earth’s atmosphere.

In [135], a particular attention was given to the direction dependence of
the preshower effect in the framework of the northerrﬂ and the southern sites
of the Pierre Auger Observatory. Looking at the probability of UHE photons
to cascade as a function of the azimuth angle, it was found that this probability
raised as UHE photons were traveling closer to the magnetic poles, i.e. the
North direction for the northern site and the South direction for the southern
one, where the perpendicular component of the magnetic field is the strongest.
Such property is important to note as it competes directly with the energy of
the primary photon: photons of higher energy may not cascade if coming from
a direction where this component is too weak, while photons of smaller energy
may in fact produce preshowers if traveling in a region of the geomagnetic field

1Since the writing of this study, the northern site project for the Pierre Auger Observa-
tory has been abandoned.
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Figure 2.9: Probability of an UHE photon to convert into a e~ /e pair as a function of
its energy and for the strong and weak directions, at the Pierre Auger Observatory. Figure
taken from [I53].

where the same component is strong enough.

More recently, a new Monte-Carlo simulation algorithm named PRESHO-
WER was developed to simulate the cascading of UHE photons in the geomag-
netic field [I53]. This field is simulated with the International Geomagnetic
Reference Field model (IGRF) [154]. To calculate the field strength along the
propagation path of the UHE photon, the following parameters are needed:
the geographical location of the observatory site (latitude and longitude), the
direction of propagation of the primary photon in the local reference frame
(zenith and azimuth angles) and the year of observation. The simulation be-
gins with the propagation of the UHE photon within 5 Earth radii. As it
travels, the transverse magnetic field strength, as well as the e~ /e conversion
probability, are calculated in steps of 10 kilometers using Equation 2.3} As an
example, Figure [2.9 shows the probability of conversion of an UHE photon as
a function of its energy and its direction of propagation at the Auger site in
Malargue. Photons coming from the strong field direction (direction for which
By, is the highest and corresponding to the zenith angle # = 60° and to the
azimuth angle ¢ = 177°, with ¢ = 0° being the direction of the geographi-
cal North) are more likely to convert at lower energies than if coming from
the weak field direction (zenith angle # = 50° and azimuth angle ¢ = 357°),
especially for energies between 5 x 10! eV and 5 x 10?2 eV. Such directional
dependence is consistent with the results obtained in [145] and discussed pre-
viously. The newly created e~ /e pair emits secondary photons according to

79



2. Ultra-High Energy Photons and Magnetic Cascades

E=10%"ev
-6 L R A
B=0.3 G
B=0.1G ———
B=0.03G
z T
) )
o) o
5 8| 1 B 8t
_9 L L "‘ _9 L L
3 2 1 0 3 2 1 0
lg(hv/E) lg(hv/E)

Figure 2.10: Spectral distributions of secondary photons using Equation for primary
photons of energy E = 10?° eV (left) and E = 10%! eV (right) and for various typical
strengths of the transverse magnetic component. Figure Taken from [153].

the spectral distribution equation

2 E. \’ E.
I(Ee, hv, By,) = grzBfr ( ) f(hv) TE (2.12)

mec? — hv)?’

where f(hv) corresponds to Equation 8 of [153]. This equation is a more gen-
eral expression of Equation for which the restriction hv < E, is removed.
The probability of bremsstrahlung emission is calculated using Equation [2.6]

As secondary photons are emitted, they are checked for further magnetic
conversion. All magnetic processes within the cascade development are cal-
culated in steps of 1 kilometer, for all types of particles. Figure [2.10] shows
the shape of the spectral distributions of the secondary photons for different
primary energies and for typical values of the transverse magnetic component
strength. As expected from the spectral analysis from [144] discussed above,
these distributions peak at higher energies as the field strength increases. This
algorithm ignores the influence of the solar winds as they affect the geomag-
netic field at distances well beyond the region of conversion of UHE photons.
Moreover, the time delay between electrons and photons being significantly
smaller than the time resolution of cosmic-ray experiments, its effect is also
neglected.

The final output of the algorithm consists in the altitude of the UHE
photon conversion, the number of particles reaching the top of the atmosphere
(photons and e~ /e™), the maximum energy of each type of particle, the fraction
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Figure 2.11: Schematic view of the different approaches to cosmic-ray detection. On the
left, most cosmic-ray experiments are designed to look for single air showers produced by
one primary particle. On the right, the approach undertaken by CREDO: a network of
cosmic-ray detectors looking for multiple correlated air showers coming from the same UHE
photon cascade occuring above the atmosphere. The distance between each air shower is
variable and could be of several thousand kilometers, depending on the pre-cascading effect.

of the primary energy carried by the e~ /et as well as the total energy each
type carries.

2.5 Cosmic-Ray Ensembles: the CREDO Project

As described in Section [2.4.1], photons cascading in the Sun’s magnetic field
may produce an ensemble of secondary particles distributed at the top of the
Earth’s atmosphere over several thousands of kilometers, and spanning over
several decades in energy. Similar processes may occur in the Universe on
much larger scales when considering, for example, the interaction of an UHE
photon with the magnetic field produced by neutrons stars. The collection of
secondary particles poduced by such phenomena is henceforth referred to as
cosmic-ray ensemble (CRE). As the spatial signature on the top of the atmo-
sphere of these CREs may vary greatly with the distance at which the first
interaction occurs and with the strength of the considered magnetic field(s)
the UHE photon travels through, observing these correlated particles would
provide precious information about the means by which UHE photons may be
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produced and about their source of production. Whether these CREs contain
only two particles, distanced by hundreds of kilometers, or are composed of
thousands of them distributed along a thin line extending over thousands of
kilometers, a network of detectors capable of registering EAS’s produced by
these particles and spread on a global scale may be able to observe and mea-
sure the correlation between these EAS’s. Such endeavor has been undertaken
by the Cosmic-Ray Extremely Distributed Observatory (CREDO) collabora-
tionE] [155 156, 157, 158]. Inaugurated in August 2016, the main objective
of CREDO is to connect together all kinds of detectors capable of observing
particles from air showers, from the simple smartphone to the professional
cosmic-ray experiments. By creating a global network and by developing new
methods of particle detection, CREDO hopes to observe air showers produced
at different locations on the surface of the Earth, but originating from the
same physical phenomenon.

Figure [2.11] compares the approach used in major cosmic-ray experi-
ments, such as Auger, where single air showers are recorded to the one initiated
by the CREDO collaboration, where multiple cosmic-ray detectors spread on a
global scale are part of one single network, searching for correlations between
several air showers. As CREs may be spread on scales as large as the Earth’s
diameter, single localized experiments have practically no chance of observing
them. However, if they are connected into one global network, CREs of var-
ious sizes are more likely to be observed. In addition to searching for spatial
signature of CREs, the CREDO experiment also aims at investigating the time
distribution of the CREs as they trigger ground detectors. Such endeavor is
motivated by the non-replicated observations of cosmic-ray outbursts in the
TeV-PeV regime, lasting from 20 seconds [159] up to 5 minutes [160].

As shown in the example of the UHE photon cascading in the Sun’s
magnetic field, the energy range of the secondary particles can span over
several orders of magnitude. Therefore, all types of particle detectors may
contribute to CREDQ’s search for CREs: gamma-ray telescopes, neutrino de-
tectors, large cosmic-ray arrays, educational experiments, small scintillators,
and smartphones.

The obvious necessity for a worldwide network has led the CREDO col-
laboration to develop its own smartphone application in order to record the
radiation that constantly interacts with the photo-sensors of the camera. These
particles can be of cosmic origin (secondary particles of air showers produced
by cosmic rays) or from the natural background radiation. The advantage of
such a tool is two-fold. First of all, smartphones are already available globally
and used by billions of people, thus allowing a nearly costless deployment of
particle detectors on a planetary scale. On the other hand, it promotes citizen

lwebsite: credo.science
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Figure 2.12: Top: Number of doublets (2 detections within 5 minutes) found in periods of
24 hours of app running, found in the data of one of CREDQ’s smartphone application user,
in red. The expected value obtained from scrambled maps is shown in dark blue while the
number of doublets needed to obtain a 3- or 5-sigma effect are shown in green and cyan,
respectively. Bottom: Number of standard deviations of the observed value compared to
the expected one.

science through the massive participation of non-scientists. In the context of
CREDO, such public engagment goes beyond the simple data acquisition as-
pect. An active participation is indeed encouraged, through several mediums.
First of all, data recorded by individual users is accessible via CREDO’s APIEL
where processing and data analysis tools are made available. On that plat-
form, CREDQ’s application users can visualize how their detections look like
(point-, worm- or line-like) and investigate the results from various analysis
run on their data. One example of such analysis is presented in Figure 2.12]
The basic principle is to look for excesses of number of doublets — defined as
the number of occurences when 2 detections are obtained within 5 minutes —
in 24 hours periods during which the application is running. This number is
then compared to the expected value, obtained via the generation of scrambled
maps which randomly redistribute the timestamps of the number of events ob-
tained in the considered period. Z-score (sigma value) as well as 3- and 5-sigma

2website: api.credo.science/web/
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Figure 2.13: Left: Examples of tracks left by radiation on the smartphone cameras and
recorded by the CREDO application. The frames have a dimension of 60x60 pixels. Right:
Distribution of track lengths found in smartphone data obtained with the CREDO applica-
tion, and related to the zenith angle of incoming particles by Equation Various fits are
shown for different values of the thickness h of the matrix layer. Figure taken from [I5].

limits are calculated and displayed on the plot of Figure 2.12] which is avail-
able to each user on the API, via the Quantum Gravity Previewer tool. Such
approach may spark a greater interest from non-scientists in participating on
a higher level in science discovery. In fact, one of the key characteristic of
the CREDO strategy is the open access of the algorithms developed for data
acquisition and analysis. The algorithms are all available on GitHubﬂ thus
allowing any interested user to participate in their improvement.

Other analyses focusing on long traces found in the smartphone images
(see Figure (left)) can also be performed [I58]. Such tracks are suppos-
edly produced by muons produced in cosmic-ray showers entering the camera
sensor’s matrix at large zenith angle. The distribution of the angle # can be
expressed as a function of the length of the tracks [ and the thickness of the
smartphone camera’s matrix h:

dN(0)

— = cos™(8), (2.13)

where v ~ 2.0 and 6 = arctan ({/h). As h is unknown, it can be consider as a
free parameter that can be adjusted to fit the distribution. Such distribution
is plotted in Figure (right) for data obtained via the CREDO application,
and several fits with different h are shown. According to this plot, the zenith
angle distribution is best fitted for h = 5 pixels.

3website: github.com/credo-science/credo-api-tools
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Another aspect of citizen science undertaken by the CREDO collabora-
tion is the use of existing platforms such as Zooniversd? that provide online
tools for data classification. As a matter of fact, CREDO has developed two
data classification tools on this platform: Dark Universe Welcome and Private
Particle Detective. The former requires the user to look for peculiar devi-
ation in the average time of detection from detectors already connected to
the CREDO network, while the latter asks to classify the images formed by
particles on the smartphone camera and obtained via CREDO’s smartphone
application.

The very nature of particle cascades produced far away from the Earth’s
atmosphere requires a global network of detectors capable of observing correla-
tions between air shower created in different parts of the world. The CREDO
collaboration sees it as an opportunity to promote citizen science in order to
effectively develop such network via the use of smartphones, which are al-
ready available worldwide, and the production of cheap pocket detectors that
can be deployed in high schools to serve as educational tools for teachers and
students. As of October 1%, 2020, the CREDO collaboration consists of 40
institutions spread over 18 countries, and more than 5,000,000 detections have
been registered through the smartphone application.

4website: zooniverse.org
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3. Ground-Based Imaging Gamma-Ray Astronomy

ENSUING the discovery of cosmic rays by V. Hess, and of the air show-
ers resulting from their interaction with the atmosphere, several ground-
based cosmic-ray experiments were developed to search for secondary parti-
cles. While the debate on the true nature of cosmic rays — whether they were
mainly charged particles or gamma rays — was still raging, the discovery of the
Cherenkov effect in the 1930s quickly offered a new channel of observation. In
1953, using a 25 cm mirror, a single PMT and a trash bin, W. Galbraith and
J. V. Jelley became the first to detect the short light pulse arising from this
effect [L61]. Nevertheless, any conclusive observation of gamma-ray initiated
air shower was still out of reach due to the dominating hadronic cosmic-ray
background. The idea of combining multiple PMTs in order to obtain im-
ages of the Cherenkov pulses came almost 25 years later, after two decades of
struggle to reduce the background contamination via various, but often unfruit-
ful, techniques [162]. The Imaging Atmospheric Cherenkov Telescope (IACT)
technique uses multi-pixel cameras to make images, which are analyzed and
described using a set of discriminating parameters introduced by A. M. Hillas
in 1985. The Whipple Observatory, a gamma-ray experiment located on the
Mount Hopkins in Arizona, USA, was the first to measure the gamma-ray flux
above 0.7 TeV from the Crab Nebula at 90 after 82 hours of observation [163].
This observation was later confirmed at 450 after significant upgrade of the
telescope [164].

The early 2000s saw the birth of a third generation of imaging gamma-
ray telescopes spread out across the globe, offering a full-sky view at very-high
energy for the first time. In the northern hemisphere, the Major Atmospheric
Gamma-ray Imaging Cherenkov Telescope (MAGIC) has been operating since
2005 and is today composed of two 17 m-diameter telescopes located in La
Palma, Spain[] Noteworthy observations are the detection of one of the most
distant gamma-ray source, 3C279, at z = 0.536 [165] as well as the detection
of the gamma-ray burst GRB 190114C in the TeV energies [120]. In the same
hemisphere, the Very Energetic Radiation Imaging Telescope Array Systemﬂ
(VERITAS) is an array of four imaging telescopes of 12 m diameter installed
at the same location as the Whipple Observatory. Since the beginning of its
operation in 2007, VERITAS has detected more than 60 gamma-ray sources,
including the first starburst galaxy M82 [166] and the TeV gamma-ray emis-
sion of Tycho’s supernova remnant [167]. In the southern hemisphere, the
High Energy Stereoscopic Systemﬂ (H.E.S.S.) is the only stereoscopic array to
be composed of telescopes of different sizes (four 12 m- and one 28 m-diameter

Iwebsite: magic.mpp.mpg.de
2website: veritas.sao.arizona.edu

3website: mpi-hd.mpg.de/hfm/HESS
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VERITAS, Southern Arizona MAGIC, La Palma
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Figure 3.1: Overview of the operating ground-based imaging gamma-ray telescopes and their
associated performances.

telescopes), allowing the observation of air showers at few GeV. Its location
allows for the observation of sources not accessible by the first ground-based
gamma-ray telescope, including the radio-galaxy Centaurus A, which was re-
cently found to generate a gamma-ray flux at TeV energies in a region of
several thousands of light-years [168]. The excellent angular resolution offered
by these telescopes (~ 0.1°) has allowed the observation of fine structures in
gamma-ray sources and to distinguish various components within. A summary
of the discussed gamma-ray telescopes is shown in Figure 3.1}

In this chapter, the properties of the Cherenkov light emitted by air
showers are reviewed. Then, the underlying principles of the IACT technique
are discussed, from light collection to image parametrization. In the second
part, a closer look is given to how air showers coming at high zenith angles may
be detected and discriminated against the cosmic-ray background by gamma-
ray telescopes. To close this chapter, the Cherenkov Telescope Array (CTA),
the next-generation IACT array currently under construction, is introduced,
including its expected performance.

3.1 Imaging Atmospheric Cherenkov Telescopes

3.1.1 Cherenkov Emission in Air Showers

Charged particles passing through a dielectric medium with a refractive in-
dex n, at a velocity fc greater than the phase velocity of light ¢/n in the con-
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sidered medium, may temporarily disrupt the polarization of the constituent
molecules. As these molecules return to their original state, they emit wavelets
which interfere constructively to form a forward-oriented cone of radiation
called Cherenkov light, in honor of the physicist Pavel A. Cherenkov [169].
The minimum energy required for a charged particle of rest mass myq to trigger
such effect can be expressed as:

2
Eine = moc

: 3.1
- (3)
In the air (n = 1.0003), Equation [3.1] gives a threshold energy of ~ 21 MeV for
electrons, ~ 39 GeV for protons and ~ 4.3 GeV for muons. The opening angle
of the cone formed by the emitted Cherenkov light depends on the refractive

index of the medium and the velocity of the charged particle:

1
pn’

resulting in a maximum opening angle of ~ 1.4° in the air. From Equation
[3.2] arises the condition that for the Cherenkov effect to take place, the re-
fractive index at any wavelength n(\) must be greater than 1. Consequently,
Cherenkov radiation is predominantly emitted in the visible spectrum and is
maximized in transparent dielectric media. Finally, the number of Cherenkov
photons emitted per unit path dl can be expressed by the Frank-Tamm formula
[170]:

(3.2)

cosf,. =

dNCh 2 1 1
= 271, (1 — - .
/ Oés( COS 90) (/\ - ) s (3 3)

>\max

where A\ = 300 nm < A < Ay = 600 nm is the typical sensitivity range
of light sensors, and «y is the fine structure constant. At sea level, this cor-
responds to ~ 0.5 photons/cm (or ~ 10* photons/radiation length) for a rel-
ativistic electron. The energy losses per unit path lenght due to Cherenkov
emission are significantly lower than ionization or excitation losses and are
proportional to A\~2, resulting in a peak at short wavelengths, and giving a
blue color to the phenomenon.

When focusing on air showers, it is important to keep in mind that the
refractive index varies with the altitude, mostly due to the change of atmo-
spheric pressure. In [20], this dependence is expressed by the function:

patm<z>
patm(o) 7

n(z) = 1+ 0.000283 (3.4)
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Figure 3.2: Schematic view of a vertical air shower Cherenkov emission. The blue rectangle
represents the area where ~ 50% of the Cherenkov light is emitted. Above that area, the
Cherenkov light produces a ring on the ground, with a radius of ~ 150 m from the shower
core while below, a dimmer light pool is formed. The longitudinal profile of charged particles
along the shower axis is also shown. Figure adapted from [35].

where paim(2) is the density of the air as a function of the altitude z, previously
introduced in Section [[.I.I} Such a dependence directly affects the opening
angle, varying from ~ 0.2° at an altitude of 30 km, where the refractive index
is close to 1, to ~ 1.4° at the sea level. Such a variation, as well as the
Coulomb scattering of electrons within the shower, contribute to the conic
shape of the Cherenkov light profile shown in Figure 3.2 The light pool
of Cherenkov radiation formed on the ground is constituted of two parts: a
ring with radius ~ 150 m and thickness of several meters, stemming from
the Cherenkov light emitted in the early stages of the shower development
(above ~ 10 km in Figure , and a disk within the annulus which is filled
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by Cherenkov light emitted by charged particles close to the ground. The
scattering of electrons within the shower results in a smooth tail of Cherenkov
light beyond the annulus that fades as the distance to the shower axis increases.
One interesting consequence of Cherenkov radiation traveling slower than the
charged particle is that near the shower axis, photons emitted at a later stage
of the cascade development (closer to the ground) reach the surface before the
photons emitted at its very beginning. Nevertheless, for vertical showers, the
typical duration of a Cherenkov light pulse of an air shower remains in the
order of a few nanoseconds. As highlighted in [68], most of the Cherenkov
radiation is emitted near the shower maximum. For air showers initiated by
gamma primaries of a few TeV, 50% of the Cherenkov light is produced within
a cylinder centered around the maximum (~ 8 km), with height and diameter
of approximately 4 km and 40 m, respectively. This cylinder is represented
by the blue rectangle in Figure [3.2] In comparison, protons of similar energies
produce a similar percentage of Cherenkov light in a cylinder of larger lateral
extent (~ 150 m wide) centered at slightly lower altitudes. 25% of the total
emitted Cherenkov light, responsible for the formation of the Cherenkov ring,
is emitted above this cylinder while the remaining 25% is produced below,
and creates local peaks of emission filling the Cherenkov pool. However, the
highlighted features are consistent when considering air showers initiated by
gamma primaries of a few TeV. In the case of proton showers, and of primaries
of higher energy, the lateral profile of Cherenkov light at the ground is more
similar to a featureless exponential decrease with respect to the distance to
the shower axis.

As described in Section the Heitler’'s model determines a linear
relationship between the total number of electrons and the energy of the shower
primary. If the total flux of Cherenkov photons is assumed to be proportional
to the number of electrons in the shower, then the detection of the Cherenkov
light can provide a calorimetric measurement of the shower, and a robust
estimation of the primary energy. The relationship between the number of
electrons N, and the total number of Cherenkov photons emitted () is expressed
by the function [I71]:

Xo
Q ~ 3500/N6(X)dX, (3.5)
0
where X is the atmospheric vertical depth at the ground level. It should
however be noted that not all electrons have the energy required to trigger the
Cherenkov effect. An estimation in [19] gives an average of ~ 40% of the total

number of electrons which is responsible for Cherenkov emission. In practice,
the Cherenkov photon density Q(r) as a function of the distance to the core
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of the shower r, i.e. the lateral distribution, provides an effective mean to
determine the primary energy, given the knowledge of the optimal distance
Topt at Which the zenith angle of the shower does not significantly affect the
value of Q(ropt). Additionally, for a fixed primary energy, the photon density
at any given distance to the core is on average smaller for heavier primaries,
in the case of showers initiated close to the zenith.

3.1.2 Cherenkov Imaging Technic

Since the first ground-based Cherenkov telescope developed by W. Galbraith
and J. V. Jelley in 1953, the technology behind IACTs has considerably im-
proved, offering a greater sensitivity to the short Cherenkov pulses from air
showers, as well as a better photon /hadron separation. Nevertheless, the basic
principles at the core of this technology has varied very little over the years, and
are represented in Figure The Cherenkov light is reflected by a collection
of segmented mirrors, arranged in a parabolic shape, onto a camera composed
of one or more PMTs (representing pixels), located at the focal point of the
mirrors (these PMTs are pictured by the individual polygons of the camera of
Figure . The FOV of these PMTs, often found around ~ 0.1°; is crucial
to the angular and energy resolutions of the camera. In order to reduce the
noise from the night sky background, modern IACT cameras have fast trigger-
ing scheme, allowing low energy thresholds. In modern IACTs, the different
trigger levels are often defined as such:

> TL1: At the PMT level, a minimal signal as well as a minimal number
of photo-electrons, are required.

> TL2: At the camera level, TL1 must be fulfilled by a minimal number
of PMTs, usually neighbors to one another.

> TL3: In stereoscopic mode of observation (described later on in this
section), a minimal number of telescopes must satisfy TL2.

As displayed in Figure[3.3] the shape of the image formed by the triggered
PMTs directly depends on the characteristics of the air shower and therefore,
on the nature of the primary. For a telescope pointing at a source of gamma
rays, the Cherenkov photons emitted in the early stages of the shower de-
velopment are reflected by the mirrors with a smaller angle than the one of
photons emitted closer to the ground, and trigger PMTs closer to the center
of the camera. Moreover, the time resolution of modern cameras also opens
the possibility to analyze the rise time of each PMT, thus offering another
discriminating factor used to improve the background rejection [173].
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Figure 3.3: The IACT technique: the Cherenkov light emitted by an air shower is reflected
by a large mirror at an angle depending on the altitude of emission, focusing it on a camera
constituted of several PMTs. Figure taken from [172].

In the stereoscopic observation of air showers, several telescopes, spaced
by ~ 100 m, point in the same direction. Such a technique, first introduced
in the early 1960s by A. E. Chudakov [I74], does not only allow a better
angular and energy resolution, but also a more accurate reconstruction of the
impact location of the air shower, as well as of the direction of the primary.
Another advantage of this mode of observation is that single muons may easily
be rejected as they can only trigger one telescope. The concept is illustrated in
Figure multiple telescopes are viewing the same air shower from different
perspectives and the intersection of the major axes of the cameras images
reveals the primary direction. Similarly to the fluorescence technique described
in the first chapter, the intersection of the planes formed by the shower axis
and the telescopes unveils the impact location of the shower, as illustrated in
the left panel of Figure [3.4]

Overall, the systematics due to the absence of calibration sourcesﬂ and to

“However, IACTs may use the Cherenkov rings produced by atmospheric muons to
calibrate the detectors [I75].
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Figure 3.4: Stereoscopic observation with IACTs: several telescopes observing an air shower
allow the reconstruction of its impact location, and of the direction of the primary that
initiated it, via the orientation of the images formed on each camera. Figure taken from

I35].

the changing nature of the atmosphere, result in an energy scale uncertainty
of about 10 — 15%. High altitude observations may reduce the turbulences
in the atmosphere, but high-energy showers, which penetrate deeper, may
be harder to reconstruct, due to their potentially incomplete development.
The duty cycle of IACTs, estimated around 10% is in fact also affected by
the atmospheric conditions, limiting their use to clear and moonless nights.
Nevertheless, despite their small FOV, IACTs have large collection area, thanks
to the large area of the Cherenkov pool.

3.1.3 Image Parametrization and Background Rejection

In gamma-ray astronomy, the highest contribution to the background comes
from the isotropic cosmic-ray flux. Consequently, any experiment dedicated to
the observation of gamma rays must be capable of efficiently rejecting hadronic
showers. In this endeavor, the images formed in the cameras of the IACTs con-
situte a powerful tool to identify the nature of the primaries initiating detected
showers. While gamma rays tend to produce long, elliptically-shaped images,
the hadronic showers generate wider and more irregular images, as illustrated
in the top panel of Figure [3.5] Such a discrepancy can be explained by the
properties of electromagnetic and hadronic showers: due to a larger lateral
scattering of the pions in the latter, the electromagnetic sub-showers resulting
from their decay, produce, on average, larger and more uneven imagesﬂ More-
over, while the images from gamma-ray showers tend to be aligned with the
source position (the major axis of the elliptic image and the source position in-
tersect), it is not the case for the isotropic cosmic-ray background. The shape

SEach sub-shower produces its own cluster of triggered PMTs.
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Figure 3.5: Top: Examples of images formed in TACT cameras by a TeV gamma shower
(left) and a 2.6 TeV proton (right). Images taken from [I76]. Bottom: Hillas parameters
characterizing images formed on IACT cameras. The description of the parameters is given
in the text. Figure taken from [162].

of the image is also tightly connected to the impact distance of the shower
from the telescopes and different orientations affect the size of the image:

> If the shower core and the axis of the telescope are one and the same
(null impact distance), a circular image will be formed at the center of
the camera.

> For a null impact distance, the higher the angle of incidence of the shower,
the further away from the center of the camera the image will be formed.

> [f the shower core and the axis of the telescope are parallel, the greater
the impact distance, the longer the image.

In order to quantify the characteristics of the images, A. M. Hillas introduced
a set of parameters, called Hillas paramaters, which describes the geometry of
the images [I78]. These parameters are shown in the bottom panel of Figure
[B.5 and are summarized hereafter:
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Figure 3.6: Longitudinal profiles of the muonic and electromagnetic components of a 1019
eV proton EAS observed at sea level as a function of the slant depth. The slant depth at
sea level for a given zenith angle is given by the dashed red lines. Figure taken from [I77].

> The size parameter, not shown in Figure 3.5 corresponds to the number
of photo-electrons created by the Cherenkov light in the PMTs. It is
strongly correlated with the energy of the primary which initiated the
air shower, and depends on the distance between the detectors and the
maximum of that shower.

> The length and the width correspond to the major and minor axes of the
ellipse, respectively.

> The distance parameter characterizes the angular distance between the
COG of the image and the position of the source.

> The alpha angle, describing the orientation of the image with respect to
the source location.

> The miss paramater refers to the angular distance between the source
location and the major axis.

> The azimuthal width corresponds to the r.m.s. spread of the image per-
pendicular to the distance parameter direction.

For point-sources of gamma rays, the width as well as the miss and alpha pa-
rameters are expected to be rather small in comparison to hadronic showers
(source aligned with the telescopes axis). Moreover, small azimuthal width
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Figure 3.7: Collection area as a function of the zenith angle for an TACT with 1° FoV.
Figure taken from [I77].

resulting from narrow images with small miss constitute a powerful discrim-
inating variable capable to veto most background images, as illustrated by
the Whipple group’s detection of the Crab Nebula and its 98% background
rejection efficiency [163].

3.2 Nearly-horizontal Air Showers

As discussed in Chapter [I the muon component of air showers can be used
to identify the nature of the primary, as gamma showers tend to be more muon
poor in comparison to hadronic ones. The standard mode of observation of air
showers by IACTs, i.e. low zenith angle directions, does not offer the possibility
to clearly distinguish the Cherenkov emission of muons from the emission of
electrons. Energy losses of electrons due to ionization are approximately two
orders of magnitude greater than the one suffered by muons. Air showers
coming at large zenith angles (0 > 75°) may therefore see their electromagnetic
component almost completely absorbed, resulting in muons dominating the
cascade development (see Figure . In the TeV-PeV energy range, nearly-
horizontal air showers produced by protons and heavy nuclei display a muon
plateau past the shower maximum, starting at an altitude of ~ 20 km, with
a larger muon content for heavier nuclei. This plateau is however absent in
gamma shower development.

In [I79], a special attention is given to the Cherenkov light emitted by
nearly-horizontal showers, and to the potential of IACTs to detect them. Al-
though muons are much less efficient at emitting Cherenkov radiation than
electrons, their preponderance in the late stage of the air shower development,
as well as the fact that muons emit such radiation closer to the surface, make
the muonic component potentially detectable by IACTs. While the Cherenkov
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Figure 3.8: Top: Distribution of Cherenkov photon from the electromagnetic component
vs. the muonic component for gamma (red-yellow), proton (blue-green) and iron (magenta-
green) showers simulated in the energy range 1-100 PeV and for a zenith angle § = 87°.
Bottom: Sensitivity of different Cherenkov telescopes set-up in the nearly-horizontal obser-
vation mode investigated in [I79]. The sensitivity of various experiments and the cosmic-ray
flux are also displayed for comparison. Figures taken from [I79].

light pool can be up to a few hundreds of meters wide in the case of vertical
showers, it may reach up to a few kilometers when the showers come at a
very high zenith angle, considerably increasing the potential collection area,
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as shown in Figure [3.7

The Cherenkov emission of nearly-horizontal air showers detected by
IACT cameras is therefore the result of both the narrow electromagnetic com-
ponent and the wider muonic one. As a consequence, images formed by gamma
showers are more compact and small, while the larger fraction of muons in the
proton and iron showers results in images shaped in the form of longer tracks
or halos. Moreover, the relative amount of Cherenkov photons from electrons
and muons is particle type-dependent. Figure (top) shows a scatter plot of
the number of such photons in camera images for different primaries (gamma,
proton and iron) simulated in the energy range 1-100 PeV. A correlation be-
tween the two sources of Cherenkov photons is noteworthy, especially for iron
showers, and as expected, the number of Cherenkov photons stemming from
the muonic component is significantly higher for iron and proton primaries
than for gammas. A clear separation appears between all the primaries. Fi-
nally, in addition to a larger spatial extent, nearly-horizontal air showers also
display a longer time scale (in the order of a few us), which is independent of
the primary type.

To summarize, looking for air showers at high zenith angle offers a greater
collection area and an accessibility to the Cherenkov emission from muons.
Nevertheless, due to the geometry of the cascade development, the Cherenkov
light is emitted further away from the telescopes. In the TeV domain, such
property leads to the formation of very small images, often within a single
pixel and therefore, results in a poor photon/hadron separation. However,
in the EeV regime, the dominating muonic component can produce brighter
and larger images, so that such separation can be recovered. As shown in the
bottom panel of Figure [3.§] the sensitivity of gamma-ray telescopes using the
nearly-horizontal observation mode may be comparable to the sensitivities of
UHECR experiments, making IACTs competitive for the detection of UHE
particles.

3.3 The Cherenkov Telescope Array

The Cherenkov Telescope Array (CTA) is the next-generation of ground-
based observatory dedicated to the detection of very high energy (VHE) gamma
rays [180] [I81]. With two sites located in the northern and the southern hemi-
spheres (referred to as CTA-North and CTA-South, respectively), a full sky
coverage by a same experiment is made possible for the first time. The energy
range covered by the observatory, spanning over 4 orders of magnitude, from a
few GeV up to several hundreds of TeV, will allow the observation of transient
sources of gamma rays, as well as extreme accelerators, such as PeVatrons
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Figure 3.9: Differential energy flux sensitivities of CTA-North and CTA-South for 50h ob-
servation time necessary to obtain a 5-sigma detection of a point source of gamma rays.
These sensitivities are compared to the ones from other experiments (see Reference [I81]).
Figure taken from [I81].

[182]. Thanks to an unprecedented angular resolution of almost one arcminute
and a FOV up to 8°, CTA will also constrain acceleration mechanisms in fine
structures, and will offer the possibility to survey the sky at a faster rate and
to observe extended sources of gamma-ray emission. The search for dark mat-
ter annihilation in spectral features will be significantly improved thanks to a
better energy resolution of ~ 10%. The fast positioning of the telescopes, and
the temporal resolution of both sites, will also provide fast follow-up on short
transient sources, such as GRBs, and a better understanding of AGN flares.
Overall, the improved background rejection, combined with a larger collection
area, and with a higher angular resolution, will offer a sensitivity about one
order of magnitude better than existing IACT experiments (see Figure ,
opening the door for potential undiscovered gamma-ray emitters.

As mentioned previously, CTA will be composed of one site in each hemi-
sphere. The southern one, located in Chile, will be mostly dedicated to the
study of gamma-ray emission in the inner part of Galaxy and from the Galactic
center. On the other hand, the northern site covering ~ 0.6 km?, based in La
Palma, Spain (see Figure , where the MAGIC telescopes are operating,
will be dedicated to bright extra-galactic sources. In order to achieve their
goals, different telescopes and lay-outs have been studied to optimize both
arrays and three types of telescopes have been developed:
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Figure 3.10: Artistic view of a portion of the northern site of CTA located in La Palma.
The four LSTs are visible, as well as a few MSTs. Credits: Gabriel Pérez Diaz, IAC, SMM.

> Large-Sized Telescope (LST): equipped with a parabolic mirror of 23 m
diameter and a camera of 2500 PMTs with a 0.1° FOV (for a total 4.5°
FOV); four of these telescopes will be installed on each site. The size
of the mirror will allow them to collect Cherenkov light from low-energy
showers (down to ~ 30 GeV), and their short repositioning time will offer
the opportunity to follow up on GRB alerts within 20 seconds.

> Medium-Sized Telescope (MST): the design of this 12 m telescope is still
ongoing and prototypes for two types of MSTs have been developed.
The first one, based on H.E.S.S. and VERITAS telescopes, consists of
a 8° FOV Davies-Cotton reflector redirecting the Cherenkov light onto
a camera made of 1500 pixels of 0.18° FOV (for a total 7.6° FOV).
The second, more innovative prototype, is a Schwarzschild—Couder dual-
mirror of similar diameter and FOV, equipped with a camera of 11,000
pixels (PMTs or SiPMs) of 0.067° FOV. 15 and 25 of these MSTs will be
installed at the northern and sourthern sites, respectively. The higher
number of telescopes compared to previous experiments, as well as the
higher reconstruction quality, will offer greater sensitivity to showers in
the energy range 0.1-10 TeV.

> Small-Sized Telescope (SST): sensitive to the highest end of the energy
range covered by CTA, the 4 m-diameter SST will only be deployed at the
southern site. Due to the lower flux of TeV gamma rays, a large number

102



The Cherenkov Telescope Array

of SSTs (~ 70), as well as a greater spacing to account for the bigger
Cherenkov light pool, are being considered. Three different designs have
been proposed to reduce the total costs (see discussion in [I81]), with a
FOV between 8° and 10°, and 1300 to 2000 pixels of 0.2° — 0.3°.

To summarize, 19 telescopes (15 MSTs + 4 LSTs) will be built at the
northern site, covering an area of 0.6 km?, and an energy range between 20
GeV and 20 TeV, while 99 telescopes (70 SSTs + 25 MSTs + 4 LSTs) will
be installed at the southern location over an area of 4 km?, with a sensitivity
to energies up to 300 TeV. Unlike previous gamma-ray experiments, CTA will
be an open observatory, allowing observation proposals from scientists outside
the collaboration, and making the data publicly available.

103






4. The Preshower Effect at CTA-
North

[4.1 Preshower Effect above the Atmosphere/. . . . . . 106
4.2 FExtensive Air Showers with CORSIKA| . . .. .. 109
4.2.1 CORSIKA Simulation Softwarel . . . . . . . . .. .. 110
|4.2.2  Longitudinal Profile and Ground Distribution| . . . . 113
4.3 CTA-North Detectors Response|. . . . .. ... .. 118
4.3.1 Hillas Parameters Distributions/ . . . . . . . . .. .. 119

4.3.2  Camera Images| . . . . .. ... ... ... ...... 123




4. The Preshower Effect at CTA-North

REPRODUCING the characteristics of EAS’s, as well as the electronic re-
sponse of detectors, with Monte-Carlo simulation softwares is an inevitable
step in setting up the expectations of any type of measurement performed by
these detectors. In this chapter, the properties of EAS’s produced by UHE
photons that have undergone the preshower effect are investigated, by simu-
lating their propagation, magnetic conversion and cascade development, all the
way down to the images that they form in the cameras of IACTs, taking the
example of CTA-North (see Figure . The results are compared with other
types of UHE primaries in order to highlight the major differences between the
air showers they produce.

4.1 Preshower Effect above the Atmosphere

The preshower effect, introduced in Section [2.4.2] is simulated by the PRE-
SHOWER algorithm [I53], and results in a collection of low energy photons
and e* /e” pairs reaching the top of the atmosphere. The first step in the
simulation chain is the propagation of UHE photons in the geomagnetic field
and the calculation of the e*/e™ pair conversion probability. For a photon
propagating over a distance R, the probability of converting to an e /e™ pair
is described by Equation [2.3] The top panel of Figure [£.2shows the conversion
probabilities obtained for different primary energies, and as a function of the
azimuth angle. For a given azimuth angle, the probability increases with the
energy and is null for photons with energy of a few EeV. The azimuth angle for

UHE-y

e-/e+ pair production

Synchrotron
radiation

/’Zerenkov
cones

~100 km

Electromag. comp.
Hadronic comp.
Muonic comp.

Atmosphere

Figure 4.1: An UHE photon interacting with the transverse component of the geomagnetic
field produces an et /e~ pair ~1000 km above sea level which emits bremsstrahlung photons.
As such a process can repeat itself for some of these photouns, a collection of particles (mainly
photons and a few et and e~ ) reaches the top of the atmosphere. Consequently, atmospheric
air showers are produced, and in the case of nearly-horizontal showers, mainly the muonic
component reaches the IACTs on the ground, which detect the Cherenkov emission of this
component.
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Figure 4.2: Probabilities of an UHE photon to convert into an e* /e~ pair in the geomagnetic
field. Top: Conversion probabilities at zenith angle § = 80° for different primary energies.
Bottom: Conversion probabilities for a 40 EeV primary photon at different zenith angles.
Both plots are obtained for La Palma (28°45'43.2"” N, 17°53'31.2"W) coordinates (azimuth
angle, ¢ = 0° means that the particle comes from the geomagnetic South).

which the maximum conversion probability is reached, depends on the location
of the observation site. For La Palma, which is on the northern hemisphere, the
peak is observed in the direction of the geomagnetic North. This characteristic
arises from the fact, that the geomagnetic field gets stronger as the geomagnetic
axis is approached. For the case of La Palma site, photons coming from a more
northern direction tend to travel nearer this axis compared to the ones having
a more southern trajectory. Consequently, they experience a stronger magnetic
field, and are more likely to create an e* /e~ pair. The bottom panel of Figure
shows that the conversion probability also increases with the zenith angle.
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Figure 4.3: Top: Number of particles reaching the top of the atmosphere (at ~100 km) as a
function of the altitude at which a 40 EeV primary photon creates an e¥ /e~ pair. Bottom:
(Blue dotted histogram) Energy distribution of bremsstrahlung photons reaching the top
of the atmosphere for 1000 simulations of UHE photon primary of 40 EeV, coming from
direction defined by zenith and azimuth angles of § = 80° and ¢ = 180°, respectively. (Red
hatched histogram) The same histogram weighted by energy (right Y-axis).

Such behavior can be explained by the fact that the geomagnetic field increases
as the altitude decreases. Therefore, for nearly-horizontal arrival direction, the
photon travels across a larger region of space where the geomagnetic field is
the strongest.

If such conversion occurs, the e /e~ pair travels along the direction of
the primary photon and its trajectory is slightly deflected due to the geo-
magnetic field. The main energy loss process being bremsstrahlung radiation,
the probability of an electron with energy F to emit a photon between en-
ergy hv and hv + d(hv) over a distance dx can be described by Equation
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2.6 For bremsstrahlung photons of the highest energy, pair production can
occur again and the whole process previously described may repeat itself. In
the case of a cascading 40 EeV primary photon, secondary photons do not
create e™/e” pairs. The actual number of bremsstrahlung photons produced
strongly depends on the altitude at which the primary photon creates the first
pair, as shown on the top panel of Figure [4.3] Consequently, only the original
et /e~ pair and an ensemble of photons reach the top of the atmosphere. The
bottom panel of Figure shows the energy distribution of the secondary pho-
tons of the preshower down to 10'2 eV obtained from the simulation of 1000
preshowers, with secondary photons covering more than 7 orders of magnitude
in energy.

In order to get an idea of the spatial distribution of particles at the top
of the atmosphere, one can calculate the linear displacement Az of the e™ /e~
pair due to its deflection from the primary photon trajectory caused by the
geomagnetic field. It can be approximated by:

Ar ~ — (4.1)

where R is the radius of curvature of the e™ /e~ trajectory, and is approximately
equal to 10" km for a 20 EeV electron (the same for the positron which is
deflected in the opposite direction than the electron due to its opposite charge)
and for a typical transverse magnetic field of 0.1 G. With L ~ 1000 km as the
electron path length, Axz < 1 mm is obtained. Such a small spatial distribution
is well below the resolution of UHECR and gamma-ray experiments, and the
subsequent EAS produced by the collection of particles is seen as one single
air shower.

In this dissertation, UHE photons coming at high zenith angles are the
main focus. The reasons are two-fold: as discussed in the previous chapter, the
photon /hadron separation is recovered at ultra-high energies when looking at
nearly-horizontal EAS’s, and the preshower effect occurs at high zenith angles.
For the CTA-North site, the simulations are performed at zenith angle 8 = 80°
and azimuth angle ¢ = 180° (geomagnetic North direction). 40 EeV primaries
are also considered, as they constitute a good compromise between conversion
probability and simulations run time.

4.2 Extensive Air Showers with CORSIKA

The next link in the simulation chain is the simulation of atmospheric air
showers. In this section, the program used in this endeavor is briefly intro-
duced, along with the several options that have been chosen to run these
simulations. Then, the results obtained for the longitudinal profiles and the
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Figure 4.4: Cherenkov lateral profile of 1 TeV proton showers for different hadronic models:
QGSJet01 [183], QGSJETII [184] 185] and Sibyll 2.1 [186].

ground distributions of particle in the case of a preshowering UHE photon, are
presented. These results are also be compared to the ones from EAS’s initiated
by other primaries.

4.2.1 CORSIKA Simulation Software

EAS produced by high-energy particles can be simulated with the Cosmic
Ray Simulations for KAscade (CORSIKA) [187] software, a Monte-Carlo sim-
ulation program that tracks the propagation of cascade particles in the atmo-
sphere and implements particle interactions. It was originally developed for the
KASCADE-Grande experiment[!| [I88], but its constant improvement has made
it into a powerful tool used in multiple experiments. UHECR observatories
take advantage of the available ground distribution of particles, and gamma-
ray telescopes obtain predictions of the shape of the images formed by the
simulated Cherenkov light. As discussed in Section [I.1.3] particle interactions
are described by models that may give different predictions for the average
values of observables and for shower-to-shower fluctuations. In the TeV energy
range, uncertainties between hadronic models are estimated around 5% for the
lateral distribution of Cherenkov light [189]. Figure [4.4] shows the differences
in these distributions between different hadronic models. In the UHE domain,
the Cherenkov light is so abundant that variations from one model to another
are expected to have little effect on the images formed on IACT cameras.

The CORSIKA program offers the possibility to investigate various fea-
tures of EAS’s, including their longitudinal profile and their lateral distribu-
tion on the ground. Unless specified otherwise, the CORSIKA version used
in this work is 6.990 [190], with the QGSJETII-03 [184], 185] and the UrQMD

Lwebsite: web.ikp.kit.edu/KASCADE
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Viewing cone

sixe Jamoys

Figure 4.5: Geometry and parameters of the CORSIKA simulations: the maximum impact
distance Ry, ax of the shower axis and the viewing cone angle o within which a shower axis
direction is randomly chosen.

[191) 192] hadronic models to simulate high and low energy interactions, re-
spectively. The options that have been selected during the compilation of the
program are described below.

List of Selected Options

> PRESHOWER: The preshower effect can be directly implemented
within the CORSIKA simulations. It is the same as the stand-alone
version discussed above, although the collection of particles at the top of
the atmopshere is used as an input to the air shower simulation. The lo-
cation of the observation site, as well as the time of observation, must be
specified as the Earth’s magnetic field is time-dependent. UHE photons
that do not convert are discarded.

> SLANT: This option allows the description of longitudinal profiles as a
function of the slant depth along the EAS axis, which is more appropriate
for the study of nearly-horizontal air showers.
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> CURVED: At high zenith angles, the curvature of the Earth must be

accounted for. This curvature is described by a 5-layer model which
evaluates the air density p,; for each layer, as a function of the altitude:

pair(h) = a; + bexp (_h ) : (4.2)

&

where a;, b; and ¢; are free parameters for layers i = 1,..,4 (layer 1
starting at sea level). The fifth and last layer is simply described by the
relation p,i(h) = a5 — bsh/cs.

THIN: As the number of secondary particles in an air shower roughly
scales with the energy of the primary, it may become rapidly inefficient
and time-consuming to track the propagation and the interactions of
each one of these particles for EAS’s produced by UHE primaries. To
overcome this issue, the thin sampling method has been introduced [193].
The principle of such method is to define an energy threshold Fiy,;, below
which particles are no longer described invidually. Instead, if all particles
within a group, produced via any interaction, has an energy FE; below
FEnin, one particle is randomly chosen with a probability p; = E;/ > i Ej
For energy conservation purposes, a weight w; = w,/p; is attributed to
the tracked particle, where w, is the weight of the parent particleE]. To
limit artifical fluctuations due to the thin sampling method, especially far
from the shower core, a weight limit wy, beyond which the sampling is
not performed anymore has been introduced. Any particle with a weight
above that limit is individually tracked. In order to limit the increase in
CPU usage due to this particular condition, an optimal weight limit can
be found such that wy,, = €Fy, where € = Ey,in/Ep. In this dissertation,
the thinning is kept as low as possible such that CPU usage time does
not exceed 3 days. For low energy primaries, the thinning is deactivated
while for UHE particles, € does not take values above 1072,

CERENKOV: As the name suggests, this option activates the pro-
duction of Cherenkov light by the charged particles in the air showers
[194] 195]. The Cherenkov emission band is chosen between 250 and
700 nm and the angle of emission is considered independent of the wave-
length. This option also allows the definition of a telescope array which
center location can be randomized with respect to the location of the
simulated shower core. Such feature enables the randomization of the
shower core on a disk (of radius R,.x) perpendicular to the shower axis,
i.e. to the arrival direction defined by the zenith and azimuth angles

2

wy, = 1 if the parent particle had an energy above Eipin, or >1 if below.
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of the primary particle, as ilustrated in Figure Single showers can
therefore be used multiple times as the array center is shifted within the

disk defined by R.x.

> VIEWCONE: This option enables the definition of a cone of apex an-
gle 2a, centered around the predefined shower direction, with its apex
pointing towards the detectors. Showers are generated within this cone,
which allows simulations of both point (a« = 0°) and diffuse (o > 0°)

sources (see Figure [4.5)).

Unless specified otherwise, energy thresholds, below which particles are
not longer tracked, have been kept to their default values: 0.3, 0.3, 0.003 and
0.003 GeV for hadrons, muons, electrons and gammas, respectively.

4.2.2 Longitudinal Profile and Ground Distribution

As stated in Section [3.2] looking at nearly-horizontal EAS’s allows the ob-
servation of the muonic component, which can be used to discriminate EAS’s
induced by cosmic rays from the ones produced by gamma rays. In order to
investigate how the longitudinal profiles of nearly-horizontal air showers pro-
duced by 40 EeV primaries differ from other primaries, EAS’s generated by
iron nuclei, protons and photons, with and without the preshower effect, were
simulated for the direction defined by the zenith and azimuth angles § = 80°
and ¢ = 180°, respectively. While the longitudinal profiles of all considered
primaries follow the same pattern, i.e. a peak due to the electromagnetic
component followed by a slowly decreasing plateau emerging from muons, the
absolute number of muons produced by these primaries varies, as illustrated
on the top panel of Figure[4.6] As discussed in Chapter[I] the hadronic compo-
nent being weaker in showers initiated by photons, EAS’s produced by protons
and iron nuclei are more muon-rich. Moreover, as predicted by Equation [1.36]
air showers produced by iron nuclei have a larger muon content than the ones
initiated by protons. On the other hand, the muon content of EAS’s induced
by photons that have first converted in the geomagnetic field is fairly similar
to the one of those induced by unconverted photons. The small discrepancy
can be explained by the fact that photons that have "preshowered" generate
photons of lower energies that reach the atmosphere, resulting in a smaller
cross section of photo-pion production, which is responsible for the muonic
component in electromagnetic showers (see Section [I.1.2)). The bottom panel
of Figure [4.6] shows the different components of photon-induced EAS’s with
preshower effect. In the early stages of air shower development, the electro-
magnetic component dominates and reaches a maximum. However, due to
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Figure 4.6: Top: Longitudinal development of the muonic component of nearly-horizontal
EAS’s produced by 40 EeV primaries. Bottom: Longitudinal profiles of electrons, hadrons
and muons of 10 nearly-horizontal EAS’s produced by 40 EeV photons affected by the
preshower effect. NOTE: the location of the CTA-North site at 2200 m is equivalent to a
slant depth of 4550 g/cm? at 80° zenith angle.

ionization and bremsstrahlung emission, electrons and positrons suffer signif-
icant energy losses and as a consequence, their number in the later stage of
the shower drops drastically once the EAS maximum is reached. On the other
hand, muons tend to lose energy through the same processes on much larger
distances, resulting in an accumulation of these particles as the EAS develop-
ment progresses and in the existence of a muon plateau.

The top panel of Figure [.7 shows the X, distributions for all the pri-
maries considered. As seen in this plot, EAS’s initiated by preshowers tend
to reach their maximum higher in the atmosphere than the ones produced by
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Figure 4.7: Top: Xyax distribution of the nearly-horizontal EAS’s initiated by 40 EeV
primaries. Bottom: Energy deposited in the atmosphere by the Cherenkov light emitted by
the same EAS’s. NOTE: the location of the CTA-North site at 2200 m is equivalent to a
slant depth of 4550 g/cm? at 80° zenith angle.

unconverted UHE photons. This is largely due to the fact that the first inter-
action point (where the v — e~e’ conversion occurs) is located up to several
thousands of kilometers above the atmosphere. Such property makes EAS’s
from "preshowered" photons more similar to hadronic ones, such that exper-
iments relying solely on X .« measurements may misinterprete the primary
identification if such an effect is not taken into account. The evolution of the
energy deposited in the atmosphere by the Cherenkov radiation is shown on
the bottom panel of Figure [£.7] This evolution closely follows the longitudinal
profiles of charged particles, with the electromagnetic "bump" and the muon
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Figure 4.8: Distribution of negative and positive muons at ground level (2200 m a.s.l.) for
nearly-horizontal EAS’s initiated by 40 EeV protons (top left), iron nuclei (top right), un-
converted gammas (bottom left) and UHE photons with preshower effect (bottom right).
Showers are coming from the positive x direction. For visualization purposes, the distribu-
tion of positive muons is shifted by 2 km in the negative y direction.

plateau clearly visible. One striking feature is the fact that, while the bump is
only slightly shifted due to the different average X,,., for different primaries,
the peak value of Cherenkov emission remains the same for all of them, mean-
ing that, at X .y, the amount of Cherenkov light produced depends very little
on the type of primary. However, differences start to appear when the muon
plateau emerges and their relative Cherenkov light abundance is similar to the
longitudinal profile of muons shown in Figure £.6] The study of the longitu-
dinal profiles with TACTs may in fact provide additional information on the
energy and on the type of the particles and reduce the uncertainties on both
parameters. A method to measure the X, of EAS’s with IACTs is presented
in [196], achieving resolutions < 15 g/cm? in the best cases for gamma rays,
protons and iron nuclei. Such study is however limited to the energy range
between 10 TeV and 300 TeV as well as to 20° zenith angle, and additional
research in the case of UHE nearly-horizontal showers would be necessary for
preshower observations.

Due to the different abundances of muons in EAS’s produced by photons
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Figure 4.9 Lay-out  of  CTA-North, taken  from  https://www.cta-

observatory.org/about/array-locations/la-palma/.  Since the time the simulations were
performed, the planned layout for CTA-North was slightly modified and is different from
the one presented in this plot.

and by hadrons, and to the more narrow lateral spread of the former ones,
the ground distribution of muons also constitutes a powerful discriminator to
identify the nature of primaries. Such a distribution is plotted in Figure [4.8
for all previously considered primaries, with the negative and positive muon
components separated. The abundance of muons follows the longitudinal pro-
files order discussed in the previous section, with iron-induced EAS’s being
the most muon-rich and converted UHE photons air showers being the least.
Although a shift of 2 km in the negative y direction was applied to the distribu-
tion of positive muons for better visualization, the separation between = and
1", due to the influence of the geomagnetic field, is clearly visible. The size of
the footprint is characteristic of nearly-horizontal air showers, i.e. extended in
the direction of the shower, with muons being spread over more than 60 km
(30km) in the z direction for iron nuclei (converted UHE photons) events.

Although muons are much less efficient at emitting Cherenkov radiation
than electrons, their preponderance in the late stage of the EAS development,
as well as the fact that muons emits such radiation closer to the surface, make
the muonic component detectable by telescopes looking over the horizon.
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4.3 CTA-North Detectors Response

The detection of the Cherenkov light is performed by the cameras of IACTs.
CORSIKA’s outputs are piped into sim_ telarray [194, [195], a software that
simulates the detectors response of the telescopes array, including the camera
electronics, the optical-ray tracing and the recording of photons in the photo-
multiplier tubes. The production-I settings allow us to define the properties
of each type of the telescopes planned to be part of the array in La Palma (4
LSTs and 15 MSTs, in the configuration shown in Figure [£.9). The number
of pixels needed for each telescope to be triggered is set to 3, and the number
of telescopes needed to trigger the system is left to the default value of 2. A
background of photo-electrons (p.e.) is simulated at 122 MHz (0.122 p.e./ns)
for each telescope, in order to account for the night-sky background (NSB).
The telescopes pointing direction is set to the § = 80°, ¢ = 180° direction
with an offset of 0.5° in zenith angle for the preshower simulations. Such offset
is introduced to simulate a wobble mode of observation, as documented and
used in the case of the MAGIC telescope. Such observation mode consists in
pointing the telescopes slightly off the source. By doing so, both background
and signal can be measured with the same systematics, as the background is
measured with the same zenith angle and the same weather conditions [197].

The energy cuts given in Section lead to a large amount of emitted
Cherenkov light, that saturates the PMTs of the cameras. For this reason,
these cuts were increased up to 6000, 4000, 500 and 500 GeV for hadrons,
muons, electrons and gammas, respectively. The impact of energy cuts on the
shower development and on the characteristics of the camera images is studied
in the last chapter. The maximal impact distance R, is set to 1300 m in
order to insure that a large fraction of the simulated events triggers the array.
Figure shows the location of the impact point of EAS’s initiated by UHE
photons with preshower effect and that have triggered the array. The array is
located at the (0,0) coordinates and the telescopes are pointed parallel to the
x axis, in the positive x direction, which corresponds to the arrival direction
of the showers. While the area of the array is about 0.6 km?, the ellipse forms
a collection area of approximately 15 km?, which can be increased if larger
Rnax values are used (see Section . Considering an efficiency of 1, such
area provides a rough estimation of 2.6 km? for the aperture of CTA-North
at 80° zenith angle. Compared to the typical aperture of ~ 0.1 km? for IACT
experiments in the standard vertical mode of observation, a considerable gain is
obtained in the nearly-horizontal direction, as previously illustrated in Figure

B.7
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Figure 4.10: Location of impact points (red dots) of EAS’s produced by preshowering UHE
photons that have triggered the array located at (0,0), which is represented by a black circle
of area 0.6 km?. Showers are coming from the positive  direction, parallel to the x axis.

4.3.1 Hillas Parameters Distributions

As previously discussed, the nearly-horizontal mode of observation with
[ACTs is effective at very and ultra-high energies. For primaries with energy
between a few GeV and a few TeV, the images formed in the cameras consist of
1 or 2 pixels, leading to a photon/hadron separation of poor quality. In order
to recover a good separation, higher energies must be observed, as illustrated
by the recent observation of the Crab nebula by the MAGIC collaboration
in the zenith angle range 70° — 80° [198]. In the EeV regime, the size and
the features of the images enable their description via the Hillas parameters,
which are used to retrieve this photon/hadron separation. The distributions
of the Hillas parameters discussed in Chapter [3] are shown in Figure for
40 EeV protons, converted and unconverted photons. The size, witdh, length
and distance distributions all display several peaks, which are characteristic of
the existence of images with significantly different geometrical features, and
of the fact that the CTA-North array is composed of telescopes with different
properties. Nevertheless, these distributions clearly show that images formed
by EAS’s produced by converted UHE photons are both dimmer and smaller
than the ones from protons, as illustrated in Figure The conversion of
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Figure 4.11: Distributions of the Hillas parameters for nearly-horizontal EAS’s produced by
40 EeV protons, converted and unconverted photons, using the sim_ telarray configuration
described in the text.
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Figure 4.12: Schematic view of how the primary interation point location affects the Hillas
parameters of the images formed on the cameras of TACTs.

an UHE photon produces multiple photons in the EeV regime, which initiate
EAS’s. These EAS’s reach their maximum development at a much closer dis-
tance to the IACTs than the ones produced by the UHE protons. However,
proton-induced EAS’s contain far more muons and may generate brighter im-
ages, as illustrated by the size distributions. One common feature is the exis-
tence of ring-shaped images which are characteristic of the muonic component.
Nonetheless, as previously highlighted, images formed by hadronic EAS’s tend
to be more irregular and larger compared to the one of EAS’s produced by
photons. Consequently, the length and width distributions show a greater pro-
portion of large events in the case of proton-induced showers. On the other
hand, one should note that images formed by converted-photon showers are
smaller than the ones from unconverted photons, due to the fact that the max-
imum of Cherenkov emission is reached further away from the telescopes (see
right panel of Figure in the first case. Secondly, the higher altitude of
the first interaction point of converted photons, due to the preshower effect,
leads to smaller angles between the incident angle of the Cherenkov light onto
the TACT mirrors, and the reflected angle onto the cameras (see Figure [4.12)).
Therefore, in the case of preshowers, the distance between the center of the
images and the simulated source is lower, and events with smaller distance
parameter values are expected. Finally, the miss and alpha distributions are
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Figure 4.13: Scatter plot of size vs. length parameters for converted UHE photons (top) and
for protons (bottom). Categories of phase spaces are highlighted in rectangles. Category 1:

log,o(size) < 4 and log,,(length) > —0.8. Category 2: log,,(length) < —1.5. Category
3: log,o(size) > 4. Category 4: log;,(size) < 4 and —1.5 < log;,(length) < —0.8.

characteristic of images formed mostly by the muon component, with an an-
gular distance between the simulated source and the major axis of the image
reaching values up to a few degrees and their relative orientation spanning the
full range of possible angular values ([0°;90°]).

Figure shows the scatter plot of the size and length parameters for
both proton and converted photon primaries. In the latter case, several clus-
ters are clearly distinguishable and consequently, they have been assigned to
different categories for further analysis. When compared to the proton scat-
ter plot, one can observe that categories 1 and 2 are exclusive to converted
photons. They correspond to large dim images and small images, respectively.
Such difference between the two plots could be used to provide a rough classifi-
cation of observed events. Within categories 1, 3 and 4, distinct bands are also
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Figure 4.14: Schematic view of the PCA. The principal axis xpca minimizes the variance
of the pixels coordinates. The blue dashed line split the image in two, perpendicularly to
zpcoa and through the COG of the image. The spread parameter characterizes the distance
between the COG of the two images newly defined on each side of the blue dashed line. The
intersection between zpca and the blue dashed line, which defines zpca = 0.

noticeable due to the two different telescope types that compose CTA-North.

4.3.2 Camera Images

The images formed in the cameras of the telescopes are constituted of pixels
representing each of the PMTs. The Cherenkov light produces photo-electrons
which are registered if the resulting signal is above a given threshold. The
images have therefore a geometry that is defined by the distribution of trig-
gered pixels in the camera. This distribution can be analyzed via a principal
component analysis (PCA) [199] which general purpose is to find the axis that
minimizes the variance of any dataset. In the general case, IACT images are
elliptical and such axis often corresponds to the major axis. The principle
of the PCA applied in this context is illustrated in Figure [£.14 Once the
principal axis (xpca) is found, the image is splitted in two through its center-
of-gravity (COG), perpendicularly to xpca. Such operation allows to define
two new COG and a spread parameter that represents the distance between
them. In this analysis, the coordinates of the pixels are previously normal-
ized such that comparison between different categories of images or between
images stemming from different types of telescopes, can be performed. The
intersection between xpca and the blue dashed line defines xpca = 0. Next,
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Figure 4.15: PCA analysis of converted UHE photons events falling into the Category 1
of size vs. length scatter plot. Top panel: Distributions of the projection of the triggered
pixels coordinates onto the PCA axis, weighted by the signal in the pixel (left) and of the
distance between the center of gravity of the two images formed after splitting of the initial
image at zpca = 0 (right). LST and MST results are shown separately. Bottom panel:
Examples of images from LSTs (left) add MSTs (right).

the pixels coordinates and intensity are projected onto xpca to quantify the
images features. In this section, the PCA is applied to the categories of Figure
previously defined, in order to identify the features that may be expected
in the observation of air showers initiated by converted UHE photons.

> Category 1: This category contains the largest images and can be used
to reject UHE protons. The top-left panel of Figure shows the pres-
ence of two distinct peaks in the projection of the pixels intensity onto the
principal axis, for both LSTs and MSTs. These peaks are especially ap-
parent for the former type of telescopes and are characterized by a larger
distance between them. Such a feature is well exhibited by the spread
distributions in the top-right panel of Figure [£.15] showing a larger mean
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Figure 4.16: Same as in Figurebut for Category 2. Note that only MSTs are considered
in this catagory as no image from LSTs meets the criteria of Category 2.

value. Filters, such as setting a minimum distance of empty pixels be-
tween the COG of the two images obtained after splitting, can be applied
to identify whether these peaks are due to continuous images or whether
they are due to several individual images that are in fact formed in the
camera. Because LSTs display more prounounced peaks, finding cameras
recording two individual images is expected, as seen in the bottom-left
panel of Figure [4.15] Such expectation has been influenced by the study
found in [200], where the possibility to find two individual images in
IACT cameras formed by sub-showers, one led by a positron and the
other by an electron, is discussed. Due to their opposite charge, the ge-
omagnetic field may move these sub-showers apart and two images may
be formed in the cameras. In the nearly-horizontal scenario, the same
phenomenon may be happening for positive and negative muons, as the
ground distributions of Figure [£.8 show. On the other hand, MSTs seem
to show a larger fraction of partial muon rings, and a stronger intensity
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Figure 4.17: Same plots as in Figure but for Category 3.

of pixels at xpca < 0 or xpca > 0 could explain the fact that the two
peaks are less marked.

> Category 2: Also exclusive to converted photon primaries, this category

includes small images composed of 3 to 5 adjacent triggered pixels which
are only found in MSTs. The projection on the principal axis results
in a very narrow peak shown in the top-left panel of Figure and
the splitting of the image in two naturally leads to very small distances
between the two subsequent COG (top-right panel of Figure [£.16]). An
example of such image is shown in the bottom panel of Figure [4.16]

> Category 3: This category, common to proton and converted photon

primaries, contains the brightest images. However, because the length
parameter covers a large range of values, images of all sizes and geomet-
rical shapes can be found, explaining the absence of multiple peaks and
the size of the distribution width situated between the ones of categories
1 and 2 (see top-left panel of Figure . The spread distributions in
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Figure 4.18: Same plots as in Figure but for Category 4.

the top-right panel of Figure [£.17] also show a wider range of distance
between the COG of the two images obtained after splitting. Typical
images are shown in the bottom panel of Figure [£.I7} couple of images
(as in Category 1 but brighter) and full muon rings.

> Category 4: In this category, also found for both primaries, the size

parameter spans over a large range of value while the length parameter
covers a domain large enough to include different types of images, with
narrow peaks of the pixel projection onto the principal axis for both
types of telescopes (see top-left panel of Figure . On the other
hand, the spread distributions shown in top-right panel of Figure
exhibits larger distances between the COG of the images obtained after
splitting in the case of MSTs. Similarly to category 1, partial muon rings
can be found in MSTs (see bottom panel of Figure . However, their
fraction is lower and MSTs of category 4 mostly contain images like the
one shown in the bottom-left panel of Figure but smaller.
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5. Evaluation of the Photon/Hadron Separation

IN observational astronomy and for any channel of observation, the sensitivity
of a telescope is directly related to the efficiency with which one can extract
signal from background. In the case of gamma-ray astronomy, the background
is composed of EAS’s generated by an isotropic flux of cosmic rays. In order to
correctly discriminate these EAS’s against the ones produced by preshowers,
a multivariate analysis based on the characteristics of the camera images has
to be performed. Although several methods exist (as discussed in [201]), the
use of Boosted Decision Trees (BDT) has proven to be the most efficient at
improving the background rejection in the leading gamma-ray experiments,
such as H.E.S.S. [202] and MAGIC [203]. In this chapter, we briefly review
the basic elements of the BDT analysis developed in the TMVA package [204],
and we evaluate the preshower/cosmic-ray background separation for differ-
ent preshower scenarios. The sets of parameters used for different preshower
scenarios are specified in the PRESHW-1300Y format, where Y refers to the
nature of the source (P if it is a point source with o = 0° or D if it is a diffuse
source with aw = 5°), and where R,x = 1300 m. In these scenarios, the same
parameters are used as for the previous chapter: the zenith and azimuth angles
are set to 6 = 80° and ¢ = 180°, respectively; the primary energy E' = 40 EeV;
and the energy cuts are 6000, 4000, 500 and 500 GeV for hadrons, muons,
electrons and gammas, respectively.

5.1 Background Simulation

The cosmic-ray background was simulated for a pure composition of protons,
for the maximum impact distance R.x = 1300 m, a viewing cone angle a =
5°, and for an energy range extending from 10 TeV to 10 EeV (13 energies
simulated as shown in the first row of Table . Due to the lower energies
involved than in the case of preshowers, the energy cuts were set to the default
values of 0.3, 0.3, 0.003 and 0.003 GeV for hadrons, muons, electrons and
gammas, respectively. The simulated differential spectrum of cosmic rays takes
into account the steepening in the knee region (~ 3 PeV) and the hardening
around the ankle (~ 3 EeV), and is described as follow:

-
dNcr(E E
cr(E) N (EY (5.1)
dE Ey

expressed in m~2s~ st~ TeV~!(see footnotd!] for the set of parameters used at
different energy ranges). Figure and the third row of Table show the

Y No, Eo, I'} is {10.9 x 1072,1 TeV, 2.75} for E < 3 PeV [205]; {2.98 x 10711, 3 PeV, 3}
for 3PeV < E < 3EeV; and {2.98 x 10720, 3 EeV, 2.75} for E > 3 EeV.
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Background Simulation

differential spectrum of expected cosmic rays for an observation time At of 30
hours:

dNCR,exp i Ntrig(E) dNCR(E)
T _AxAthxNSim(E) B

(5.2)

where A = 7R2, . is the simulated area in the plane perpendicular to the
shower direction, {2 = 27(1 — cos(«)) is the solid angle and Niig(E)/Nsim(E)
is the fraction of cosmic-ray events of energy F triggering the array. For each
energy, we simulated Ngn,(E) = 1500 showers and the number Ny, (E) which
triggered the array is given in the second row of Table [5.1] The number of ex-
pected cosmic-ray events above an energy FE is simply obtained by integrating
Equation over the appropriate energy range and considering the differential
cosmic-ray spectra previously described. The results are shown in the last row
of Table .1l

Figure (top) shows the number of telescopes triggered by the simu-
lated cosmic-ray background as well as by point (PRESHW-1300P) and dif-
fuse (PRESHW-1300D) sources of preshower. As can be seen, the cosmic-ray
background tends to trigger fewer telescopes than preshowers. This differ-
ence can be explained by the fact that the cosmic-ray background observed
by the array is dominated by air showers generated by low-energy particles
(~TeV) which contain muons of lower energy than in the case of preshower-
induced air showers. Hence, the amount of Cherenkov light produced by these
muons is not sufficient to irradiate and trigger a large number of telescopes.
It should be noted that the few cosmic-ray events that trigger a large number
of telescopes (15 and above) correspond to the upper end of the simulated
energy range (10 EeV). The bottom panel of Figure shows the discrep-
ancy between the simulated Vi, and reconstructed V. directions via the 1

E [TeV] 10 30 100 300 10 3x10°  10*
Nrig 121 446 865 1100 1219 1321 1382
dNcRexp/dE [TeV™] 214238 38509 2725 169 7 0.36  0.01
Ner.esp(> E) 1224780 660132 155649 28888 3829 540 51
E [TeV] 3x10*  10° 3x10° 105 3 x 109 107
Nurig 1426 1437 1435 1435 1432 1436
ANCRexp/dE [TeV™'] 3 x 107 107° 4x1077 107 4x107'* 107M
NeR.exp(> E) 6 0.5 0.06  0.005 7x10* 8x107°

Table 5.1: Cosmic-ray background simulations — Number of cosmic-ray events triggering the
array (out of 1500 showers simulated for each energy E), differential spectrum of expected
cosmic-ray events and number of events expected above E, as a function of the simulated
energy and for an observation time of 30 hours.
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10 10° 10° 10* 10° 10° 10’
Energy [TeV]

Figure 5.1: Number of expected cosmic-ray background events for 30 hours of observation
time with maximum impact distance Ryax = 1300 m obtained by convoluting the differential
cosmic-ray flux with the fraction of simulated air showers that triggers the array, the solid

angle (2, the observation time At and the simulated area mR2, ..

angleﬂ The reconstruction yields better results in the case of point sources
(pPRESHW=I300P — () 98°)  as the difference between the air shower axis and
the pointing directions of the telescopes is less significant than in the case of

diffuse sources (¢f RLSHW=1300D — (g 590 and ¢ CR,. = 0.72°).

5.2 Hillas Parameters used in Multivariate Anal-
ysis

As discussed in Chapter [3] the Hillas parameters, that characterize the im-
ages formed on the telescopes cameras by the Cherenkov light, strongly depend
on the nature and the energy of the primary particle that generated the EAS,
and can therefore be used to discriminate signal and background events. The
parameters selected for this analysis are chosen based on their importance
(also called ranking) when running the BDT analysis: the more a given vari-
able is used to build decision trees, the higher its ranking. Figure[5.3|shows the
distributions of four Hillas parameters deemed the most important to the clas-

2
1 = arccos (Viim-Viec) (5.3)
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parameters. Bottom: Normalized distributions of the difference between
reconstructed and simulated directions for the same air showers.

sification process of cosmic-ray background and preshowers created in different
scenarios, i.e. the size, width, length and distance parameters.

The differences observed in the size, length and width can be explained
arguments given in Section [4.3.1} UHE proton showers are both
richer in muons and spatially larger, therefore producing brighter and bigger
On the other hand, since the cosmic-ray background extends down
smaller images are also generated, as the peaks at low length
and width values for the proton cosmic-ray distributions show. The bottom-
Figure [5.3] shows a clear difference in the distribution of the
distance parameter between point sources, and diffuse sources and cosmic-ray
background, with diffuse sources — and especially of preshowers — showing a
distribution of this parameter. This is due to the fact that by
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Figure 5.3: Normalized distributions of the four Hillas parameters used in the multivariate
analysis for both preshower and cosmic-ray background simulations.
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Figure 5.4: Left panel: Scatter plot of size and length parameters for the cosmic-ray back-
ground, weighted by the cosmic-ray spectrum index. Right panel: Same scatter plot as
measured by the MAGIC telescopes in [206].

nature, diffuse sources have a larger spread of angle distribution between the
axis of the EAS and the one of the telescopes.

The size vs. length scatter plot obtained for the cosmic-ray background
and shown in the left panel of Figure [5.4] is consistent with observations from
MAGIC (see right panel of Figure [200] in a 30 hours time period in the
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darkest region, where events of energies in the ~ TeV-PeV range are observed.
The muon rings of different intensities are also noticeable but the vast majority
of the images are dim and small.

5.3 Multivariate Analysis

5.3.1 Building a Decision Tree

The basic principle of a decision tree is to classify events by applying suc-
cessive cuts on the variables that characterize them. In order to grow such
a tree, one needs to define a training sample composed of events of known
nature (signal or background). Each of these events is characterized by a set
of n variables {x1, zy,..,z,}. The growing of the tree starts at the root node,
where all the events of the training sample are contained. A first binary split
is applied to the dataset based on the variable and its corresponding cut value
that produce the best signal/background separation. The same operation is
then repeated for each of the two resulting subsets, until one of the criteria
set to stop the building of the tree is met (maximum depth of the tree, min-
imum number of events in a node, etc...). Each of the last nodes, also called
leaf nodes, is then labeled signal or background depending on the class of the
majority of events contained in it (see Figure [5.5). Individual trees are very
sensitive to fluctuations in the training sample and therefore constitute weak
classifiers. To overcome this problem, multiple trees are trained into a for-
est and misclassified events gain a boost weight that increase their importance
when the next tree is grown: this is the boosting procedure and it is performed
by the AdaBoost method found in the TMVA package.

5.3.2 Hyperparameters

One of the advantages of the BDT method lies in the fact that very little
tuning of the method’s parameters (also called hyperparameters) is required.
In this section, the hyperparameters that characterize the BDT method and
the values they were given, are discussed.

The number of trees (NT) to be grown can be determined by looking at
the fraction of misclassified events for each newly constructed tree. As more
trees are grown, this fraction should converge towards 0.5, the threshold value
for which no more additional separation power can be obtained from the data.
NT = 800 provides both a good separation power, and also a value above
which trees do not significantly improve it. Another parameter that has an
impact on the separation power is the maximum depth (MazD) of the trees. A
good compromise is found with MaxD = 3, preventing overtraining (an issue

135



5. Evaluation of the Photon/Hadron Separation
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Figure 5.5: Schematic view of a decision tree.

that arises when a classifier becomes too sensitive to statistical fluctuations and
therefore, does not perform well on independent samples) but also providing
an efficient signal /background separation. The minimum fraction of training
events contained in a node (MinNodeSize) must also be carefully set. A high
value would leave leaf nodes with a too high percentage of misclassified events
while a low value would lead to overtraining. An acceptable balance is achieved
by using the value of 2.5%. The number of cuts nCuts used to find the optimal
node splitting for each variable was set to 500 in the case of point sources of
UHE photons and to 300 in the case of diffuse sources. Finally, the Gini
coefficient [207] was selected as a separation criterion to find the optimal cut
value at each node by comparing the background and signal distributions of
the training variables.

5.3.3 Boosted Decision Trees Scores and Efficiencies

The ultimate goal of the BDT method is to assign a score to the training
samples, such that the separation between signal and background score dis-
tributions is maximum. Such BDT score distributions are shown in the top
panel of Figure 5.6 By applying successive cuts on these distributions, one
can calculate the evolution of the signal and background efficiencies (as shown
in the bottom panel of Figure and obtain the best Matthews correlation
coefficient [208] in order to evaluate the quality of the classification of the
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Figure 5.6: Top: BDT score distributions of the testing and training samples of cosmic-ray
background and preshower events. Bottom: Efficiencies obtained for cosmic-ray background
and preshower events using test samples as a function of cut value applied to BDT distri-
butions above. Point and diffuse source of UHE photons are on the left and right panel,
respectively.

training sample. It varies from -1 (total contradiction between prediction and
observation) to 1 (perfect prediction) and is given by the formula:
TP xTN—FPxFN

MCC = , (5.4)
V(TP + FP)(TP + FN)(TN + FP)(TN + FN)

where TP is the number of signal events classified as signal (true positive), TN
the number of background events classified as background (true negative), FP
the number of background events classified as signal (false positive), and FN
the number of signal events classified as background (false negative). Figure
[5.7 shows the evolution of this parameter for different cut values performed on
the training sample BDT distributions.

In order to evaluate the quality of the trained classifier, it is then used to
classify an independent test sample of preshower and cosmic-ray background
events. The optimal cut value previously obtained from the training sample
is then applied to the BDT score distribution of the test sample, and the
final efficiencies are calculated. The same procedure is then applied to all
simulation parameter sets and a summary of the resultsﬂ is given in Table .

3The background contamination characterizes the percentage of background events that
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Figure 5.7: MCC values obtained as a function of the cut applied on the BDT distributions
of training samples for different preshower scenarios.

These results show that the preshowers can be efficiently discriminated from
the dominating cosmic-ray background. In fact, increasing the cut on the BDT
distributions to 0.18 (0.12) for point (diffuse) sources of UHE photons leads to
the possibility of having background-free observations with a signal efficiency
of 80% (70%). Another noticeable feature is the fact that diffuse sources
of preshowers are not as well discriminated from cosmic-ray background as
preshowers initiated by a point source of UHE photons. Such a discrepancy
can be explained by the very similar distributions of the distance parameters
between the diffuse cosmic-ray background and the diffuse source of UHE
photons.

Best MCC BDT cut value Sig. Eff. (egpr) Back. Con. Sig. Pur.

PRESHW-1300P 0.96 0.08 96.6% 2.1% 97.9%
PRESHW-1300D 0.89 0.07 83.8% 0.4% 99.6%

Table 5.2: Summmary of the BDT classification results obtained for different parameter
sets of preshower simulations. The signal efficiency (Sig. Eff. = egpr), the background
contamination (Back. Con.) as well as the signal purity (Sig. Pur.) for the best MCC value
obtained are shown.

have been identified as signal, i.e. the background rejection efficiency is simply (1- Back.
Cont.), while the signal purity characterizes the percentage of true signal events in the
sample labeled as signal.
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6. Discussion and Outlook

NEW results on the efficiency of the photon/hadron separation obtained in
Chapter [5 can be used to investigate the effective area of CTA-North, as
well as the number of events expected from UHE photon production models
or from limits set by UHECR experiments introduced in Chapter 2| In this
chapter, the aperture of the array for the preshower scenarios previously stud-
ied is calculated, and the results are used as an input to the calculation of
the upper limits on the rate of such a phenomenon for diffuse flux of UHE
photons given by production models and by limits prodived by Auger, and
for point-source searches performed by TA and Auger. The effect of some of
the simulation parameters on the EAS and on the images formed in the IACT
cameras, such as the maximum impact distance and the energy cuts, are also
briefly discussed. Finally, other scenarios involving conversion of UHE pho-
tons in electromagnetic fields, as well as possible observation proposals, are
presented.

6.1 Effective Area

The effective area corresponds to the area within which the shower core
must lie in order for the telescopes to detect the shower. It is a function of
the energy E of the primary and of the zenith and azimuth angles, 6 and ¢,
respectively, and can be expressed as:

N (E
Aeg(E, 0,0, eppr) = TR2, 2 wig(£, 0, ¢, espr)

)
max N conv

(6.1)

where Ry is the maximum impact distance defined previously, Ny (E, 8, ¢, €gpr)
is the number of events that have triggered the telescope array and that have
been correctly identified as preshowers (that is the signal efficiency egpr must
be taken into account when calculating this term), N, is the number of
UHE photons that converted (taking into account the conversion factor €cony
of UHE photons at the given direction of observation, it is simply Ngm X €conv
with Ngm = 10000), and (2 is the solid angle in steradian ({2 = 27 (1 — cos(a))
for diffuse sources, where « is the viewcone angle previously defined and 2 = 1
for point sources as there are no dependence on the solid angle in this case).
The effective area and its relation to the described variables are illustrated in
Figure[6.I] The results obtained for the effective area in the case of preshowers
are shown in the second row of Table [6.1]

Because of limitations on the simulated energies of electromagnetic parti-
cles within the EAS, these values are conservative. Lower limits would increase
the number of Cherenkov photons emitted, and therefore increase the number
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Figure 6.1: Definition of the effective area — relation between the number of preshower
events simulated N¢oy, in a generation plane Agy, within which events are simulated homo-
geneously, and the effective area Aeg with Ny events triggering the array.

of events triggering the telescope arrays. Nevertheless, such increase could be
compensated by a smaller egpr value when considering completely background
free observations. Moreover, the actual field of view of CTA-North telescopes
is larger than the viewing cone angle « used to simulate diffuse sources. Conse-
quently, the {2 factor is expected to be slightly larger than what was computed
here in the case of diffuse sources. Finally, the effective area is expected to
significantly increase with the energy of the UHE photons, as EAS’s would be
initiated by higher energy bremsstrahlung photons.

PRESHW-1300P PRESHW-1300D

Aperture [km?| 3.42 0.05
SHDM 2.7 x 1073 3.1x107°
GZK 4.0 x 1075 4.7 x 1078
AUGERGig. 3.3x107° 3.9x1078

Table 6.1: Diffuse source of UHE photons — Summary of the results obtained for a given
aperture and associated number of expected preshowers for 30 hours observation time. Dif-
ferent preshower simulation sets are shown. SHDM and GZK rows correspond to the UHE
photons production models referred to in the text while the AUGERg;g. correspond to the
limits put by Auger on the integral diffuse photon flux [I3§].
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Figure 6.2: Top: Photon flux of the Galactic Center as measured by H.E.S.S. [182] (red dots)
and extrapolated by Auger to obtain limits in the UHE regime (green line) [142]. Figure
taken from [142]. Bottom: Upper limits (95% C.L.) on the point-source photon flux above
31.6 EeV set by TA. Figure taken from [I43].

6.2 Event Rates

In order to calculate the number of preshower events that can be expected in
the observation configuration presented in this work, an estimation of the UHE
photon flux ¢, (E) from various production models is needed. First of all, the
diffuse UHE photon production models, such as SHDM decay [111] and GZK
photon emission [106], introduced in Section as well as the limits put by
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Auger on the the integral diffuse UHE photon flux [138], are considered. The
number of expected preshowers is defined as:

Npreshw (E) = ¢y 110 (40 EeV)€cony At Aetr, (6.2)

where €.,y 18 the probability for an UHE photon to produce a preshower
in the previously given direction and is equal to 0.67, At is the observation
time and A.g is the effective area previously calculated. The values taken for
the SHDM model, the GZK emission and Auger limits at 40 EeV, expressed in
km~2yr~lsrt are 2.7x 1072, 4.1x 107* and 3.4x 107, respectively (see Figure
. Such diffuse flux must be multiplied by 47 when considering point sources
of UHE photons. The numbers of preshowers that can be expected from these
scenarios and for a typical observation time of 30 hours are shown in Table
6.1l

Focusing on targeted searches for point sources of UHE photons by dif-
ferent experiments, an estimation of the number of expected preshowers from
upper limits put on the UHE photon flux emerging from such sources, as well
as from possible flares that could potentially "boost" UHE photon emission,
can be provided. While searches for UHE photon point sources were performed
by Auger [142] (see discussion in Section [2.3.2)), they were limited to the energy
range 10173 < E < 1085 ¢V. However, the extrapolation of the TeV gamma-
ray flux of the Galactic Center measured by H.E.S.S. [182] to the EeV domain
and performed by Auger in [142] (see top panel of Figure puts an upper
limit to 0.034 km~2yr~—! in this energy range. Upper limits reported by the
TA collaboration above 31.6 EeV give an average of 0.0071 km—2yr~! for the
point-source UHE photon flux (see Table 2 of [143]). Sky maps of upper limits
at 95% C.L. are also displayed in Figure 3 of [I43] and give upper limits up
of 0.019 km~2yr~! near the equator for energies above 31.6 EeV, in the most
optimistic case (see bottom panel of Figure . These values are reported
in the second row of Table [6.2] Using Equation [6.2] the number of preshow-
ers expected from these point-source photon flux upper limits in non-transient
mode, can be estimated. Results are reported in the third row of Table [6.2]

In 2018, the H.E.S.S. telescope array observed the very-high energy emis-
sion of the afterglow of gamma-ray burst (GRB) GRB 180720B, several hours
after the prompt emission phase [209]. The energy spectrum of the source,
obtained after correction due to the Extragalactic Background Light (EBL)
absorption, in the energy range 100 — 440 GeV is characterized by a flux nor-
malization of ~ 7.52 x 107 TeV~lem™2s~! at 0.154 TeV (see top panel of
Figure [6.3). The next year, the MAGIC observatory observed the flaring of
GRB 190114C for several hours, one minute after its first detection by other
experiments [120]. In this observation, the fitting of the spectrum, after EBL
correction, puts a flux of 9.59 x 107® TeV~lem 257! at 0.154 TeV (see bottom
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panel of Figure . From these values, a boosting factor R can be derived. It
is defined as the ratio of the emission flux in the afterglow or flaring phase to
the one of the Galactic Center in non-transient emission mode, at 0.154 TeV,
estimated by the H.E.S.S. observatory [182] (1.47 x 1071 TeV~lem 2 1)f] In
the case of H.E.S.S. afterglow observation, this ratio is approximately equal
to 5 while in the case of MAGIC flare detection, R = 652. Such ratio pro-
vides an order of magnitude of the amount by which photon emission can be
boosted when a GRB is occuring. Assuming that this boost can be extended
to the EeV range, the number of expected preshower events for both values
of R is calculated by simply multiplying the second row of Table [6.2] with R.
Results are shown in the 4" and 5™ row of Table [6.2l In these scenarios,
the expected number of preshowers is significantly higher than in the case of
diffuse emission of UHE photons, reaching up to 0.17 preshower events in 30
hours observation time. Considering that a R = 652 boost could be observed
in other sources, the required source intrinsic flux to obtain one preshower
event (Npreshw = 1) at 40 EeV and for 30 hours of observation is equivalent
to (0.034/0.17) ~ 0.2 km2?yr—!, which is about one order of magnitude above
the upper limits set by Auger and TA.

Larger maximum impact distances R,,., as well as different observation
mode (such as one described in [I79], where telescopes are pointing in different
directions just above the horizon) could increase the aperture and therefore,
the number of expected preshowers. In fact, a compromise could be found
if the pointing direction of each telescope was slightly shifted relative to one
another, in order to cover a larger strip of the atmosphere above the horizon
to look for a diffuse flux. Letting their field of view overlap would also allow
stereoscopic observations.

AUGER,oint  (TAp=316Eev) max(TAgs316gev)

61— (40 BeV) [km Zyr 1] 0.034 0.0073 0.019
Npreshw — non-transient (R =1) 2.7 x 1074 5.7 x 107° 1.5 x 1074
-R=5 1.4 x 1073 2.9 x 107 7.6 x 107*

- R =652 0.17 0.037 0.09

Table 6.2: Point sources of UHE photons — Summary of the number of preshowers expected
in the case of point sources of UHE photons for 30 hours observation time.. The UHE photon
flux in the second row is obtained from the upper limits put by Auger on the extrapolation
of the H.E.S.S. measurements of the Galactic Center in the energy range 10'73 ¢V - 10'8:3
eV, and from upper limits derived by TA, as described in the text. The number of expected
preshowers are obtained using Equation for these upper limits and for UHE photons
emission boosted by a factor R in the case of GRBs observed by MAGIC and H.E.S.S..

!This value is calculated from a power-law, dN/dE = (E/TeV)~™%, where 1) = 1.92 x
10712 TeV~'em 257! is the flux normalization and o = 2.32 is the spectral index.
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Figure 6.3: Top: Energy spectrum of GRB 180720B measured by H.E.S.S., 10 hours af-
ter triggering FERMI Gamma-ray Burst Monitor (T, = July 20** 2018, 14:21:39 UT).
The data is fitted with by the function Fups(E) = Fin(E) x e 7¥2) where the expo-
nential accounts for the EBL absorption at z = 0.653 and Fin(E) = Fp int(E/Eo int)
describes the intrinsic spectrum of the sources, with v,y = 1.6 £ 1.2(stat.) £ 0.4(syst.)
and Fp e = [7.52 + 2.03(stat.) 7533 (syst.)] x 10710 TeV—'em 257! at Eg i, = 0.154 TeV.
Figure taken from [209]. Bottom: Observed and EBL-corrected energy spectra of MAGIC
observation of GRB 190114C over the period between Ty + 62 s and Ty + 2454 s (Tp =
January 14" 2018, 20:57:03 UT). The EBL-corrected spectrum is fitted with a power-
law function dF/dE = fo x (E/Ey)™", with v = —2.227023 (stat.) T53¢ (syst.) and
fo = [8.45 7088 (stat.) 7582 (syst.)] x 1072 TeV~tem 25! at Ey = 0.46 TeV. Figure taken
from [120].
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Figure 6.4: Normalized Hillas distributions for point sources of preshower with maximal
impact distance Ryax = 1300 m (blue) and Ryax = 4000 m (red).

6.3 Influence of Simulation Parameters

The results presented in this dissertation were obtained for a particular set
of simulation parameters. In this section, the effects due to the modification of
the maximal impact distance R,,.. and the energy cuts on the results of these
simulations are discussed.

6.3.1 Impact Distance

In order to investigate the influence of the R,.. parameter, the preshower
effect and the cosmic-ray background were also simulated for R, = 4000 m.
Figure [6.4] shows the Hillas distributions obtained for preshower point source
simulations with R, = 4000 m. Comparison with the Hillas distributions,
from the point source scenario with R,., = 1300 m shown in Figure is
also provided. Having a larger impact distance does not change the Hillas
parameter distributions (similar distributions for cosmic-ray background and
diffuse source of preshower are also found) and therefore, the BDT distributions
and the efficiencies obtained are similar as in the case of R.x = 1300 m.
However, the fraction of events triggering the array to the number of events
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Figure 6.5: Location of impact points (red dots) of EAS’s produced by converted UHE
photons that have triggered the array located at (0,0) which is represented by a black disk,
for different maximal impact distances Rpax = 8 km (left) and 20 km (right).

simulated drastically drops (EAS’s reaching the ground at larger distances from
the center of the array). The resulting decrease in Nyig/Nsim is compensated
by the larger mR?, and similar effective areas are obtained as for Ry. = 1300
m.

Nevertheless, the size of the collection area on the ground for 40 EeV
converted photons in the nearly-horizontal direction is significantly larger than
in the standard mode of observation. Figure [6.5 shows the size of the area for
which preshower events, represented by red dots, have triggered the telescopes
of CTA-North, for R,,.. = 8 and 20 km. For R,.. = 20 km, the size of the area
is ~ 1450 km?, and does not increase significantly for larger R,,.. values. If an
efficiency of 1 is considered, such collection area results in an optimal aperture
of ~ 250km? at zenith angle § = 80°. One can note the growing asymmetry of
the collection area when compared to the location of CTA-North (black dot),
as more events with the shower core hitting in front of the telecopes, trigger
the array.

6.3.2 Energy Cuts

The influence of the energy cuts on the Hillas distributions is illustrated in
Figure While the red histograms are the distributions from the standard
cuts used, so far, in this analysis, the blue ones are obtained for lower energy
cuts BV i.e. 300, 300, 3 and 3 GeV, for hadrons, muons, electrons and gam-

mas, respectively. The Hillas distributions of the cosmic-ray background used
in the multivariate analysis of Chapter |5 are also shown for comparison. The
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Figure 6.6: Normalized Hillas distributions for point sources of preshower with standard
energy cuts used in the BDT analysis (red) and with lower energy cuts described in the text
(blue). Cosmic-ray background distributions are also shown in green.

lower energy cuts are essentially characterized by brighter and larger images.
These two features are easily explained by the fact that charged particles of
lower energies also emit Cherenkov radiation (as long as their energy remains
above the energy required for such emission to occur, as discussed in Chap-
ter . Moreover, the larger lateral spread of these particles leads to images
formed further away from the source location, resulting in higher values of
the distance parameter. While a new BDT analysis would provide a better
understanding of the impact of the lower energy cuts on the photon/hadron
separation, one may assume, from the little variations observed in the Hillas
distributions when compared to the ones of the cosmic-ray background, that
the signal efficiency would not decrease significantly.

In that regard, Figure shows the BDT score distributions and the
efficiencies obtained for energy cuts set to E'°¥ when simulating point sources
of converted UHE photons with Ry.x = 1300 m. This preliminary results
shows that even in this case, the photon/hadron separation remains very good
and observation of preshower events in the nearly-horizontal direction could

still be performed at high signal efficiencies and low background contamination.

148



Outlook

X [FEgEwmesy T T Ewanng
E :._[:] CR background (test) - CRbackground (trainin%"
S f 5
Z 10— =
~~ - ]
= ]
5¢ =
5 i A 4
0 -0.4 -0.2 0 0.2
BDT Score
EIOW
Cutb k d
—— CR backgroun
> e , XY
=
F L] R, VR ME—————— N, S———
b=
L §)(] R P S T e
04__ ................................................................................................................................
e e S ets W, s
_.i.....l.....i..... R
O—0.4 -0.2

0 0.2
Cut value on BDT output

Figure 6.7: BDT score distributions of the testing and training samples (top) and efficiencies
(bottom) of cosmic-ray background and point source of converted UHE photons with Ry, =
1300 m and with the energy cuts E'°V described in the text.

6.4 Outlook

In addition to searching for preshower events in historical data obtained by
existing gamma-ray telescopes in optimal pointing directions (high zenith an-
gles, northern (southern) directions in the Northern (Southern) hemisphere),
new observation campaign could be carried out with a single telescope, such as
the First G-APD Cherenkov Telescope (FACT), also located in La Palma, al-
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6000

Figure 6.8: Positions of CRE photons (red dots) with energy > 1 TeV, arriving on a plane
with the size of the Earth, and produced by a 1 EeV electron entering the Galaxy and
propagating over 8.5 kpc.

lowing to reach larger sensitivities with larger observation time. In the nearly-
horizontal direction, the size of the Cherenkov pool is sufficiently large to keep
the chances of observing preshowers just as high as if multiple telescopes were
used. In this endeavor and for further research, a contact has been made with
the FACT collaboration and simulations are currently ongoing to determine
whether FACT could actually correctly identify preshower events. If so, a
proposal in order to obtain time of observation with FACT will be submitted.

As discussed in Chapter [2 the CREDO collaboration is dedicated to
the search of CREs, groups of a minimum of two cosmic rays with a common
primary interaction vertex or the same parent particle, formed in different sce-
narios. One example of such scenario is illustrated in Figure [6.8] where the
spatial distribution of photons with energy over 1 TeV are shown on a sphere
with the size of the Earth. This distribution is the result of the synchrotron
emission of a 1 EeV electron propagating through the Galaxy, over 8.5 kpc.
Investing the distance between each of the photons is essential to determine
whether or not spatially and time correlated air showers could in fact be ob-
served by gamma-ray telescopes.

In Figure[6.9] images formed in the cameras of CTA-North by air-showers
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Figure 6.9: Example of images formed in CTA-North cameras by multiple air-showers pro-
duced by 30 PeV photons located 500 m apart. The image on the left is for 2 of such photons
while the one on the right is for 3 photons.

generated 500 m apart by 2 or 3 30 PeV photons coming at a 20° zenith angle,
are shown. The resolution of the cameras allow to distinguish each of these
air showers, as one cluster of triggered pixels correspond to one EAS, and the
peculiarity of the images formed would enable efficient discrimination against
any other type of observed event.
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CONCLUSION

THE observation of UHE photons constitutes an essential piece of the UHECR
puzzle. Their detection would provide more insights on the nature and the
source of UHECRs. However, UHE photons propagating through strong mag-
netic fields have a non-zero probability of converting into a pair of e~ /e,
which would subsequently emit bremsstrahlung radiation. When such a con-
version occurs in the Earth’s magnetic field, this phenomenon is referred to as
preshower effect. In this dissertation, the feasibility of observing very inclined
air showers produced by this effect was investigated, taking the example of
the next generation of gamma-ray telescopes developed by the CTA collabo-
ration, with a special attention given to CTA-North, which is planned to be
located in La Palma, Canary Islands. Using the PRESHOWER algorithm,
the properties of the electromagnetic cascade generated above the atmosphere
through the preshower effect were studied, examining the influence of the en-
ergy of the primary photon, as well as of its arrival direction. The results have
shown that the conversion probability was higher for larger zenith angles and
in the direction of the geomagnetic North. In this analysis, it was found that
the optimal configuration providing a good balance between computing time
and trigger efficiency was for 40 EeV photons coming at a 80° zenith from the
geomagnetic North direction. It was also demonstrated that the number of
particles contained in the preshower cascade increases with the altitude of the
first conversion, and that the energy spectrum of these particles covers a large
energy range (more than 6 orders of magnitude), making this effect observable
by experiments operating at different wavelengths.

As the preshower cascade reaches the atmosphere, an EAS is generated.
Using the CORSIKA simulation software, the properties of EAS’s produced by
a cascade induced by converted UHE photons and by other primaries (protons,
iron nuclei and unconverted photons) were studied in the configuration previ-
ously described. It was established that due to a higher first interaction point,
the mean X, of EAS’s generated by UHE photons, which had previously
undergone the preshower effect, was close to the one of hadronic primaries,
potentially making them more difficult to identify by experiments relying on
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Xmax measurements. Aside from the higher conversion probability, the choice
for very inclined direction of observation is justified by the fact that nearly-
horizontal air showers have their hadronic and electromagnetic components
almost completely absorbed, leading to muons dominating the later stages of
cascade development. Similarly to X,,.y, the muonic component varies from
one primary to another and can be used to identify the nature of observed
EAS’s. It was shown that, in the case of preshower cascades, the amount of
produced muons, as well as the spatial signature on the ground, are signifi-
canly smaller than for protons and iron nuclei, while the Cherenkov emission
at Xax remains similar.

The Cherenkov emission of EAS’s can be detected with the cameras of
CTA telescopes as it forms images of shapes and intensities that depend on the
properties of the EAS’s. Using the sim__telarray package to simulate the cam-
eras response, the differences between the images formed by EAS’s produced
by the primaries previously listed, were analyzed, using the Hillas parameters,
such as the size (intensity), width, length and distance, to characterize them.
Overall, it was found that images produced by converted UHE phtotons were
dimmer and smaller, as well as closer to the simulated direction, than in the
case of other considered primaries. Compared to images from hadronic show-
ers, the poorer muon content and the smaller lateral distribution of EAS’s
produced by preshower cascades are responsible for the lower intensity, for the
smaller geometrical sizes, as well as for the shorter distances between the sim-
ulated direction and the center of the images. On the other hand, the only
apparent difference between converted and unconverted photons was found in
the distance parameter distributions, showing smaller values in the former sce-
nario. Such a discrepancy could be explained by the higher first interaction
point of preshower cascades (up to several thousands of kilometers above the
atmosphere), leading to smaller angles between the Cherenkov radiation and
the telescopes axis. More thorough investigation of the differences between
images formed by proton-induced EAS’s and converted UHE photons EAS’s
was performed with a Principle Component Analysis. It was shown shown
that dim double images were almost exclusive to the latter primary.

The potential of Hillas parameters also allowed us to assess the sepa-
ration power one could hope to obtain between converted UHE photons and
the dominating cosmic-ray background during a 30-hour observation campaign
with CTA-North. To determine this separation, a cosmic-ray background was
simulated between 10 TeV and 10 EeV, and composed exclusively of protons.
The size vs. length scatter plot of the simulated background showed good
agreement with the results from high zenith angle observations performed by
MAGIC in the context of tau-neutrino searches [206]. A maximum impact
distance of 1300 m and a viewing angle of 5° were set, and point and diffuse
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sources of UHE photons were considered. For both scenarios, the separation
power was calculated using boosted decision trees on the Hillas distributions,
and the Matthews correlation coefficient was used to evaluate the best effi-
ciency cut on unbalanced datasets. Such separation was proven to be very
good for both point and diffuse sources of UHE photons: 96.6% efficiency and
2.1% background contamination in the former scenario and 83.8% efficiency
and 0.4% background contamination for the latter. Thefore, background-free
observations could be expected at efficiencies higher than 80%.

Using these results, the aperture and the number of expected preshowers
were calculated for different UHE photon production models, as well as for
upper limits set by Auger and TA for point and diffuse sources. Although
these numbers were found to be low, the potential of Cherenkov detectors
in adopting different observation modes (nearly-horizontal direction and/or
extended mode) in order to discriminate UHE photon primaries from cosmic-
ray background was highlighted. Moreover, at 40 EeV, the required integral
diffuse photon flux to obtain Npeshw = 1 for a 30-hour observation time and
for an aperture of 3.42 km? was calculated to be around 10.1 km~2year—tsr—1.
This value is significantly above the prediction given by the UHE photons
production models and the upper limits on the integral diffuse UHE photon
flux put by Auger and TA. However, in the case of point sources and GRB
flares, the UHE photon flux could be boosted by a factor as large as 652.
Such value was obtained by comparing the photon flux of the Galactic Center
in the non-transient emission mode to the measured flux of GRB 190114C’s
flare by the MAGIC telescopes. In this scenario, the minimum required flux
to obtain Npeshw = 1 was estimated to be around 0.2 km~2year—!, which is
approximately one order of magnitude higher than upper limits put by Auger
and TA at 40 EeV.

In this work, it was demonstrated that the TACT technique could be
used to probe physical phenomena not only in the TeV domain, but also in
the EeV regime. Although the rate of expected preshower events was found to
be quite low, the photon/hadron separation, obtained by adopting the nearly-
horizontal observation mode, allows for strong filters to be applied in order
to identify such events with high degree of confidence. A new method for
observation of UHE photons in the EeV domain, consisting in searching for
preshower cascades in the nearly-horizontal direction, was proposed. Such a
strategy could already be applied to other experiments, such as MAGIC, which
already contains data in the observation mode discussed in this work, in the
Crab Nebula vicinity.

Searches for particles with low expected flux using IACTs have been pre-
viously performed, as it is the case for the tau neutrino or UHE cosmic rays.
Moreover, multimessenger alerts obtained from other operating observatories
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may allow a fast pointing of the telescopes towards cosmic events suspected
to be capable of producing UHE photons, such as interactions between UHE
cosmic rays possibly produced by AGNs and the CMB, or gamma-ray bursts.
An alert system would significantly increase the chance probability to observe
UHE photons. Such a potential is well illustrated by the detection of a 290 TeV
neutrino by IceCube, the direction of which is highly correlated with blazar
TXS 0506+056 observed by MAGIC, FERMI-LAT and many other experi-
ments [210]. Moreover, a program of observation could be run on catalogs of
high energy sources, with observation time significantly higher than the 30h
presented in this dissertation.

The work presented in this dissertation falls within the strategy adopted
by the CREDO collaboration [I55] (156, 157, 158|, namely the introduction of
a multi-channel approach to the search of cosmic-ray ensembles [211]. This
reasearch was published in the proceedings of the 35" and 36" International
Cosmic Ray Conferences [212] 213], and more recently in Astroparticle Physics
journal [214]. As a member of this collaboration, my work has also involved
the analysis of detections obtained with smartphones using the CREDO ap-
plication [158] to look for clusters of events, and the simulation of magnetic
cascades occuring in the Sun’s magnetic field [146].
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