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Resumo

INVESTIGAÇÃO DE SINAIS DE MÚONS, RÁDIO E FLUORESCÊNCIA
PROVENIENTES DE CHUVEIROS ATMOSFÉRICOS EXTENSOS DE ALTAS

ENERGIAS PARA ANÁLISES DE COMPOSIÇÃO QUÍMICA

Na busca pela compreensão da formação e desenvolvimento do Universo a detecção
de raios cósmicos possui um papel fundamental. Especialmente para altíssimas
energias, sua origem é fracamente conhecida. A detecção de raios cósmicos ultra
energéticos pode revelar uma natureza de forças ainda desconhecida no Universo.
Múons de mais altas energias podem fornecer informações acerca dos processos
ocorridos no desenvolvimento do chuveiro atmosférico extenso. Devido esta com-
ponente estar acoplada à componente hadrônica, logo fornece informações cruciais
acerca das propriedades dos raios cósmicos primários. Assim, múons podem ser
utilizados para se estudar a composição química das partículas primárias, pois sua
multiplicidade depende do número atômico da primária. Nesta tese são estudadas
medidas de composição química utilizando um arranjo de detectores híbridos com-
posto pelos detectores de superfície (SD), detectores de múons (MD), detectores de
fluorescência (FD) e detectores de rádio (RD) do Observatório Pierre Auger. É apre-
sentado um estudo detalhado do poder de separação em massa dos raios cósmicos
para chuveiros induzidos por próton e ferro utilizando a densidade muônica recon-
struída em diferentes distâncias em relação ao eixo do chuveiro (300 - 1000 m). A
separação em massa é analisada combinando-se a densidade muônica reconstruída
com a energia de SD (energia primária medida com os detectores de superfície), en-
ergia de RD (energia de radiação emitida pela componente eletromagnética do chu-
veiro detectada pelas antenas de rádio) e a energia de FD (energia de fluorescência
emitida pelas moléculas de nitrogênio na atmosfera). Estas análises são realizadas
para investigar qual distância em relação ao eixo do chuveiro e qual estimador de
energia oferece uma melhor separação em massa. Como resultado, temos que a
razão entre a densidade muônica reconstruída a 500 m e a energia de FD oferece
uma melhor separação para chuveiros induzidos por próton e ferro. Além do mais, a
densidade muônica combinada com diferentes estimadores de energia fornece uma
melhor separação em massa que o Xmax, e esta separação aumenta com o aumento
da energia primária. Finalmente, a medida dos observáveis sensíveis derivados da
análise combinada do sinal de múons e diferentes estimadores de energia mostra
uma composição compatível com as medidas do Xmax para a região do espectro
onde a transição entre raios cósmicos galácticos para extragalácticos ocorre.



Abstract

INVESTIGATION OF MUON, RADIO AND FLUORESCENCE SIGNALS FROM
HIGH ENERGY EXTENSIVE AIR SHOWERS FOR CHEMICAL COMPOSITION

ANALYSIS

In the search for understanding the formation and development of the Universe,
the cosmic ray detection plays a key role. Especially at ultra-high energies, its ori-
gin is scarcely known. The detection of ultra high energy cosmic rays may reveal
a still unknown nature of forces in the Universe. Higher energy muons can pro-
vide information about the processes involved in the development of extensive air
showers. Since this component is coupled with the hadronic component, it immedi-
ately provides crucial information about the properties of the primary cosmic rays.
Thus, muons can be used to study the chemical composition of primary particles as
their multiplicity depends on the atomic number of the primary particle. In this the-
sis, the feasibility of cosmic ray mass composition measurements is studied using
the hybrid detector array with surface detectors (SD), muon detectors (MD), fluo-
rescence detectors (FD) and radio detectors (RD) of the Pierre Auger Observatory.
A detailed study of the mass discrimination power for simulated showers induced
by proton and iron is presented using the muon density reconstructed at different
distances from the shower axis (300 - 1000 m). The mass separation power is anal-
ysed by combining the reconstructed muon density with the SD energy (primary
energy measured with the surface detectors), the RD energy (radiation energy emit-
ted by the electromagnetic component of the air shower which is detected by radio
antennas) and the FD energy (fluorescence energy emitted by atmospheric nitrogen
molecules). These analyses are performed to investigate which distance from the
shower axis and which energy estimator gives the best mass separation. As a result,
the ratio between the muon density reconstructed at 500 m and the FD energy fea-
tures the best mass separation for proton and iron-induced showers. Moreover, the
combined muon density with different energy estimators achieves a higher mass
separation than Xmax and it increases with increasing primary energy. Finally, the
measurement of the mass sensitive observables derived from the combined analysis
of the muon signal with different energy estimators shows a composition compati-
ble with the measurements of the Xmax for the spectrum region where the transition
from Galactic to extragalactic cosmic ray occurs.
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22

Introduction

Cosmic rays are fast-moving particles from space that hit the Earth from all direc-
tions. Although the first indications of their existence were obtained more than one
hundred years ago by Victor Hess in 1912 [1], many of their properties remain mys-
terious. The largest earthbound cosmic ray experiment is the Pierre Auger Obser-
vatory. It started taking data in January 2004 and its construction was completed in
2008 [2]. The surface detector has accumulated more than three hundred thousand
records of extensive air showers in the EeV regime.

The Pierre Auger Observatory is currently the most important experi-
ment in ultra-high energy cosmic rays. The data taken at the site of the Observatory,
located in Mendoza, Argentina, confirmed the energy spectrum suppression above
5.5 × 1019 eV [3, 4]. This suppression was predicted in 1966 by Greisen, Zatsepin
and Kuzmin [5], right after the discovery of the cosmic microwave background by
Penzias and Wilson in 1965 [6]. The hadron interactions with the background cosmic
radiation imposes limits in the cosmic ray energy spectrum. One of the main efforts
of the observatory is to improve the experiment and methods of data analyses to
better measure the cosmic-ray composition at ultra-high energies and understand
the production, propagation and interaction mechanisms of cosmic rays. Due to the
low particle flux in the energy range from 1017 to 1019 eV the cosmic ray mass com-
position is observed through the differences in the shower development process in
the atmosphere.

The current results of the Pierre Auger Observatory show a change in the
chemical composition of the primary cosmic radiation at ultra-high energies indicat-
ing a transition from light to heavy elements with increasing energy [7], while the
results from the experiments High-Resolution Fly’s Eye (HiRes) [8] and Telescope
Array (TA) [9] show a predominant composition of protons [10]. A better measure
of the composition will lead to advances in our knowledge about anisotropy and
will help to answer questions not yet understood about the origin of the flux sup-
pression since this depends on the hadron mass.

The most sensitive parameters to cosmic-ray mass composition depend
on our understanding of the hadronic interaction properties which are not very well
known at ultra-high energy. The estimate of the primary-particle mass can only be
made using sets of simulated reference showers, which have been generated with
hadronic interaction models based on extrapolations of the results from particle ac-
celerators. Thus, it is advisable to study different observables which are sensitive to
both mass composition and hadronic interaction models to minimize the problem
[11]. One of the most sensitive parameters to study cosmic ray mass composition
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is the number of muons at the ground at a certain distance from the shower axis.
Showers initiated by heavier primaries develop earlier and faster in the atmosphere
and have a larger muon content than showers initiated by lighter primaries of the
same energy. Moreover, the number of muons in a shower depends on many prop-
erties of hadronic interactions, including the multiplicity, the charge ratio and the
baryon, and anti-baryon pair production [12, 13].

Several parameters taken with water-Cherenkov and fluorescence detec-
tors carry, in principle, information about the identity of the primary particle and
can be used to investigate the cosmic abundances at high energies. However, the
situation regarding the mass composition of high-energy cosmic rays is not settled.

Radio emission from cosmic ray air showers offers the opportunity to
use radio observations as an additional powerful observational technique in cosmic
ray research. Similarly to the fluorescence technique, it allows a much more direct
view into the shower development than particle measurements at the ground. The
radio technique mainly measures quantities integrated over the full evolution of the
shower. Radio signals complement the muon number measured by particle detector
arrays as almost all muons generated in the shower development reach the ground
[14].

In this thesis we perform multi-parametric analyses of sensitive observ-
ables to the chemical composition of primary cosmic rays using the infill array of
the Observatory, which comprises the Surface Detectors (SD) for the detection of
Cherenkov radiation emitted in the water by charged particles from the shower that
reach the ground, the Fluorescence detectors (FD), the radio antennas of the AERA
experiment (RD) and the muon detectors of the AMIGA array (MD). We present a
detailed study of the mass discrimination power for simulated showers induced by
proton and iron using the muon density reconstructed at different distances from
the shower axis (300 - 1000 m). The mass separation power is analysed taking into
account the SD energy (energy from the surface detectors), the RD energy (radia-
tion energy emitted by the electromagnetic component of the air shower which is
detected by AERA) and the FD energy (fluorescence energy emitted by atmospheric
nitrogen). Those analyses were performed in order to investigate which distance
from the shower axis and energy estimator feature the best mass separation of high-
energy cosmic rays as the number of muons correlates well with the number of
electrons in the shower. Moreover, those analyses are cross-checked with the maxi-
mum shower depth, Xmax, to better determine the mass composition of high energy
cosmic rays.

The scope of this thesis is described as following:
Chapter 2 gives an introduction about cosmic rays and their flux at the

Earth’s atmosphere. The principal topics are the origin, acceleration, and propa-
gation of ultra-high energy cosmic rays as well as their possible accelerating astro-
physical sources. Chapter 3 describes the phenomenon of extensive air showers.
More specifically, the development of the air showers is addressed, which are quali-
tatively treated through detailed analytical calculations to obtain information about
the properties of the primary cosmic rays that induced the air showers. These prop-
erties can be measured by analysing the characteristics of nuclear-electromagnetic
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cascades induced by the cosmic ray interaction in the atmosphere. Hence the use
of different Monte Carlo simulations is important to better understand the shower
development. Many hadronic interaction models have been applied to study the
air showers. Moreover, this chapter describes the different measurement techniques
of ultra-high energy cosmic rays which covers a large area of detection. Chapter 4
gives details about the largest cosmic ray observatory, the Pierre Auger Observatory.
Chapter 5 describes the shower parameters muon density at a reference distance
from the shower axis reconstructed with AMIGA muon detectors and the different
primary energy estimators measured with Surface and Fluorescence detectors and
AERA. The air shower simulations used to investigate the mass separation sensi-
tivity of the muon density combined with different energy estimators are shown in
Chapter 6. For this, many simulation libraries were computed with CORSIKA and
CoREAS simulation tools. For the analysis some quality cuts were applied to yield
high-quality events. Finally, the mass-separation combined analysis was applied to
measured events with AMIGA, in coincidence with AMIGA and AERA and AMIGA
and Fluorescence detectors. The results are compared to the Xmax measurement of
the Fluorescence detectors and are described in Chapter 7.
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High-Energy Cosmic Rays

The Earth is constantly bombarded by subatomic particles from outer space that
can reach energies far higher than the largest accelerator machines, known as cos-
mic rays. The energies of these particles range from less than 1 GeV up to 1020 eV.
Up to 1012 eV, these high energy particles are mainly protons (90%), alpha particle
or nucleus of helium (9%) and heavier nuclei (1%), ranging up to the nuclei of lead
atoms. Cosmic-ray particles travel at nearly the speed of light and some of them
are the most energetic particles ever observed in nature. Although cosmic rays were
discovered in 1912, their sources and propagation mechanisms are still subject of in-
tense research. Therefore, this chapter provides a general overview of the properties
of cosmic rays and describes common theories concerning their origin, propagation
and acceleration mechanisms.

2.1 The origin of Cosmic Rays and Energy Spectrum

The cosmic-ray energy spectrum can be described by a power law dN/dE ∝ E−α

over a wide energy range, indicating non-thermal acceleration processes [15]. The
spectral index is α ≈ 2.7 below the knee region at 5 × 1015 eV, and α ' 3 between
the knee and the ankle at around 3 × 1018 eV. Above the ankle at 4 × 1018 eV, region
where the spectrum is flattening, α ' 2.6 followed by the flux suppression above ∼
30 EeV. Figure 2.1 shows the experimental results of the differential energy spectra
for several nuclei of the primary cosmic radiation for data taken from KASCADE-
Grande, Hires 1 and 2, TA and the Pierre Auger Observatory. Understanding the
origin of the characteristic features of the cosmic-ray flux is the key to identify their
Galactic and extragalactic sources as well as the particle-acceleration processes and
propagation mechanisms.
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FIGURE 2.1: All particle spectrum of cosmic rays as a function of the energy
per nucleon [16] measured by IceCube [17], Yakutsk [18], KASCADE-Grande

[19], Hires 1 and 2 [20], TA [21] and Pierre Auger Observatory [22].

Up to the knee region of the energy spectrum, the particle flux is suf-
ficiently high enabling a direct measurement of its elemental composition. Many
researchers believe that cosmic rays with energy below the knee are Galactic, while
higher energetic particles are extragalactic [16]. However, at energies from 1015 eV,
the particle flux drops off dramatically to 1 m−2 yr−1, disabling its direct detection.
Thus, the energy spectrum can be determined indirectly through measurements of
the properties of extensive air showers induced by the cosmic-ray particles in the
Earth’s atmosphere [23, 24]. The knee can be interpreted as the superposition of the
energy spectra of different elements, that exhibit their cutoff at different energies.

Assuming that the cosmic-ray energy spectrum below 1018 eV is Galac-
tic in origin, the knee region could reflect that most of the cosmic accelerators in
the Galaxy have already reached their maximum energy. Some types of supernova
remnants are considered as not able to accelerate protons above 1015 eV. Effects of
propagation and confinement in the Galaxy [25] also need to be considered. The
KASCADE-Grande experiment [26] and the Fly’s Eye experiment [8] reported ob-
servations of a second knee at around 4 × 1017 eV.

Concerning the ankle region at about 1019 eV, a possible explanation for
the flattening of the spectrum is the overlap of a population of high-energy parti-
cles over a low-energy one, i. e., an extragalactic flux begins to dominate over a
Galactic particle flux [27]. Another possible explanation is the extragalactic proton
interaction with the Cosmic Microwave Background (CMB) radiation, p+γCMB −→
e+ + e− + p, at 2.7 K [28]. However, the origin of the ankle is not fully understood,
and therefore it is an important issue to the research in cosmic rays.

If the cosmic-ray flux at high energies is cosmological in origin, there
should be a suppression, a rapid steepening of the energy spectrum from 6 × 1019

eV predicted by the GZK cutoff (see next section for further details), resulting from
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the inelastic interaction of Ultra High Energy Cosmic Rays (UHECR) with the CMB
radiation.

2.2 Propagation and the GZK cutoff

The flux suppression of ultra-high energy cosmic rays was predicted by Zatsepin
and Kuzmin [5, 29] in 1966 right after the discovery of the CMB radiation. In the
rest frame of a proton with an energy of about 1020 eV, most incoming CMB photons
have energies above 150 MeV, which is enough to produce the ∆+ resonance that
decays into a neutron and π+ or into a proton and a π0 as described below [7]

p + γCMB → ∆(1232)+ → p + π0, (2.1)

p + γCMB → ∆(1232)+ → n + π+. (2.2)

Assuming that the proton interaction cross-section is σ ≈ 10−28 cm2 and
that there are about 400 CMB photons per cubic centimeter, the mean free path be-
comes of the order of 10 Mpc. A proton loses on average 20% of its energy in each
interaction, so after traveling 100 Mpc, its energy will decrease by one order of mag-
nitude. The proton energy is attenuated by the electron-positron pair production
and also due to the adiabatic expansion (redshift) of the Universe.

For primary cosmic rays with a mass number greater than 1 different in-
teraction processes occur. Heavy nuclei lose energy via pair production and photo-
disintegration processes due to the interaction with CMB and IR-UV intergalactic
background light. Photo-disintegration involves the loss of one or more nucleons
during propagation which happens when the center of mass energy exceeds the gi-
ant dipole resonance. The reactions corresponding to these processes are described
as:

A + γCMB,IR → (A− 1) + N, (2.3)

A + γCMB,IR → (A− 2) + 2N, (2.4)

where N corresponds to a nucleon. The energy loss during the nucleon propagation
cannot be calculated directly using the mean free path as for protons because the
nucleus loses mass after the first photo-disintegration.

All species of cosmic rays with the exception of neutrinos interact with
the CMB. Figure 2.2 shows a panorama of the various interaction processes.

The flux suppression can be understood in terms of an effective horizon
within which a source can contribute significantly to the measured flux at Earth
above a given energy threshold [7]. The horizon decreases for higher energy thresh-
olds. As the effective volume within which the source can contribute shrinks, the
flux is strongly suppressed at the highest energies. The “GZK horizon” is smaller
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FIGURE 2.2: Panorama of the interactions of possible cosmic primaries
with the CMB photons. Curves marked by “p + γCMB → e+e− + p” and
“Fe + γCMB → e+e− + p” are energy-loss lengths (the distance for which
the proton or Fe nucleus loses 1/e of its energy due to pair production).
The curve marked by “p + γCMB → π+n or πo p” is the mean free path
for photo-pion production of a proton on the CMB. The curve marked by
“Fe + γCMB → nucleus + n or 2n” is the mean free path for a photo-nuclear
reaction in which one or two nucleons are chipped off the nucleus. The curve
marked “γ + γCMB → e+e−” is the mean free path for the interaction of a
high-energy photon with the CMB. Added for reference is the mean decay

length for a neutron indicated by “n→ peν”[30].
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for nuclei of intermediate mass, and is of comparable size for protons and iron nu-
clei (see Figure 2.3). From this figure, we can see that 90% of proton flux with energy
greater than 6 × 1019 eV should come from distances smaller than 200 Mpc.

FIGURE 2.3: Fraction of cosmic rays that arrive at Earth with energy above 6
× 1019 eV for protons, silicon and iron from sources that are farther away than
a distance D. The sources are assumed to be uniformly distributed with equal

intrinsic luminosity and continuous energy loss [7].

The Hires experiment and the Pierre Auger Observatory measured a sup-
pression of the cosmic-ray energy flux above 4 × 1019 eV forty-two years after the
predictions of the GZK effect. The AGASA experiment gave unconfirmed evidence
for trans-GZK particles [31]. Updated results from Pierre Auger Observatory show a
flux suppression with significance of more than 20σ and that the flux at 4× 1019 eV is
half of what would be expected from a power-law extrapolation for smaller energies
[32]. Telescope Array (TA) has also observed a flux suppression in the cosmic-ray
energy spectrum [33]. The differential energy spectra measured by Auger and TA
are compatible within their systematic uncertainties [34].

2.3 Anisotropy

2.3.1 Magnetic Field

Besides the cosmic-ray interaction with the CMB photons, there is also the inter-
action with cosmic magnetic fields that affect the cosmic ray direction and travel
time. Charged particles are subject to the influence of magnetic fields in the source
environment, in the intergalactic medium, and in the Galaxy, as shown in Figure
2.4. Thus, protons and heavier nuclei are deflected by the magnetic fields in the
Galaxy and intergalactic medium. Very little is known about galactic and especially
extragalactic magnetic fields.
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A charged cosmic ray that travels a distance D in a regular magnetic field

B is deflected with respect to its source by an angle 2.7o 6× 1019eV
E/Z

∣∣∣∣∣ ∫ D
0

dx
kpc
× B

3µG

∣∣∣∣∣.
Figure 2.5 shows trajectories of protons and iron nuclei in a conventional model for
the galactic magnetic field. High energy protons at around 6× 1019 eV are deflected
by only a few degrees from a straight propagation in most parts of the sky, while for
iron nuclei of the same energy there is no correlation between their arrival directions
and their source positions.

FIGURE 2.4: Representation of magnetized regions intervening in ultra-high
energy cosmic ray propagation [35].

FIGURE 2.5: Trajectories of protons (red) and iron nuclei (blue) both with en-
ergy 6 × 1019 eV in a conventional model of the Galactic magnetic field and

arrival direction at Earth [7].
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Studies related to the Galactic magnetic field observations [36, 37, 38]
concluded that the deflection for particles of charge Z and energy E should not ex-
ceed ∼ 10o Z (40 EeV/E). Since Galactic magnetic fields are not uniform in the sky,
angular deflections also depend on the observed direction [39, 40].

The intergalactic/extragalactic magnetic fields are not very well known
[41]. The magnetic fields in clusters of galaxies can be estimated by measurements of
Faraday rotation, that suggest these magnetic fields have typical strengths ∼ 1 - 40
µG. Some models set the origin of the extragalactic magnetic field in the primordial
Universe [42]. On the other hand, other models set their origins through magnetic
pollution from astrophysical sources such as galactic winds or jets from radio galax-
ies [43, 44, 45, 46]. The structure and strength of the extragalactic magnetic field can
strongly affect the ultra-high energy cosmic-ray propagation.

The Galactic magnetic field is most likely unable to confine cosmic rays
above 1018 eV. No significant excess of cosmic rays from the directions of the Galactic
plane is observed at these energies. Therefore, a plausible origin for the highest
energy cosmic rays is the acceleration at extragalactic astrophysical sites. In the
following section the corresponding mechanisms for the acceleration of cosmic rays
are described.

2.4 Acceleration Mechanisms

Charged particles are accelerated in the presence of electric fields. However, as-
trophysical plasmas destroy large-scale electric fields in the Universe. Particles can
be accelerated by high-voltage drops found in regions of the magnetosphere or the
wind of neutron stars, near black holes and their accretion disks. The space and time
variations of the magnetic field of astrophysical objects generate transient electric
fields which can accelerate cosmic rays. Cosmic rays with energy below 1017 eV can
be accelerated by the Fermi mechanism of the first order. The Fermi acceleration
mechanism was proposed by E. Fermi in 1949 [47]. The first-order Fermi process
states that charged particles are accelerated at shock waves of magnetic plasmas
and can gain energy as they bounce back and forth. This energy is proportional to
the average velocity of the magnetic scattering center in units of c.

On the other hand, the astrophysical processes responsible for the ac-
celeration of cosmic rays above 1018 eV are still unknown but there are theoretical
models that seek to describe them. The models proposed to solve this question fol-
low the top-down and bottom-up scenarios. The first one suggests that cosmic rays are
produced as secondaries of the decay of very massive, long-lived particles, while in
the bottom-up scenario, the energetic cosmic-ray proton and nuclei are accelerated in
regions of intense magnetic field.

2.4.1 Top-Down Scenario

Since astrophysical acceleration up to 1020 eV and beyond is very difficult and un-
likely, several models were proposed to explain the origin of UHECR. They were
called top-down to distinguish from the bottom-up acceleration process. The top-down
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model consists of an idea that cosmic-ray particles are originated from the physical
process (decay of some supermassive X particles of mass mX � 1020 eV) in the early
Universe. A detailed explanation of this scenario can be found in [48].

This model has different theories that involve the emission of X parti-
cles by topological defects, such as magnetic monopoles or cosmic strings, which
are associated with the Grand Unification Theory [49]. On the other hand, these X
particles can be remnants of the early Universe with a lifetime longer than the age
of the Universe [50]. The top-down model generates mostly neutrinos, γ-rays and a
small number of protons.

Although these scenarios are very interesting for creating new physics
models, their predictions of high neutrinos and γ-rays fluxes are not consistent with
the UHECR flux observed by the Pierre Auger Observatory, which reduces the pos-
sibility of these models being the emitting sources of UHECR. Moreover, cosmic
rays generated by the decay of X particles present a relatively flat energy spectrum,
close to a power law with spectral index equal to 1.5 [51], while the standard accel-
eration energy spectrum observed by HiRes, TA and Pierre Auger Observatory has
spectral index exceeding 2.

2.4.2 Bottom-Up Scenario

The bottom-up model comprises the acceleration of charged particles from lower to
higher energies in certain astrophysical environments [48]. In this scenario, the two
main cosmic-ray acceleration mechanisms are the diffuse acceleration and Fermi
acceleration, which are described in the following sub-sections.

Diffuse acceleration

When charged particles interact with regions of high magnetic field intensity they
are accelerated in bursts. An illustration of this acceleration mechanism is shown in
Figure 2.6. The energy losses in this regime are determined by the synchrotron limit
that is given by [52],

− dε(−)

dt
=

2
3

q2

R2
L

( ε

m

)4
=

2
3

q4

m4 ε2B2 (2.5)

where B is the magnetic field strength, q and m are the charge and mass of the
particle and ε is the maximal energy.

After each scattering off the flow, the particle travels along the Larmor
orbit, radiates and slows down according to,∫ ε

ε0

dε

ε2 = − 2q4

3m4

∫ R

0
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0
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The maximum acceleration energy (ε = εCR) is determined considering
synchrotron energy loss, by setting ε0 → 0, as

1
εCR

=
2q4

3m4

∫ R

0
B2(x)dx ' 2q4

3m4 B2R, (2.8)

and then we obtain,

εCR =
3
2

m4

q4 B−2R−1. (2.9)

Eq. 2.9 gives an upper limit for the maximum acceleration energy and
does not refer to a particular acceleration mechanism.

FIGURE 2.6: Schematic illustration of the cosmic-ray diffuse acceleration [53].

Fermi acceleration

Second order Fermi acceleration

In 1949, Enrico Fermi proposed a model to explain the acceleration of relativistic
charged particles by means of their interaction with the clouds of the interstellar
medium. The particles gain energy after being repeatedly scattered by the interstel-
lar clouds. These clouds act as magnetic mirrors reflecting the particles. A schematic
illustration of the scattering process is shown in Figure 2.7.

FIGURE 2.7: Second order Fermi acceleration mechanism [53].
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The average energy gain of the particle after one collision is given by [53]〈
∆E
E

〉
=

8
3

(
V
c

)2

, (2.10)

where V the cloud speed and the particle moves with a relativistic speed, v ≈ c,
respectively. This acceleration process is known as the second order Fermi acceler-
ation as the energy gain depends on the velocity squared of the magnetized cloud,
(V/c)2.

From Eq. 2.10 we can derive the energy rate by calculating the average
time between particle collisions as

dE
dt

=
4
3

(
v2

cL

)
E = αE, (2.11)

being L the mean free path between the clouds. Solving a diffuse-loss equation in
the steady state and taking into account this energy rate, we can find the energy
spectrum N(E) as

N(E)dE = const.× E−(1+1/ατesc)dE, (2.12)

where τesc is the characteristic time for a particle to stay in the accelerating region.
Although the second-order Fermi acceleration mechanism succeeds in

generating a power-law energy spectrum, it is inefficient to accelerate charged par-
ticles at ultra-high energies. Moreover, this acceleration mechanism fails to explain
the spectral index of 2.7 in the power-law spectrum. The index is obtained by the
uncertainty in the combination of ατesc [53]. Thus, this model was modified in 1970
[54] to describe acceleration processes with high efficiency, which is known as the
first-order Fermi acceleration mechanism.

First order Fermi acceleration

In the first-order acceleration mechanism the average particle energy gain after each
collision is linear in (V/c), making the acceleration process more efficient, mainly
at relatively high values of V. When a high-energy particle collides with the shock
wave from downstream to upstream or from upstream to downstream there is a
strong symmetry due to the isotropic particle velocity distribution in the reference
frame where the interstellar cloud is at rest in both sides of the shock wave (see
Figure 2.8).

The average particle energy gain in both ways of crossing the shock waves
is given by [53] 〈

∆E
E

〉
=

4
3

(
V
c

)
. (2.13)

The particle energy after one collision is defined as E = βE0, with β =
V/c and E0 the initial particle energy. Considering Pesc the probability that the par-
ticle escapes from the acceleration region (the interstellar cloud) after one collision
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FIGURE 2.8: First-order Fermi acceleration mechanism [53].

and (1− Pesc) the probability that the particle remains inside the acceleration region.
Using kinetic theory we have

Pesc =
4
3

(v
c

)
. (2.14)

The energy spectrum can be obtained as

N(E)dE = const.× E
−1+

lnPesc

lnβ dE. (2.15)

Replacing Eqs. 2.13 and 2.14 in Eq. 2.15, we have

N(E)dE = const.× E−2dE. (2.16)

The first-order acceleration mechanism is very effective and promising
since it is based on charged-particle collisions with shock waves, which are present
in distinct astrophysical environments. Although the obtained spectral index is dif-
ferent from the observed one (2.7), it is a fixed numerical value and not an expression
as in the second-order Fermi mechanism.

Possible accelerating astrophysical sources for the bottom-up scenario are
Gamma Ray Bursts (GRB) and Galactic Active Nuclei (AGN). These sources and
other possible candidate sources of UHECR are discussed in the next section.

2.5 Candidate Sources and Cosmic Ray Accelerators

The motivation to search for UHECR sources is based on the fact that as the Lar-
mor radius (radius of gyration of a particle) in the magnetic field is larger than the
thickness of the Galactic disk, the UHECR is not confined in the galaxy. Moreover,
astrophysical objects and the magnetic-field strength should be large and strong to
accelerate particles up to 1020 eV. The Larmor radius rL increases with the particle
energy E according to [55]

rL =
1.1
Z

(
E

1018eV

)(
B

µG

)−1

kpc. (2.17)

The energy of a cosmic-ray particle with charge Ze is naturally limited by
the Hillas criterium, which postulates that the Larmor radius of the particle cannot
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be larger than the size of the source (Rsource). Thus, the maximum energy a particle
can reach is given by

Emax ' Z
(

B
µG

)(
Rsource

kpc

)
× 1018eV. (2.18)

Figure 2.9 shows the Hillas plot [56] in which this particle-energy lim-
itation can be seen. This diagram aims to classify some UHECR accelerators by
means of the characteristic magnetic-field strength B and its size R. From this fig-
ure, for UHECR around 1012 GeV the number of sources is very sparse. For protons,
the plausible candidate sources are radio galaxy lobes and clusters of galaxies. For
nuclei, the potential candidate sources are terminal shocks of galactic superwinds
which originate in the metally-rich starburst galaxies.

FIGURE 2.9: The Hillas plot for various cosmic-ray candidate sources in blue.
The jet-frame parameters for blazars, gamma-ray bursts and microquasars are
shown in purple. The golden dashed lines correspond to the lower limit for
proton accelerator at the knee (∼ 1014.5 eV), ankle (∼ 1018.5 eV) and GZK sup-
pression region (∼ 1019.6 eV). The dotted gray lines are the upper limits for

proton interaction with the CMB photons and synchrotron loss [57].

2.5.1 General constraints from geometry and radiation

Astrophysical objects have to fulfill several general constraints to be considered as
possible sources of UHECR [52]. These criteria are summarized below:

• geometry - the accelerated particle should be inside the astrophysical
source while it is accelerated;



2. High-Energy Cosmic Rays 37

• power - the source should have the sufficient amount of energy to give
to the accelerated particle;

• radiation losses - the energy lost for radiation by a particle should not
exceed the energy gain in the accelerating field;

• interaction losses - the energy lost in interactions by a particle with
other particles should not exceed the energy gain;

• emissivity - the total density and power of sources must be able to
account for the observed UHECR flux;

• accompanying radiation of photons, neutrinos and cosmic rays of low
energies should not be greater than the observed fluxes. This constraint should be
satisfied for a given source and for the diffusive background.

2.5.2 Active Galactic Nuclei (AGNs)

AGNs are galaxies composed of an accretion disk around a central super-massive
black hole and are sometimes associated with jets terminating in lobes that can be
detected in radio [57]. These galaxies have an unusual luminosity, which is much
higher than the normal luminosity in almost all the electromagnetic spectrum. The
emission excess was observed in radio, microwave, infrared, optical, ultraviolet,
X-ray and gamma-ray frequency bands. A great fraction of the AGN luminosity
is from the non-thermal emission of the galactic nuclei. The AGNs are the most
luminous sources of electromagnetic radiation in the Universe.

The AGNs can be classified in radio-quiet and radio-loud categories. The
first one comprises objects that have no prominent radio emission or jets, and the
second one objects presenting jets.

Radio-quiet AGN

• Seyfert galaxies

The Seyfert are spiral galaxies with bright emission line nuclei. These
galaxies often have starburst activity and do not have relativistic jets in large scale
[52]. They were first observed in 1943 and are the most common astrophysical ob-
jects in the Universe. They are divided into two types Seyfert I and II. A Seyfert I
galaxy is characterized by the broad emission lines and is likely to show strong X-
ray emission of low energy. On the other hand, Seyfert II has narrow emission lines.

• Quasars

Quasars are distant objects and are defined by their optical properties.
They are first identified as radio emission sources and in photographic images, they
appear as point sources indistinguishable from stars, that is why they are called
quasars (quasi-stellar radio source). They emit energy across the electromagnetic
spectrum, from X-rays to the far infrared. Some quasars are the very strong emitter
of radio waves and gamma-rays.
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Radio-loud AGN

• Radio galaxies

Radio galaxies are radio-loud elliptical galaxies with relativistic jets [58].
They can be classified into two luminosity classes, the Fanaroff-Riley I (FRI) and
Fanaroff-Riley II (FRII). In FRI type the radio emission is less powerful and the jet
is brighter towards the core. On the other hand, for FRII type the radio emission is
more powerful and the jets are brighter at the hot spots at their endpoints [52].

• Blazars

Blazars are point-like objects with non-thermal energy spectrum. They
can be associated with radio galaxies whose jets are pointed towards the observer.
Moreover, they may be classified into two types of objects: i) the BL Lac type objects
which are possible counter-parts of FRI radio galaxies with no emission lines, and
ii) optically strongly variable quasars which are possible counterparts of FRII with
very powerful emission [52].

The unification scheme of AGNs is summarized in Figure 2.10. The two
main parameters are i) the orientation of the AGN with respect to the line of sight,
which determines the detectability of the central engine and the broad line region
in the optical domain and ii) the radio loudness, which indicates whether or not the
AGN produces a significant jet [59].

FIGURE 2.10: Schematic representation of the AGN classification. Radio-loud
objects are generally thought to display symmetric jet emission [59].
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2.5.3 Gamma-Ray Bursts (GRB)

The GRB explosion leads to the formation of multiple shock regions which are po-
tential acceleration zones for UHECR [35]. The origin of GRB up to GeV could be
explained by merges of black holes or neutron stars and the collapse of massive
stars. Acceleration of electrons to relativistic velocities generates gamma-ray emis-
sion via synchrotron radiation and inverse Compton scattering process. Electrons
and protons are accelerated through the first-order Fermi acceleration mechanism,
i. e., the acceleration mechanism of UHECR in GRB is diffuse. The GRB average
energy emission rate is consistent with the luminosity required for cosmic rays with
energy above 1019 eV. This makes GRB possible emitting sources of cosmic rays.

2.5.4 Neutron Stars

Neutron stars are the smallest and the densest stars ever known [60]. According to
Hillas plot (Figure 2.9), the neutron stars are the most favorable candidate sources
for the acceleration of UHECR, however, they are scarcely discussed in the literature.
They host the highest known magnetic fields in the Universe. Magnetars are neutron
stars with strong magnetic fields of the order 1015 G [35], while normal neutron stars
have ∼ 1012 G [52]. The magnetars are also good cosmic-ray accelerator candidates.
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Detection of High Energy Cosmic Rays

The phenomenology of air showers induced in the atmosphere by cosmic-ray par-
ticles and the different detection methods used to measure the shower properties
are described in this chapter. Moreover, a mass composition review using different
shower observables is also presented.

3.1 Extensive Air Showers

When the primary cosmic ray enters the top of the Earth’s atmosphere at a typical
height of 15 km, it interacts with the atmospheric nuclei, mainly Oxygen, Nitrogen
and Argon, producing secondary particles as hadrons (mainly charged and neutral
pions, kaons and baryons), which depending on their energy decay or interact with
other atoms of the atmosphere producing tertiary particles and so on. This par-
ticle cascade is called Extensive Air Shower (EAS). The number of particles in an
EAS starts rapidly to increase as the shower evolves down in the atmosphere, then
reaches a maximum and attenuates as particles fall below the threshold for further
particle production [61]. A schematic illustration of the shower development can be
seen in Figure 3.1.

FIGURE 3.1: Simple description of an EAS development [62].

The secondary particles created in an EAS can be grouped into hadronic,
muonic and electromagnetic component. Figure 3.2 illustrates the three air shower
components. The size of the EAS at sea level depends on the energy, type, and ar-
rival direction of the primary particle. For shower energy of 1018 eV the footprint of
secondary particles on the ground is usually∼1 km2 and increases with energy [63].
Moreover, the shower content at sea level is composed of 90% of the electromagnetic
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component, 9% of the muonic component and only 1% of the hadronic component.
A better description and understanding of the cosmic-ray air shower components is
discussed in the following section.

FIGURE 3.2: Schematic illustration of the EAS development with the hadronic,
muonic and electromagnetic component respectively [64].

3.1.1 Hadronic Component

The shower core is composed of high-energy hadrons which are responsible for the
energy transport and supply in the shower development. The hadronic component
reveals intrinsic information about the energy and mass of the primary cosmic-ray
particle.

The hadron component is composed mainly of mesons and some baryons
produced in rare cases. The most frequent hadrons are pions (90%) followed by
kaons (10%). Since pions and kaons are unstable particles, they decay producing
stable particles, such as photons from π0 → γγ, feeding the electromagnetic cas-
cade, and muons and neutrinos from π+ → µ+ + νµ and π− → µ− + νµ, forming
the muonic component. Moreover, kaons also decay via process K+/− → µ+/−+ νµ,
producing muons and via decay mode K+/− → π+/− + π0, producing neutral and
charged pions.

The hadronic cascade comes to an end when the decay probability of the
charged pions is larger than the probability that they interact. The critical energy of
the charged pion marks the energy at which most pions decay and its value depends
on the zenith angle of the primary cosmic ray, ranging from 10 GeV to beyond 100
GeV [62].
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3.1.2 Muonic Component

As described above, muons are generated via positive and negatively charged pion
decay. The number of muons in an air shower depends on the pion decay probabil-
ity before interacting with the atmospheric nucleus. Moreover, the muonic content
is sensitive to the initial baryonic content of the primary particle, as well as its energy
and local air density. For an air shower initiated by a vertical proton with energy
1020 eV, there are about 5 × 108 muons at sea level with energy above 10 MeV [65].
Muons have a smaller cross section for radiation and pair production than electrons
and, therefore, this component develops differently in the atmosphere than the elec-
tromagnetic one. Thus, as muons interact weakly with matter they suffer small
multiple scattering during their propagation in the atmosphere and, therefore, they
arrive at earlier times at ground level than does the electromagnetic component.
Most muons are produced at a height of about 15 km and they propagate with an
average velocity of about 0.9998c (c is the speed of light). This high speed dilates
the muon lifetime in the laboratory frame, allowing that most muons arrive at the
ground. On the other hand, only a few low energy muons (with a lifetime of 2.19703
± 0.00004 µs) decay before reaching the ground via the process

µ± → e± + νe(ν̄e) + νµ(ν̄µ), (3.1)

and, therefore, contribute to the electromagnetic component.
High-energy muons can be detected at sea level and they can provide

information about the process involved in the shower development as the muonic
component is coupled with the hadronic one. Thus, muons can be used to study
cosmic-ray mass composition as their multiplicity depends on the atomic number
of the primary particle.

3.1.3 Electromagnetic Component

The electromagnetic component consists of electrons, positrons and photons pro-
duced by charged and neutral meson decay. At sea level, the muon decay is the
dominant source of low energy electrons. Moreover, photon-induced showers are
even more dominated by the electromagnetic channel. Photons are produced via
neutral pion decay high in the atmosphere. When a photon interacts with an air
nucleus X, an electron-positron pair is produced according to the following reaction

γ + X → e+ + e− + X. (3.2)

Electrons and positrons are produced in the neighborhood of a nucleus
via bremsstrahlung process

e± + X → e± + γ + X. (3.3)

Due to the small radiation length X0 in the air (≈ 37 g/cm2) and the low
critical energy ≈ 84 MeV, the number of electrons rapidly increases, reaching its
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maximum as electrons and positrons get close to the critical energy. Below this en-
ergy, the particles lose energy by ionization, decreasing exponentially after reaching
the shower maximum. The integrated vertical intensity of electrons and positrons
is about 30, 6 and 0.2 m−2 s−1 sr−1 above 10, 100 and 1000 MeV respectively [66,
67]. The ratio between the number of photons and electrons plus positrons is about
1.3 above 1 GeV and 1.7 below the critical energy. The electromagnetic cascade
dissipates about 90% of the energy of the primary particle, so the total number of
electromagnetic particles in a shower is nearly proportional to the shower energy.

For a vertical proton induced air shower with energy 1020 eV, there are
about 1011 secondary particles that reach the ground level with energy above 90 keV.
Of these, 90% are photons, electrons, and positrons with a mean energy of about 10
MeV. These particles are distributed all over a region that extends from 8 m to 8 km
from the shower core [65].

It is worth saying that the electromagnetic component at the ground changes
dramatically according to the zenith angle of the primary particle. For very in-
clined air showers (θ >70o) the electromagnetic component is exponentially attenu-
ated with atmospheric depth and is almost completely absorbed before reaching the
ground [65].

The electromagnetic cascade comes to an end when electrons lose more
energy in collisions than in radiative process and get absorbed by the atmosphere.
Part of the electron energy is released in the atmosphere as fluorescence light. Elec-
trons and muons moving at relativistic speeds emit Cherenkov light which is emit-
ted in the forward direction [62].

3.1.4 Heitler Model for Air Showers

A qualitative treatment of the extensive air shower through detailed analytical cal-
culation is necessary to infer information about the properties of the primary cosmic
ray that induced those showers. The development of an air shower is a combination
of hadronic and electromagnetic cascades.

Before the era of high-speed computing, Heitler presented a model for
the electromagnetic cascade development. Later, he and others developed more
sophisticated tools to better analyse the physical effects in the shower development
(see ref. [61] for further details).

Electromagnetic Showers

An electron after travelling a distance d = λrln2, with λr as the radiation length in
air (λr ≈ 37 g/cm2), radiates a single photon, losing half of its energy. The photon
produces an electron-positron pair after traveling the same distance as the electron.
In this model, any interaction of a particle (electron or photon) with energy E leads
to two new particles (electron, positron, or photon) with energy E/2. After n con-
secutive interactions, the number of particles at a given depth, X = nλrln2, is given
by N(X) = 2n = ex/λr and the particle energy is given by E(X) = E0/2X/λr (E0
is the primary particle energy) [68] (see Figure 3.3). When the particle (electron or
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photon) energy is too low for pair production or bremsstrahlung there is no more
particle production. This energy is referred as the particle critical energy Ec, which
in the air is equal to 85 MeV [69].

FIGURE 3.3: Schematic illustration of the electromagnetic cascade in Heitler
model [70].

The number of particles in the cascade reaches a maximum N(X) = Nmax
when all particle energies are E = Ec, so that,

Nmax =
E0

Ec
. (3.4)

The depth at which the number of particles is maximum, Xmax, is ob-
tained by calculating the required number of particle interactions nc, so that the en-
ergy per particle is reduced to the critical energy Ec. Thus, considering Nmax = 2nc ,
we have from Eq. 3.4, nc = ln(E0/Ec)/ln2. Then the depth of the shower maximum
for pure electromagnetic cascade XEM

max is given by [69]

XEM
max = ncλrln2 = λrln

(
E0

Ec

)
. (3.5)

From the expressions above, the number of particles at shower maximum
is proportional to the energy of the primary particle E0 and the depth of the shower
maximum XEM

max depends logarithmically on E0. These results are in good agree-
ment with detailed simulations and experiments, showing that the Heitler model
reproduces very well the two basic features of the electromagnetic cascade [68].

Hadronic Showers

It is possible to extend the Heitler model for hadron-induced showers by writing a
set of cascade equations. The hadronic particle interacts with an air nucleus after
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traversing one atmospheric layer with thickness λIln2 (λI is the interaction length

and has a constant value) producing Nch charged pions and
1
2

Nch neutral pions

(see Figure 3.4). For pions in air we have λI ≈120 g/cm2 [61]. The neutral pions
almost immediately decay into two photons and the charged pions interact with the
air nuclei after travelling through another layer. Once the charged pion energy is
below the critical energy Eπ

c , these particles decay yielding muons.

FIGURE 3.4: Schematic illustration of the hadronic cascade. The dashed lines
correspond to the neutral pions, while the solid lines represent the charged pi-
ons. The neutral pions quickly decay producing electromagnetic sub-showers
which are not shown in the diagram. After the second level (n=2) the pion

lines are not shown [71].

Firstly the hadronic cascade model is treated for proton-induced air shower,
and later the results can be extended to heavier nuclei as primary particles.

Assuming that a cosmic-ray proton enters the atmosphere with energy
E0, after n interactions with air nuclei there are Nπ = (Nch)

n charged pions. In each
interaction two-thirds of the initial energy is transferred to the charged pions, so

after n atmospheric layers, these pions have a total energy of
(

2
3

)n
E0. The one-

third left of the primary energy is transferred to the electromagnetic component via
neutral pion decay. Each charged pion has an energy at each atmospheric layer n
given by [69]

Eπ =
E0(

2
3

Nch

)n . (3.6)

After a considerable number of interactions, Eπ becomes smaller than Eπ
c .

The required number of interactions to have Eπ = Eπ
c , using Eq. 3.6, is

given by [69]



3. Detection of High Energy Cosmic Rays 46

nc =

ln
(

E0

Eπ
c

)
ln
(

3
2

Nch

) = 0.85log10

(
E0

Eπ
c

)
(3.7)

Muon and Electron sizes

The number of muons in the shower is obtained assuming that all pions decay, i. e.,
using Nµ = Nπ = (Nch)

nc . The energy dependence of the muon size is derived from
applying Eq. 3.7. Then, we have

lnNµ = nclnNch = βln
(

E0

Eπ
c

)
(3.8)

,
with

β =
ln(Nch)

ln
(

3
2

Nch

) = 0.85. (3.9)

However, during the shower development the parameter Nch changes
and β depends only on the logarithm of its value.

Thus, the muon size in a proton-induced air shower in the Heitler-Matthews
model is given by

Nµ =

(
E0

Eπ
c

)β

≈ 104
(

E0

1 PeV

)0.85

. (3.10)

Several EAS Monte Carlo simulation studies reported β values ranging
from 0.85 to 0.92 [72].

From the above expression, we can see that the muon number in an air
shower depends on the primary cosmic-ray energy, the air density, and the charged-
particle multiplicities of hadronic interactions, as already mentioned in section 3.1.2.

The electron size is estimated considering the conservation energy prin-
ciple which implies that the primary cosmic-ray energy is split into hadronic and
electromagnetic components (E0 = Eh + Eem). The hadronic energy appears in the
muon component as Eh = NµEπ

c . Thus, the energy fraction going into the electro-
magnetic component can be written as

Eem

E0
=

E0 − NµEπ
c

E0
= 1−

(
E0

Eπ
c

)β−1

, (3.11)

with β from Eq. 3.9. For a primary proton with E0 = 1014 eV, after four interactions
the individual pion energy is 30 GeV, using Nch=10, while for E0 = 1017 eV, the pion
energy is 10 GeV. Thus, the pion critical energy slowly decreases with increasing
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primary energy. For E0 = 1014 eV the electromagnetic fraction is 79% and 91% at E0
= 1017 eV.

Approximating Eq. 3.11 by a power-law function, we have

Eem

E0
≈
(

E0

Eπ
c

)α

. (3.12)

After comparing series expansions near E0 = 105Eπ
c , the electron size as a

function of the energy is given by

Ne =
1
g

Eem

Ee
c
≈ 106

(
E0

1 PeV

)α

, (3.13)

with g as a constant equal to 10. The value of g can vary when comparing the
electron size with experimental measurements.

In Eq. 3.13, α = 1 +
1− β

105(1−β) − 1
≈ 1.03.

From Eq. 3.13 the number of electrons increases with the primary energy
slightly faster than exactly linear. It is worth saying that in this model the absorption
in the atmosphere is not taken into account, so the estimated number of electrons is
valid at shower maximum.

Depth of shower maximum

The atmospheric depth at which the air-shower electrons and photons reach their
maximum number is called Xmax. As previously mentioned, the electromagnetic
component is generated via neutral pion decays. In the hadronic interaction one-
third of the initial energy (1/3E0) goes to the electromagnetic component. For a
simple estimation of the Xmax only the first generation of electromagnetic showers
will be used. This method underestimates the evaluation of Xmax because it neglects
all the additional showers from each subsequent interaction point.

The primary particle interaction cross-section and the particle multiplic-
ity from the first interaction depend on the primary energy. In fact, the higher the
primary energy, the higher is the interaction cross-section, causing the shower to
start higher in the atmosphere.

The first hadronic interaction occurs at an atmospheric depth X0 = λiln2,
with λi as the interaction length of the primary proton. Approximating λi using the
inelastic cross-section for proton-air interactions we obtain

X0 = λiln2 = (61g/cm2)

(
1.0− 0.1

(
E0

1PeV

)
ln2
)

. (3.14)

In the first interaction, half of the Nch neutral pions are produced, yield-
ing Nch photons. Each photon starts an electromagnetic shower with energy E0/(3Nch),
which develops in parallel with the others. The charged-particle production in the
first interaction can be parametrized for energies around 1 PeV as
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Nch = 41.2
(

E0

1 PeV

)1/5

(3.15)

In an analogous way to the determination of Xmax for a pure electromag-
netic shower (Eq. 3.5), the shower maximum for hadronic interaction is obtained
considering an electromagnetic shower of energy E0/(3Nch) starting after the first
interaction at depth X0. Then, we have

Xp
max = X0 + λrln

(
E0

(3NchEEM
c

)
. (3.16)

Using Eqs. 3.14 and 3.15 in Eq. 3.16, we obtain

Xp
max =

(
470 + 58log10

(
E0

1 PeV

))
g/cm2. (3.17)

The values of the obtained Xp
max are lower when compared to simulations

by a factor of 110 g/cm2 or a bit less than 2λr. This is because of neglecting the
contributions of the next one or two generations of neutral pion production.

An important aspect of the hadronic interaction was not taken into ac-
count in the hadronic cascade model described above. When there is an interaction
between two hadrons only a fraction of the total energy is available for secondary
particle production (both π± and π0, which is characterized by an inelasticity param-
eter κ). The remaining energy fraction is carried away by a single ‘leading’ particle.
The value of κ is about 0.5, but it is not well understood at high energy. In the model
described above it was considered κ = 1.0. So, considering κ = 0.5 in Eq. 3.17, Xp

max
will systematically raise by ∼ 58log10(2) = 17 g/cm2.

Heavier primaries

In the simplified shower model shown above only proton-induced air showers were
considered. In order to extend this approach to an air shower induced by a heavy
nucleus, the superposition model is used [69]. A heavy cosmic ray with atomic number
A and energy E0 is taken as A single nucleons like proton showers, each with energy
E0/A, starting at the same point, each nucleon acting independently.

It is possible to derive generalized expressions for the shower observ-
able features for a heavy cosmic ray by substituting E0 by E0/A and summing A
such showers where appropriate in the formulas previously described for the pro-
ton interaction model. Therefore, the resulting shower properties for nuclei-induced
showers are expressed in terms of the corresponding quantities of a proton with the
same energy E0.

The number of muons in heavy-nuclei showers, using Eq. 3.13, is given
by
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NA
µ = A

(
E0

(AEπ
c )

)β

=

(
E0

Ec
π

)β

A(1−β) ≈ 1.69× 104 · A0.07
(

E0

1 PeV

)0.93

. (3.18)

From Eq. 3.18 we can see that the number of muons increases almost
linearly as a function of the primary energy E0 and increases with the mass of the
primary by a factor proportional to A0.07. Therefore, an iron-induced air shower has
about (56)0.15 = 1.8 more muons than a proton shower of the same energy.

The number of electrons is given by

NA
e =

1
g

Eem

Ec
≈ 106 · A1−α ·

(
E0

1 PeV

)α

≈ 106 · A−0.03 ·
(

E0

1 PeV

)1.03

. (3.19)

The number of electrons in an air shower induced by a heavy nucleus
increases slightly faster with increasing energy but decreases with increasing mass
number. So, a shower induced by a heavier nucleus has a smaller electron number
than showers induced by lighter primaries of the same energy.

The depth of shower maximum, using Eq. 3.16, is given by

XA
max = Xp

max − λrlnA. (3.20)

From Eq. 3.20 we can see that an air shower induced by a heavy nucleus
has a shower maximum higher in the atmosphere than lighter primaries. In gen-
eral, an iron shower has an Xmax shallower by λrln(56) = 150 g/cm2 at all energies
compared to a proton shower.

Since muons are mainly produced in hadronic interactions in the atmo-
sphere, their number can be used as mass-composition sensitive parameter of pri-
mary cosmic rays. Figure 3.5 shows the distributions of the muon number as a
function of the electron number for vertical showers induced by proton, iron and
gamma-ray with different energies. These showers were simulated with different
hadronic interaction models (QGSJET 01, QGSJET II-3 and Sibyll 2.1). The distribu-
tions are in good agreement with the expectations of the superposition model. Due
to the limited knowledge about the hadronic multiparticle production at high en-
ergies, the discrimination power of electron-muon number has large systematic un-
certainties [73]. The used hadronic interaction models are described in the following
section.

Hadronic Interaction Models

UHECR are studied using different EAS experimental techniques. The properties
of the cosmic-ray particles are measured analyzing the characteristics of nuclear-
electromagnetic cascades induced by the cosmic-ray interaction in the atmosphere
[74]. So the use of Monte Carlo simulations is of great importance, particularly, for
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FIGURE 3.5: Expected number of muons and electrons for vertical showers
induced by protons, iron and gamma-rays of different energies as primaries.
The curves represent the Full Width at Half Maximum (FWHM) of the parti-
cle distributions for three different hadronic interaction models (QGSJET 01,

QGSJET II-3 and Sibyll 2.1) [73].

the different nuclear interaction process. The success of the very different experi-
mental studies is deeply related to the validity of the different hadronic interaction
models used in the analyses.

Cosmic-ray observables used to determine the primary cosmic-ray parti-
cle depend on the hadronic interaction process. The muon number Nµ at the ground
depends on the properties of the pion interaction with the air nuclei and the multi-
plicity of the charged hadrons produced, as well as their spectral shape. The depth
of shower maximum Xmax depends on the interaction of the primary particle with
the air nuclei, the inelastic cross section and produced secondary hadron spectra.

Several hadronic interaction models at high energies have been applied
to study the cosmic-ray air showers. They are based on the extrapolation of the
results from the Large Hadron Collider (LHC) data to higher energies combined
with different theories of physics. The most common high-energy models used are
QGSJETII [75, 76], EPOS [77, 78] and Sibyll [79].

QGSJET and EPOS employ the semihard Pomeron model, treating both
contributions within the Reggeon Field Theory framework. On the other hand,
Sibyll is based on the minijet model. Recently, a new version of Sibyll was released
that describes better the multiparticle production aiming more accurate and reliable
predictions of the EAS development and the calculations of the lepton flux.

Figures 3.6 and 3.7 show the predictions for the number of muons and
Xmax for air showers simulated with QGSJETII-04, EPOS-LHC, Sibyll 2.1 and Sibyll
2.3rc3b. The muon-number predicted with Sibyll model has increased and is very
similar to QGSJETII-04. Moreover, showers simulated with Sibyll 2.3rc3b develop
deeper in the atmosphere and the obtained values for the Xmax show a heavier mass
composition than before with Sibyll version 2.1.
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FIGURE 3.6: Comparison of predictions of hadronic interaction models of the
mean number of muons at a shower depth of 1000 g/cm2 [79].

FIGURE 3.7: Comparison of predictions of hadronic interaction models for the
shower maximum Xmax [79]. The results of the models are plotted together

with the measurements of different cosmic-ray experiments [11, 80].
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3.2 Detection Techniques

Cosmic rays with energy below 1013 eV are plentiful and can be directly measured
above the Earth’s atmosphere with balloon-borne or satellite experiments. On the
other hand, for higher energy cosmic rays (E > 1014 eV) the flux becomes so low
that they cannot be directly detected [55], otherwise we would need to lift a detector
big enough above the atmosphere to detect a significant amount of cosmic ray par-
ticles. For energies above 1018 eV, the cosmic ray flux is of one particle per week per
square kilometer. Above 1020 eV, the flux drops to one particle per square kilometer
per century. Higher energy cosmic rays have enough energy to develop a particle
cascade in the atmosphere. Those air showers contain millions of secondary parti-
cles that reach the Earth’s surface over a large area of square kilometers. Therefore
a big array of ground-based detectors is needed to detect those secondary particles
in order to determine the primary cosmic-ray particle.

Classical and very successful measurement techniques of high energy
cosmic rays rely either on arrays of several particle detectors (such as scintillators
and water-Cherenkov detectors) covering a large area, or optical detectors which
consist of fluorescence telescopes that detect the particle ionization loss in the atmo-
sphere in the form of visible light. Another EAS detection method, with a higher
duty cycle which is very promising comprises the detection of radio pulses emitted
by the electromagnetic component of the air shower. Figure 3.8 shows a schematic
illustration of the possible detection techniques for cosmic-ray air showers. All these
techniques are better described in the following sections.

FIGURE 3.8: Simplified schematic illustration of the possible techniques used
for the detection of secondary cosmic ray particles. Most detection techniques
such as fluorescence light, radio and air-Cherenkov are only sensitive to elec-
trons and positrons. Moreover, particle detectors also measure muons that
can reach deeper regions than the electromagnetic component of the shower

[81].
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Examples of array detectors used to detect cosmic-ray particles with en-
ergy from 1013 to 1016 eV around the knee region of the energy spectrum are the EAS-
TOP experiment [82], where 37 modules of scintillators 10 m2 each, distributed over
an area of 105 m2, located at Campo Imperatore at 2000 m a.s.l., above Gran Sasso
national underground laboratories, and the KASCADE (Karlsruhe Shower Core and
Array DEtector) experiment [83], which was composed of 252 detectors placed on
a rectangular 13 m grid over an area of 200 × 200 m2 in the Forschungszentrum
Karlsruhe at 110 m a.s.l. (above seal level). Moreover, there was a further extension
of the KASCADE experiment, named KASCADE Grande [84], which was formed
by reassembling 37 detector stations of the EAS-TOP experiment on the site of KAS-
CADE. One of the main results obtained by these last two experiments is regarding
a heavier mass composition for cosmic rays above the knee region which is caused
by a break in the spectrum of the light elements.

For studying the origin of UHECR there was the AGASA (Akeno Giant
Air Shower) experiment [85] composed of 111 Cherenkov detectors and 27 muon
counters covering an area of 100 km2. The results from the AGASA experiment
helped to calculate the energy spectrum and anisotropy in the arrival direction of
cosmic rays, as well as confirm the existence of cosmic rays with energy above 5 ×
1019 eV. Furthermore, there was HiRes (High-Resolution Fly’s Eye) experiment [86]
which was composed of two sites separated by 12.6 km in the western Utah desert,
named HiRes-I and HiRes-II. This experiment was composed of atmospheric flu-
orescence detectors with elevation from 3 to 17 degrees in the site of HiRes-I and
from 3 to 31 degrees in HiRes-II. Both observatory sites had full azimuthal cover-
age and operated in moonless, clear nights with a duty cycle of 10%. HiRes was
the first experiment to observe the GZK-cutoff in the cosmic-ray energy spectrum.
Following-on experiments are the Telescope Array (TA) [87] and the Pierre Auger
Observatory [88], which are currently operating and consist of surface and fluores-
cence detectors spread over an area of hundreds to thousands of square kilometers.
These hybrid experiments take data simultaneously with the two detection systems.
Although the acquired data have high quality they are limited by the low duty cycle
(∼ 10%) of the fluorescence telescopes.

The TA is composed of 507 scintillation surface detectors (SSD) and three
fluorescence telescopes, around the SSD array, distributed over an area of about 762
km2 in the high desert in Millard County, Utah, at about 1400 m a.s.l. The SSD are
spaced 1.2 km from each other and each one is composed of two layers of scintilla-
tion detectors, which are made of extruded plastic scintillator of 3 m2 surface area
and 1.2 cm thickness, and electronics. The fluorescence telescopes cover an eleva-
tion from 3 to 33 degrees and 108 degrees in azimuth. The TA experiment started
acquiring data in 2007, three years after the Pierre Auger Observatory started its
data acquisition. Moreover, TA has four times smaller detection area than Auger.
The latter is explained in detail in the next chapter.
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3.2.1 Water-Cherenkov Detectors

The water-Cherenkov Detectors (WCDs) measure charged particles from the elec-
tromagnetic and muonic components of the air showers. These detectors have an
area of typically 10 m2 and, therefore, are very useful for the measurement of hori-
zontal air showers which can be used to detect high-energy neutrinos. The primary
particle arrival direction can be estimated from the relative arrival times of the par-
ticles at a minimum of three non-collinear WCDs [55]. The primary energy can be
estimated from the measurement of the secondary lepton density at a large distance
from the shower core. Since muons are heavier and more energetic than electrons of
the electromagnetic component of the shower, they lose less energy and are less scat-
tered. Thus, the muonic component arrives earlier and over a shorter period of time
in the WCDs than the electromagnetic one. So it is possible to distinguish the signal
from muons and electrons and gammas in the WCDs being useful to estimate the
composition of the primary cosmic ray. Nevertheless, due to shower-to-shower fluc-
tuations and the extrapolation of the hadronic interaction models to higher energies
there is relatively large uncertainty in the determination of the primary composition.
Moreover, the WCDs have a duty cycle close to 100%.

3.2.2 Fluorescence Detectors

The longitudinal development of the particle cascade in the atmosphere can also be
measured to determine the primary composition. Fluorescence telescope observe
the fluorescence light in the 300 - 400 nm ultraviolet range emitted by the air ni-
trogen molecules when excited by the charged particles of the shower at energies
above approximately 1017 eV. The fluorescence observations can only be made in
clear moonless nights, yielding a duty cycle of approximately 10%. The intensity of
the emitted fluorescence light is proportional to the amount of charged particles in
the shower and consequently to the primary energy within small uncertainties. Fur-
thermore, measuring the shower profile, the position of the shower maximum Xmax
can be obtained (with ∆Xmax ∼ 20 g/cm2) [81]. In general, similarly to the radio
emission and air-Cherenkov light, the fluorescence light is hardly sensitive to the
poorly understood muonic component and very sensitive to the well understood
electromagnetic component of the air shower.

3.2.3 Measurement of radio emission

The detection of radio emission induced by high-energy and ultra-high-energy cos-
mic rays hitting the Earth’s atmosphere is possible because of the coherent radiation
from the EAS at radio frequencies. This radiation, which is emitted by secondary
particles in the air shower, can be measured with simple radio antennas. The main
features about the radio emission from air showers was theoretically predicted by
Askaryan in 1961 [89] and in 1965 by Kahn and Lerche [90], and then detected more
than 60 years ago, in 1965, by Jelly et al. at a frequency of 44 MHz [91]. In the
following sections, a brief description of the radio-emission physics is shown.
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Geomagnetic emission

The main emission mechanism of radio pulses from cosmic-ray particles in an air-
shower development is related to the geomagnetic field. This emission occurs when
secondary positrons and electrons in the shower front are accelerated in the mag-
netic field. In the equilibrium of acceleration by the magnetic field and deceleration
in interactions with air molecules, a net drift of the electrons and positrons arises in
opposite directions because of the Lorentz force (∝ ~v× ~B) [14]. Thus, the polariza-
tion of this emitted radiation is linear with the electric field aligned to the Lorentz
force (see Figure 3.9 - left panel). For particles moving along the shower axis, the
resulting current is perpendicular to the shower axis, which is referred as transverse
current. Muons are also deflected by the magnetic field, but due to the low charge-
mass ratio they do not contribute significantly to the radio emission. As long as
the air shower develops in the atmosphere, the number of secondary particles in-
creases until the shower maximum is reached, varying those transverse currents. It
is the time variation of the transverse currents which leads to the electromagnetic
emission.

Charge excess

In addition to the geomagnetic emission, there is a secondary sub-dominant ef-
fect in an air-shower development called charge-excess emission or Askaryan effect
which corresponds to a negative charge excess of ≈ 10-20%. The ionization of the
air molecules by the air-shower particles leads to swept ionized electrons with the
cascade, while the much heavier positive ions stay behind. As long as the shower
evolves, the negative charge in the cascade grows until the shower reaches a maxi-
mum and decreases when the shower dies out. Thus, as described above there is a
time-varying charge excess, which leads to the radiation of electromagnetic pulses
[14].

The polarization of this radiation is also linear, but the electric-field vector
is oriented radially with respect to the shower axis. A schematic illustration of the
polarization of the radiation by the charge excess is shown in Figure 3.9 (right panel).

FIGURE 3.9: Left panel: Illustration of the geomagnetic emission mechanism
[92]. The arrows denote the direction of linear polarization in the plane per-
pendicular to the shower axis. Right panel: Illustration of the charge-excess
emission. The arrows illustrate the linear polarization with electric-field vec-

tors oriented radially with respect to the shower axis [93, 94].
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By acquiring detailed information about the polarization of the radio
pulses [95], an understanding of the two fundamental emission mechanisms, ge-
omagnetic and charge excess emission, has been established. Together with the
convergence between predictions of Monte Carlo simulation codes and the radio
measurements [96], significant improvements were achieved in the parametrization
of the lateral energy density distribution [97, 98]. The shape of the radio-wave front
has been found to be hyperbolic [99, 100] and the shape of the measured pulses
is also the subject of intense research [101]. With these developments, parameters
which are sensitive to the air-shower development (often characterized by the at-
mospheric depth of maximum shower development, Xmax) and to the properties of
the initial cosmic ray have been identified [102].

Radio Detectors

Radio detectors provide the cosmic-ray observation via electromagnetic radiation
emitted in the radio band. It was only after the development of digital radio-antenna
arrays that the interest in the radio technique to detect cosmic rays with energies
above 1017 eV increased. Charged particles, mainly electrons and positrons, in an air
shower can be deflected by the Earth’s magnetic field emitting radio pulses. The am-
plitude of the radio emission is proportional to the number of particles in the elec-
tromagnetic cascade and roughly to the primary energy. Radio detection provides a
calorimetric measurement of the shower as well as the fluorescence detectors. Thus,
radio detectors are sensitive to the shower development, being able to provide in-
formation about the Xmax, and therefore, determine the primary mass composition.
The Xmax is not directly visible but it can be reconstructed using the properties of
the measured signal [81]. Measuring the pulse arrival times it is possible to deter-
mine the cosmic-ray arrival direction. Moreover, radio detectors have a duty cycle
close to 100%, being only disturbed by thunderstorms and high-atmospheric elec-
tric fields. In general, radio detectors provide an alternative detection technique to
the established optical and particle detectors.

In the 1990’s, the first digital radio measurements at frequencies up to a
few MHz was performed by the AGASA and EAS-TOP experiments [103]. More-
over, the RICE (Radio Ice Cherenkov Experiment) experiment [104, 105, 106] made
some numerical calculations for the coherent radio pulse generated by the excess
charge in a high-energy electron cascade in matter [107]. This experiment consisted
of an array of 16 - 20 radio antennas deployed at depths of 100 - 300 m near the South
Pole. It was designed to intercept the Cherenkov cone of coherent radiation in the
radio frequency by a neutrino-induced shower in the Antarctic ice cap [108]. In the
early 2000’s, the microwave Cherenkov radiation from the Askaryan effect was ob-
served by measurements made at the Stanford Linear Accelerator Center (SLAC)
using bremsstrahlung photons from picosecond pulses of 28.5 GeV electrons di-
rected into a 3.5-ton silica sand target, producing electromagnetic showers several
meters long [109]. This observation served as motivation for the ANITA (Antarctic
Impulsive Transient Antenna) experiment to look for radio emission from induced
neutrino showers in the Antarctic ice [110].
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Furthermore, larger digital radio-detector arrays were employed in or-
der to complement the measurements of UHECR. In particular, the LOPES (LOfar
PrototypE Station) experiment [111] successfully implemented the interferometric
technique to measure the radio emission from electromagnetically charged particles
of the air shower. LOPES was located at the site of the KASCADE-Grande exper-
iment and consisted of an array of 30 dipole antennas with digital readout in the
frequency range from 40 to 80 MHz. Results from LOPES confirmed that the ra-
dio emission is coherent and has a geomagnetic origin, as expected by the geosyn-
chrotron mechanism [112]. At almost the same time there was the CODALEMA
(COsmic ray Detection Array with Logarithmic ElectroMagnetic Antennas) exper-
iment [113] which was dedicated to the measurement of the radio transients com-
ing from the EAS. CODALEMA was set-up at the Nançay Observatory in France.
Its results revealed a north-south asymmetry in the arrival directions of the radio-
detected cosmic rays. Moreover, it revealed that the intensity of the charged-particle
deflection in the atmosphere due to the Lorentz force depends on the geomagnetic
angle, which comprises the angle between the shower axis and the Earth’s magnetic
field. The experiment made great progress in the understanding of the electric field
transients generated by the EAS [114].

A second generation of digital radio-detector arrays, AERA (Auger Engi-
neering Radio Array), is successfully operating and detecting cosmic-ray air show-
ers thanks to the combined experiences and advantages of both experiments LOPES
and CODALEMA. AERA is a new antenna system that measures radio signals in the
MHz frequency band and is located at the Pierre Auger Observatory in Argentina.
It consists of an array of 153 autonomous antennas, with different spacings, over an
area of about 17 km2, and a signal-processing electronics developed for this purpose
[115] (see next chapter for further details). Additionally, there is the TUNKA exper-
iment, which is now named TAIGA (Tunka Advanced Instrument for cosmic ray
physics and Gamma Astronomy) and is located in Siberia near Lake Baikal. Nowa-
days, it is the only running EAS Cherenkov experiment working around the knee
region of the cosmic-ray energy spectrum [116]. Tunka-REX, a radio extension of the
TUNKA experiment, is an array of 63 radio antennas. The radio antennas are con-
nected directly to the TUNKA main detector, which observes the EAS Cherenkov
light in dark and clear nights using non-imaging photomultipliers. Thus, it is pos-
sible to cross-calibrate the radio signal with the air-Cherenkov signal of the same
showers, with respect to the energy and shower maximum, and, therefore, enhanc-
ing the duty cycle of the experiment as the radio measurements are done during day
and night [117].

In summary, cosmic-ray detection using radio-detector arrays has been a
very reliable technique with a competitive resolution to determine the cosmic-ray
parameters such as the arrival direction, primary energy, and the shower maximum
which is sensitive to the primary mass. On the other hand, in dense media, the ra-
dio emission occurs via neutrino-induced showers [118]. The shower size is smaller
than in air and the main contribution for the radio emission is caused by charge
excess [109]. The use of the radio-detection technique to look for neutrino in dense
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media seems to be one of the most promising techniques to reach very huge detec-
tion volumes required to measure neutrinos at energies beyond the PeV-scale flux
established by IceCube [118].

3.3 Mass-Composition Measurements

The mass-composition of cosmic rays with energy up to approximately 100 TeV can
be directly measured with space-based experiments [119] with non-significant dis-
turbing effects from the interaction of cosmic rays in the atmosphere. On the other
hand, as higher energy cosmic rays are indirectly measured by ground-based ar-
rays, their chemical abundance can be inferred by the observed development and
particle content of the EAS. The primary mass composition is estimated by compar-
ing the experimental mass-sensitive observables with shower simulations, which
are subject to the uncertainties in hadronic interaction models at ultra-high ener-
gies, as the energy of the center of mass of the first air-nucleus interaction is beyond
accelerator energies and the estimates rely only on extrapolations of the models.
This makes those parameters the most difficult ones to be measured amongst all
EAS measurements. Thus, identifying different mass-sensitive EAS observables is
of great importance to determine consistent conclusions about the primary cosmic-
ray properties. Therefore, in what follows, some mass sensitive observables from
particle and optical detectors are introduced.

3.3.1 Observables from Particle Detectors

Ne-Nµ Method

The combined electron and muon number, as well as their uncertainties, is a com-
mon method used to determine the primary mass composition of cosmic rays. The
sum of electron and muon number is related to the primary energy while their ratio
is related to the primary mass. Several experiments, such as EAS-TOP [82], KAS-
CADE [83], KASCADE-Grande [26], GAMMA [120] and Yakutsk [121], worked on
the discrimination of electron and muon number at ground level by employing a
combination of shielded and unshielded scintillation detectors mainly focused on
the energy range from 1016 to 1018 eV. The WCD of the Pierre Auger Observatory
enables the discrimination between the electromagnetic and muonic component of
the EAS by measuring their relative Cherenkov pulses. At detector level, the electro-
magnetic particles are more numerous than muons and have an energy of some 10
MeV, while muons have an energy of around 4 GeV [11]. Combinations of surface
and underground detectors have been used by different experiments such as EAS-
TOP and MACRO at the Gran Sasso to measure the electromagnetic and muonic
content of the shower. Nowadays, with the enhancement of the Auger Observa-
tory, this method is also available, in which underground scintillation counters are
employed to measure the muon number at the ground. The importance of taking
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into account the air-shower fluctuations in the analysis has already been empha-
sized. The numbers of muons and electrons do not fluctuate independently on an
event-by-event basis but are mutually correlated.

The KASCADE experiment reconstructed the energy spectra for five dif-
ferent elemental groups (H, He, CNO, Si, Fe), representing the chemical composi-
tion of cosmic rays, using the measured number of electrons and muons (Eµ > 230
MeV) with a scintillator array of 252 detector stations arranged on a square grid of
200 × 200 m2 with spacing of 13 m [122]. The observable parameters were the to-
tal electron number Ne and the number of muons at distances between 40 and 200
m from the shower core, the so-called truncated muon number Ntr

µ . The analyses
were performed using air showers simulated with the hadronic interaction models
QGSJET I and Sibyll 2.1. Unfolding methods to derive the energy spectra of the five
elemental groups were applied. Details and procedures for the analysis, as well as
the unfolding algorithms, can be found in [122]. The obtained results are within
systematic uncertainties and are consistent with the results from other experiments.
In all particle spectra, there is a knee at about 4 PeV. The appearance of knee-like
features in the light element spectra is independent of the used hadronic interaction
model. The higher the element number, the more shifted is the position of the knee
towards higher energies. Unfortunately, none of the used interaction models is able
to consistently describe the measured data. The analysis deviates at low energies
for QGSJET model and for high energies for Sibyll. In summary, in all particle en-
ergy spectra, the knee is due to the decrease of light elements, implying in a heavier
cosmic ray composition above the knee region.

Similarly to KASCADE, the CASA-MIA experiment [123] also observed
a heavier primary chemical composition crossing the knee region by analyzing the
average number of muons as a function of the number of electrons. Moreover, the
EAS-TOP experiment [82] and the EAS-TOP and MACRO [124] collaborations ob-
served this knee-like feature by fitting the muon-number distributions in bins of
the electron number [125]. The KASCADE-Grande experiment performed unfold-
ing analyses with enough statistics for energies close to 1018 eV, but limited to only
three elemental mass groups, indicating a heavy composition at about 1017 eV, con-
firming the previous results from KASCADE.

Muon Tracking and Time

The interest in using the mean Muon Production Depth (MPD) in EAS started in
the 1960’s, but unfortunately, the inappropriate angular resolution of the detector
array and the accuracy of the shower simulations disabled the use of this parameter
to investigate the primary mass composition. In the 1990’s, this technique was re-
viewed and used by the Muon Tracking Detector at KASCADE [126] and GRAPES
[127]. In these detectors, the orientation of the muon track is measured according to
the shower axis and then the muon production height is reconstructed by means of
triangulation [11]. Measurements performed by the KASCADE-Grande [128] exper-
iment of the muon production height are compatible with a transition from light to
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heavy composition with increasing shower energy around the knee of the cosmic-ray
energy spectrum.

An alternative way of determining the mean MPD is to measure the time
delay of muons in each detector station at ground level with respect to the shower
front. Since muons are produced close to the shower axis, those produced at high
altitude can reach a detector at a certain distance from the shower core at a smaller
average path length than muons produced deeper in the atmosphere [11]. Thus, the
measurement of the time signals produced by muons in the detectors corresponds
to the mean MPD in the atmosphere. This method was first applied to real data
by the Pierre Auger Collaboration [129], considering events with energy above 2
× 1019 eV, zenith angles between 55 and 65 degrees, and stations distant more than
1700 m from the shower core. The shape of the MPD distributions contains informa-
tion about the development of the hadronic cascade and the first interaction point.
The MPD profile is fitted using a Gaisser-Hillas function and a new observable is
defined, the Xµ

max. The Xµ
max corresponds to the depth where the production of

muons reaches the maximum along the cascade development [130]. Recent results
from Auger [131] reported analysis performed with a new method to reconstruct
the MPD [132] considering events with energies greater than 1.5 × 1019 eV, zenith
angles between 45 and 65 degrees and muons arriving at radial distance farther than
1200 m from the shower core. The new reconstruction method of the MPD combines
different ingredients [133] which are summarized as follows: i) the electromagnetic
component of the shower must be removed in order to have only the muonic sig-
nal in the FADC trace registered by the surface detectors; ii) the production depth
X (corresponding to the muonic longitudinal profile) is evaluated after the muonic
signal has been extracted; iii) the MPD profile for each event is fitted with a Uni-
versal Shower Profile (USP) function [134] and iv) a set of quality cuts were applied
to have only high-quality reconstructed events. These cuts can be found in [131].
The results of the analysis show a heavier composition for the registered events
with energy above 1.5 × 1019 eV. But taking into account the mass estimated with
fluorescence detectors, the simulated data do not reproduce the measured data in
a consistent way. So it is difficult to estimate the primary cosmic-ray composition
with the MPD. However, the performed measurements have great potential to con-
tribute to the understanding of the hadronic interaction models and how to reduce
their systematic uncertainties in the determination of the primary composition.

Rise-Time

Another parameter used to infer information about the primary mass composition
is the time profile of the electrical detector pulse of the shower particles. This pa-
rameter uses the idea that most muons are detected close to the shower front and
electrons are stronger attenuated in the atmosphere than muons. This method re-
quires the state-of-the-art of the FADC electronics for full exploitation. Furthermore,
the signals from inclined air showers in WCD located upstream exhibit faster rise-
time than the detectors situated downstream, thus, there is a rise-time asymmetry
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in the signal [135]. The rise-time is understood as the time it takes to increase the
integral signal from 10 to 50% of its value [11].

For vertical air showers, there is no rise-time asymmetry because there is
no difference in the path traveled by the electromagnetic particles to reach the detec-
tor level. On the other hand, the difference in the attenuation of the electromagnetic
component due to the different traveled paths increases as the zenith angle increases
and, therefore, rise-time asymmetries start to appear. For very inclined showers only
a small rise-time asymmetry is found because of the dominance of the muonic over
the electromagnetic component, being the latter almost completely absorbed by the
atmosphere. The asymmetry decreases with θ and so the larger is the angle, the
lower is the contribution of the electromagnetic component. The muonic compo-
nent is basically free of asymmetry. Therefore, as the asymmetry depends on the
zenith angle, it provides information about the stage of the shower evolution and
thereby sensitiveness to the mass composition [135]. The application of the method
to data [136] indicates a transition from a light to a heavy composition for the en-
ergy range between 3 × 1018 eV and 4 × 1019 eV. The results are presented in units
of (secθ)max (see Figure 3.10), which corresponds to the azimuthal asymmetry in the
rise-time of the surface-detector signals of the Pierre Auger Observatory. The mag-
nitude of the asymmetry depends on the zenith angle and the state of development
of the shower.

FIGURE 3.10: Comparison of the energy dependence of the measured
(secθ)max with predictions for proton (red) and iron (blue) primaries simulated
with hadronic interaction models QGSJETII-04 (dashed lines) and EPOS-LHC
(solid lines) in the 500 - 1000 m interval (left panel) and in the 1000 - 2000 m

interval (right panel) [136].

3.3.2 Non-imaging Cherenkov Detectors

The particle measurements at the ground can be complemented by observations of
Cherenkov and fluorescence light emitted by the EAS. A non-imaging technique of
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EAS observations was first applied successfully at energies around the knee region
of the energy spectrum by the HEGRA [137] array experiment and CASA-BLANCA
[138] in Utah. CASA measured the charged-particle distribution of air showers,
while BLANCA measured the lateral distribution of Cherenkov light emitted by
air showers with energies between 3× 1014 eV and 3× 1016 eV. Later experiments
like Tunka [139, 140] and Yakutsk [141] extended the measurements to ultra-high
energies.

The measurements of the average shower maximum from BLANCA, Tunka
and Yakutsk show a small elongation rate 1 at energies above 5 × 1015 eV indicating
a change from light to a heavier composition. Moreover, Tunka-133 [143] provides
measurements of the 〈Xmax〉 with an accuracy of 30 g/cm2, indicating a heavier
composition in the energy range from 1016 eV to 3 × 1016 eV and a lighter one in the
range from 1017 eV to 1018 eV. The Yakutsk collaboration analyzed the Cherenkov
component from EAS, by reconstructing the air-shower development using an LDF
(Lateral Distribution Function) in the energy region between 1016 eV and 1020 eV
and zenith angles between 0 and 55 degrees. The comparison between experimen-
tal data and Monte Carlo simulations show qualitatively that: i) in the lower energy
region there are more nuclei with an atomic weight between 4 and 56; ii) in the range
of 1017-1018 eV the proton fraction reaches a maximum between 60 and 80%, and iii)
this fraction decreases gradually in the energy range of 1019-1020 eV, indicating a
composition of helium nuclei, CNO and heavier elements.

The measured values of 〈Xmax〉 as a function of the primary cosmic-ray
energy from different experiments are shown in Figure 3.11. The measurements
for energies below 1 × 1017 eV are from non-imaging Cherenkov telescopes, while
for higher energies the measurements are from fluorescence telescopes. At energies
below 1016 eV, the Yakutsk and Tunka measurements disagree by up to 40 g/cm2.
The average shower maximum from Tunka and Yakutsk measurements for energies
around 1017 eV approach the values for heavy primaries and beyond it increases
towards light primaries. At higher energies, only Yakutsk measured the shower
maximum with non-imaging Cherenkov detectors. The results will be discussed in
the following section with the fluorescence telescope measurements.

3.3.3 Fluorescence Telescopes

The Fly’s Eye [145] experiment and its successor HiRes [86] were one of the pioneers
to measure the longitudinal profile of air showers using fluorescence telescopes and
studying the shower maximum as a function of the energy [146, 147]. Currently, as
mentioned in section 3.2, there are only the Telescope Array and Auger Observa-
tory in operation that make use of the fluorescence technique to determine the en-
ergy scale and mass composition of cosmic rays. Since the fluorescence-light yields
are proportional to the energy deposited in the atmosphere, it is possible to recon-
struct the shower development in the atmosphere as a function of the slant depth.

1The elongation rate denotes the rate of change location of the depth of the shower maximum, Xmax, per
decade of primary energy or shower size [142].
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FIGURE 3.11: Measurements of 〈Xmax〉 as a function of the primary energy for
different experiments. The predictions for proton, iron and photon-induced
showers simulated with QGSJETII-04 and EPOS-LHC are shown for compar-
ison. The 〈Xmax〉 measured by TA and HiRes is shifted by the amount 〈∆〉
indicated in each case due to experimental data correction for detector effects

[144].

The observed longitudinal profile can be fitted with a Gaisser-Hillas function [148],
like the one used by the Auger collaboration [149], or a Gaussian in shower age
[150], as used in the final analysis of the HiRes experiment. The measurement of
the longitudinal shower development provides a direct measurement of the depth
of shower maximum in units of g/cm2. On a shower-by-shower basis, it is roughly
possible to discriminate between light and heavy primary cosmic ray by comparing
the Xmax position. The dominant contribution to fluorescence-light emission is due
to the energy loss of the EAS electromagnetic component. Since the production and
energy-loss mechanisms of the electromagnetic component are less dependent on
the hadronic interaction model used in the shower simulation, the Xmax parame-
ter depends less on simulations than other techniques used to estimate the primary
mass composition [151].

Showers initiated by heavier particles develop earlier and faster in the at-
mosphere due to their higher nuclear cross section than showers initiated by lighter
primaries of the same energy, as can be seen in Figure 3.7. Proton showers fluctuate
more about 〈Xmax〉 providing another composition measurement, which is the Root
Mean Square (RMS) fluctuation about 〈Xmax〉, defined as σ(Xmax) [35].

The observations of the Fly’s Eye [152] experiment in 1993 gave the first
indication of a mass composition change at very high energies which are correlated
with the features in the all-particle energy spectrum. The transition is from an iron
dominated composition at about 1017 eV to a proton dominated one at 1019.3 eV.
This transition occurs close to 1018.5 eV. In contrast to the old measurements of the
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Fly’s Eye experiment, HiRes/MIA and Auger data confirm the trend observed by
the non-imaging Cherenkov detectors of the Yakutsk experiment, the large elon-
gation rate indicating a transition from heavy to light dominated composition at
around 1018 eV that is qualitatively consistent with a transition from a heavy Galac-
tic composition to a light extragalactic composition. At higher energies, Auger has
observed a gradual increase of the average mass of cosmic rays, with the exact rela-
tive position of the 〈Xmax〉 depending on the hadronic interaction model used in the
analysis [153].

An interpretation of the full Xmax distribution in each energy bin is achieved
by fitting a superposition of Xmax-templates obtained from simulations of proton,
helium, nitrogen and iron-induced air showers to the data [153] (see Figure 3.12). At
high energies, the mass fractions show a composition dominated by a single elemen-
tal group starting from protons below the ankle region and going through helium to
nitrogen with increasing energy. Moreover, a small proton fraction may persist up
to ultra-high energies and there might be an iron contribution emerging above 1019.4

eV depending on the hadronic interaction model.

FIGURE 3.12: Results from a fit of the Xmax distributions with a superposition
of proton, helium, nitrogen and iron-induced air showers. The upper four
panels show the best-fit mass fractions and the goodness of fit is displayed
in the lowest panel. Thick error bars denote the statistical uncertainties, thin

error bars the systematic ones [153].

Average logarithmic mass

The composition can also be estimated by an often-used quantity which is the mean
logarithmic mass, defined as 〈lnA〉 = Σi filnAi, with fi as the relative fraction of
nuclei of mass Ai. The 〈lnA〉 parameter can be obtained using two different shower
quantities that are sensitive to the mass of the primary particle: i) it is proportional to
the electron-muon ratio measured at ground level, 〈lnA〉 ∝ log10(Ne/Nµ) and ii) it
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is proportional to the shower maximum according to
〈

XA
max
〉
=
〈

Xp
max
〉
−Dp 〈lnA〉,

with Dp as a constant dependent on the characteristics of hadronic interactions [11].
Since we know the shower maximum for simulated iron and proton-

induced showers, we can determine the mean logarithmic mass from the measured
data Xdata

max values using the relation

〈lnA〉 =
(

Xdata
max − Xp

max

XFe
max − Xp

max

)
· lnAFe. (3.21)

The corresponding 〈lnA〉 values as a function of the energy derived from
Xmax measurements with optical detectors for different hadronic interaction models
are shown in Figure 3.13.

FIGURE 3.13: Average logarithmic mass, 〈lnA〉, of cosmic rays as a function
of energy derived from Xmax measurements with optical detectors for dif-
ferent hadronic interaction models (QGSJETI, QGSJETII, Sibyll 2.1 and EPOS
1.99). The dashed lines correspond to the experimental systematics, i.e. upper
and lower boundaries of the different experimental data with non-imaging
Cherenkov detectors (Tunka [139], Yakutsk [154, 155] and CASA-BLANCA
[138]) and fluorescence telescopes (HiRes/MIA [156], HiRes [157], Auger [129]

and TA [158]) [11].
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According to this figure all the used hadronic interaction models indicate
a gradual increase of 〈Xmax〉 for energies between 1015 eV and 1017 eV, followed by a
transition to a lighter mass composition for energies up to about 1018.4 eV. The Tunka
data interpreted with the QGSJETII hadronic interaction model presents the heaviest
composition with 〈lnA〉 ≈ 3.5 at about 1017 eV. Results from TA and HiRes at very
high energies are compatible with pure proton composition for both QGSJET01 and
QGSJETII. On the other hand, Auger data shows a trend towards a heavier compo-
sition for all hadronic interaction models and the same result is expected for HiRes
and TA data using EPOS and Sibyll models.

Measurements from particle detectors such as the average muon produc-
tion depth and the rise-time asymmetries correlate well with the shower maximum,
thus it can be assumed that they have a linear dependence on 〈lnA〉. Therefore,
we can quantify the inconsistencies in the modeling of air showers by converting
these average properties of the ground signal measured by the particle detectors to
〈lnA〉 to have a common scale between these observables and the Xmax measure-
ments by the optical detectors [153]. Figure 3.14 shows the 〈lnA〉 as a function of the
energy derived from particle detector measurements for different hadronic interac-
tion models (QGSJET01, Sibyll 2.1 and QGSJETII). The upper and lower limits from
measurements with the optical detectors in Figure 3.13 are indicated by the super-
imposed lines. When comparing the results from the particle and optical detector
measurements there are some systematic differences at low energies, although all
experiments report an increase of the mean logarithmic mass below 1017 eV. At ultra-
high energies above 1019 eV, the interpretation of the Auger data with the QGSJETII
and Sibyll 2.1 models indicate an increase of 〈lnA〉.
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FIGURE 3.14: Average logarithmic mass, 〈lnA〉 , of cosmic rays as a func-
tion of energy derived from measurements with particle detectors (EAS-TOP
[82], MACRO [124], GAMMA [120], TIBET [159], KASCADE [83], KASCADE-
Grande [26], and Auger [88]) for different hadronic interaction models (a)
QGSJETI, (b) Sibyll 2.1 and (c) QGSJETII. The dashed lines correspond to the
lower and upper edges from the optical technique measurements (see Figure

3.13) [11].
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Pierre Auger Observatory

In this chapter the Pierre Auger Observatory is introduced, which is the largest cos-
mic ray observatory ever built. The Observatory allows the hybrid detection of air
showers detected simultaneously by several detection techniques. The reconstruc-
tion methods of air showers employed in the Observatory and also for the analyses
in this thesis are described in the following sections.

The Pierre Auger Observatory completed the installation of its detectors
in the Mendoza region of Argentina in 2008. The instrument aims the study of
cosmic rays with energies above 1018 eV. These are the particles with the highest
known energy, surpassing the energies reached at man-made accelerators in thou-
sand times. The study of these particles allows us to look for the cosmic ray origin(s)
and study the acceleration, propagation and interaction mechanisms of these parti-
cles.

The Observatory is a hybrid detector which employs two main distinct
and independent methods for the observation of UHECR [2]. One is the measure-
ment of the Cherenkov radiation in large water tanks emitted by charged particles
that propagate at relativistic velocities, with v > c/n (n = refractive index), in the
medium. The other technique detects the fluorescence radiation emitted by atmo-
spheric Nitrogen molecules due to cosmic ray interaction. The hybrid nature of the
Observatory comprises an array of surface detectors and a set of fluorescence tele-
scopes. A better description of these detector arrays is explained in the following
sections.

4.1 Surface Detectors

The Surface Detector Array (SD) consists of 1660 WCDs filled with ultra-pure wa-
ter in a hermetic bag, the liner, whose internal surface diffusely reflects the photons
produced by the Cherenkov effect in water. These detectors are located in an area of
approximately 3000 km2. Each detector consists of a 3.6 m diameter cylindrical wa-
ter tank filled with twelve tons of ultra pure-water [2]. On the inner top of the liner,
three photomultiplier tubes are installed. The Pierre Auger Observatory comprises
WCDs arranged as an array on a triangular grid with 1500 m and 750 m spacing,
each detector having a solar panel, batteries, GPS antenna, communication antenna
and electronic signal digitizer. Figure 4.1 shows a schematic illustration of one of the
WCD (left panel) and an image of its installation in the Observatory (right panel).
Each detector works autonomously and communicates with the Central Data Ac-
quisition System (CDAS) via a wireless network.
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FIGURE 4.1: Left: Schematic illustration of a water-Cherenkov Detector [160].
Right: Image of a WCD installed at the observatory.

The energetic particles from EAS travel at relativistic velocities higher
than the light speed in water. Therefore, when they reach the detector they produce
Cherenkov light. This radiation can be measured by the photomultiplier tubes in-
stalled on the inner surface of the WCD. The EAS has around billions of secondary
particles that can produce light signals in more than five WCD. Thus, the primary
cosmic ray energy can be estimated based on the quantity of light detected in the
WCD which is produced by the secondary particles. Moreover, the WCD height of
1.2 m makes it also sensitive to high energy photons, which are converted into an
electron-positron pair in the water volume [2].

4.2 Fluorescence Detectors

During the air shower development the secondary particles, predominantly elec-
trons and positrons, deposit their energy in the atmosphere by exciting or ionizing
atmospheric nitrogen which afterwards deexcitate by emitting ultraviolet light (300
- 400 nm) via a process called fluorescence. Figure 4.2 shows the various emission
bands of nitrogen in the dry air. This light is invisible to the human eye but not to
the Observatory’s optical telescopes.

The Fluorescence Detector (FD) consists of 24 fluorescence telescopes grouped
in units of six at four locations on the periphery of the SD (see Figure 4.3). The
names of the FD buildings in the clockwise sequence are Los Leones, Coihueco,
Loma Amarilla and Los Morados, starting withfrom the most southern building.
The Field Of View (FOV) of a single camera of the telescope comprises an angular
area of 30o× 30o in azimuth and elevation so that each telescope building covers a
region of 180o in azimuth and 30o in elevation starting at the horizon. The minimum
elevation above the horizon is 1.5o. The four FD sites allow for the observation of
the atmosphere above the SD.
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FIGURE 4.2: Nitrogen fluorescence spectrum between 300 nm and 400 nm in
the dry air at 1013 hPa [161].

FIGURE 4.3: Geographical map showing the southern site of the Pierre Auger
Observatory located close to the city of Malargüe in Argentina. The positions
of the detectors are indicated by black dots while the locations and the FOVs
of the FD cameras are displayed by blue lines. Starting with the lower left and
going anticlockwise their names are Los Leones, Los Morados, Loma Amar-
illa and Coihueco. At the Coihueco site, the HEAT extension is installed (the
orange lines show the FOV). The grey dots and light blue circle indicate the
position of the AMIGA and AERA detectors (see next sections for further de-
tails). The atmospheric monitoring sites, CLF (Central Laser Facility), XLF
(eXtreme Laser Facility) and BLF (Balloon Launching Facility), are shown as

red dots [162].
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The fluorescence telescopes observe the trail of nitrogen fluorescence and
track the development of air showers by measuring the brightness of the emitted
light, allowing the observation of the longitudinal development of the EAS and a
calorimetric determination of the primary cosmic-ray energy. The production of
photons by the secondary particles is at around five photons per meter and these are
emitted isotropically. Moreover, using a grid of focusing mirrors to collect the light,
cameras can view the air shower up to 15 kilometers away. A detailed description
of the FD can be found in the paper ‘The fluorescence detector of the Pierre Auger
Observatory’ [163].

Figure 4.4 shows the arrangement of the FD building with six telescopes
(left panel) and a schematic illustration of the different components of the fluores-
cence telescope (right panel). The optical system of the telescopes consists of a fil-
ter, a Schmidt optics corrector ring, a spherical mirror and the PMT camera. The
light enters through a circular diaphragm containing a filter of 1.10 m in diameter
that allows the passage of wavelengths between 300 and 400 nm. The filter reduces
the number of background photons which disturb the detection of the fluorescence
light. The background photons are outside of the fluorescence wavelength range.
The light reflected by the mirror arrives at an array of 440 photomultiplier tubes
(PMTs), being each one a pixel of the telescope. The pixels are arranged in a geomet-
ric matrix (22 × 20) at the focal plane of the telescope. The pixel FOV corresponds
to an angular size of 1.5o.

Automatic shutters protect the telescopes against daylight, rain and wind.
Moreover, there is a fail-safe curtain positioned behind the diaphragm to protect the
camera from daylight illumination in case the shutter is malfunctioning.

(A) (B)

FIGURE 4.4: Left: Schematic layout of the fluorescence building with six tele-
scopes. Right: Schematic view of a fluorescence telescope with its different

components [163].
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Since 2006 several proposals have been developed in the Pierre Auger
Collaboration to add improvements to the initial project. One of the aims was to
extend the cosmic ray observation to lower energies, up to 1017 eV, and to study the
transition from Galactic (lower energy) to extragalactic (higher energy) cosmic rays.
In addition to this, another objective comprised the determination of the shower
muon content at energies around 1018 eV through measurements independent of
the surface detectors and telescopes, as well as testing and improving the hadronic
interaction models at high energies. Techniques related to the detection of radiation
from air showers in the MHz or GHz range were also proposed. The low energy
enhancements of the Observatory are explained in the following sections.

4.3 Enhancements of the Observatory

4.3.1 Auger Muon Infill for the Grand Array (AMIGA)

AMIGA comprises two improvements of the Observatory, which are the infill array
and the muon counters. The infill array minimizes the energy threshold of the SD for
a maximum trigger efficiency. The trigger system of the infill array is adapted from
the regular Auger array. An event is accepted when at least three surface detec-
tors forming a triangle satisfy a local trigger of the type Time-over-Threshold (3ToT
event) [164]. The trigger efficiency as a function of the cosmic ray energy for 3ToT
events with zenith angles below 55o is illustrated in Figure 4.5. On the other hand,
the muon counters aim to improve the measurement of the chemical composition
of the primary cosmic rays as they are purely sensitive to the muon content of the
shower. The AMIGA muon counters will enrich the physics investigations in the
ankle region of the energy spectrum.

FIGURE 4.5: 3ToT trigger efficiency for the infill and regular array obtained
from simulations of iron and proton-sinduced air showers [129].
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The infill array of the AMIGA project consists of 61 pairs of detectors,
each composed of a WCD and a muon counter. The WCD use the same modular
system as the surface detectors of the regular array and are arranged in an hexagonal
grid spaced 750 m apart from each other, instrumenting a total area of 23.5 km2, to
directly measure the air showers with primary energies ≥ 3 × 1017 eV (see Figure
4.6). The muon counters are composed of 30 m2 scintillation detectors buried at a
depth of 2.3 m (equivalent to an atmospheric depth of 540 g/cm2), which sufficient
decreases the electromagnetic punch-through to a negligible level at core distances
of interest [165]. Muons propagating in the soil with energy higher than or equal to
1 GeV are capable of reaching the muon detector which is located near the WCDs.

FIGURE 4.6: Left: Map of the AMIGA array with a brown background. The
engineering array positions, where muon counters are already deployed, can
be seen highlighted in gray (also called the Unitary Cell) [92]. Right: AMIGA
Unitary Cell layout showing the locations of the muon counters and corre-
sponding WCDs installed since February 2015. Two of the Unitary Cell posi-
tions have twin muon detectors, which consist of two 30 m2 muon counters
separated by ∼ 10 m. The purpose of these detectors is to study counting

fluctuations [166].

The muon detectors count muons from air showers which are recon-
structed by the SD and FD. Each muon counter has a modular design in which the 30
m2 detection area is divided into two modules with 5 m2 and two with 10 m2 detec-
tion area for pile-up and signal attenuation cross comparison tests [165]. Each of the
detector modules has its own acquisition system triggered by the surface detectors
(see Figure 4.7).

Scintillator modules

Every scintillator module comprises 64 scintillation bars, each of dimensions 40 mm
× 10 mm × 4 m, with a 1.2 mm diameter wavelength-shifting (WLS) optical fiber
glued into a lengthwise groove of the bar. The light produced in the scintillation
bars is collected and propagated along the WLS fibers, which then couple to multi-
pixel PMTs (photomultiplier tubes). The 64 scintillators and optical fibers are lodged
within a PVC (Polyvinyl Chloride) casing and, together with the electronics kit, form
the detector module (see Figure 4.8).
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FIGURE 4.7: Schematic illustration of one of the AMIGA detectors in the Uni-
tary Cell together with the electronic system [165].

FIGURE 4.8: Illustration of a scintillator bar excited by a muon. Highlighted
are the trajectories of the incident particle (in red), the photons produced

within the bar (in blue) and within the fiber (in green) [165].
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The scintillation bars are made of plastic and were produced and quality-
controlled at Fermilab. They are 4 m long extruded bars (for the 10 m2 modules)
of polystyrene doped with fluor and co-extruded with TiO2 as an outer layer for
reflectivity.

As the AMIGA modules are buried, their mechanical design provides an
access tube for both the electronics and the PMT for maintenance purposes. The
access tube is filled with large bags of local soil to ensure uniform shielding (Figure
4.9). Furthermore, in order to resist sun exposure, large animals and high-speed
winds the access tube is covered with a lid designed for this purpose [165].

FIGURE 4.9: Left: Schematic illustration of the module-access tube used for
electronics maintenance. Right: Installation of an access tube, which is sealed

to the module for water tightness [165].

Layout

The four modules of each muon counter of the Unitary Cell are arranged in an
‘L’ shape (see Figure 4.10) in order to minimize possible systematics arising from
highly-inclined muons. Moreover, to improve the shielding uniformity indepen-
dently of the shower arrival direction the modules are deployed with a 5 m hori-
zontal separation from the surface detectors.

4.3.2 High Elevation Auger Telescopes (HEAT)

The telescopes of the Observatory measure the longitudinal profile of the air shower
development in the atmosphere with high accuracy. The telescopes have a FOV
between 1 and 30 degrees above the horizon. Showers with lower energy than 1018

eV have their maximum development above the telescope FOV, and therefore, the
detection efficiency is lower and the Xmax measurement is biased by the quality
cuts of the FOV. To avoid any bias in the determination of Xmax, three additional
fluorescence telescopes with higher elevation, called HEAT, were installed in the
north-east side of the Coihueco FD building in the same region where the AMIGA
infill array is located (Figure 4.11).
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FIGURE 4.10: Layout of the modules of a muon counter in the AMIGA Unitary
Cell. To improve the shielding uniformity there is a horizontal separation

between the modules the surface detector of approximately 5 m [165].

FIGURE 4.11: Photo of the three HEAT telescopes titled upward, end of Jan-
uary 2009 [167].
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The design of the HEAT telescopes is very similar to the original FD sys-
tem [163]. A large FOV of about 30o × 30o is obtained using Schmidt optics. Fluo-
rescence light entering the aperture is focused by a spherical mirror onto a camera
containing 440 hexagonal PMTs. A UV transmitting filter mounted at the entrance
window reduces background light from stars effectively. An angular corrector ring
assures a spot size of about 0.6o despite the large effective aperture of 3 m2. All
optical components are connected to a heavy-weight ground plate to avoid wind-
induced vibrations and to keep the geometry fixed.

Like the conventional FD electronics, the Data Acquisition System (DAQ)
of HEAT contains 20 Analog Boards (AB) for analog signal processing, 20 First Level
Trigger (FLT) boards for signal digitizing and storage, and one Second Level Trigger
(SLT) board for the recognition of fluorescence light tracks and the initiation of data
readout.

The air showers can be measured by HEAT in ‘downward’ and ‘upward’
positions, as shown in Figure 4.12. The FOV of the existing Coihueco telescopes
overlaps with HEAT in ‘downward’ mode, so the events can be detected simultane-
ously by both telescopes and compared for systematic studies [167]. By comparing
the reconstruction results from both installations one can directly determine the tele-
scope resolution in energy and Xmax.

FIGURE 4.12: HEAT in ‘upward’ (left panel) and ‘downward’ (right panel)
measurement modes [162, 167].

Lower energy cosmic rays come from our own Galaxy, the Milky Way,
while the highest energy cosmic rays are probably extragalactic in origin. Expand-
ing the range of energies with HEAT and studying the mass composition of primary
cosmic rays will enable the deduction at what energy levels the transition between
Galactic and extragalactic cosmic rays occurs.

4.3.3 Auger Engineering Radio Array (AERA)

AERA is a new antenna system designed to measure short radio pulses emitted
by the highest energy cosmic ray air showers. It consists of an array of dozens of
antennas sensitive to a frequency range from 30 to 80 MHz with signal processing
and electronics developed specifically for this purpose.
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The AERA project was carried out in three phases [102]. AERA24 was
deployed in September 2010 and consisted of an array of 24 stations equipped with
Logarithmic-Periodic Dipole Antenna (LPDA) antennas [168] on a grid with 150 m
antenna separation. The LPDA antennas are oriented in magnetic North-South and
East-West directions. The signals are amplified and filtered before they are intro-
duced into a filter-amplifier and digitization chain. There they are bandpass filtered
between 30-80 MHz, digitized and further processed by a Field Programmable Gate
Array (FPGA) and a Central Processing Unit (CPU). Later, 100 stations using but-
terfly antennas [169] were deployed in May 2013 featuring the second phase of the
AERA project, AERA124. The 100 new radio stations in AERA124 are spaced 250 m
or 375 m apart from each other. The butterfly antenna is highly sensitive towards
the ground which enhances the antenna gain. The general layout of the digitizing
chain is similar to the one used in AERA24. Additional antenna prototypes were
installed with the goal of measuring the three-dimensional electric field vector. In
the third stage, 25 more antenna stations were deployed on a grid with up to 750
m antenna separation in Spring 2015, allowing improved studies of horizontal air
showers (zenith angle higher than 60o) with large-scale radio footprints. This last
stage features AERA153 which covers an area of about 17 km2. In total, 89 butter-
fly antennas are equipped with deeply buffering hardware and 40 butterfly anten-
nas are employing internal triggering only. This internal trigger is based on radio
self-triggering and small scintillation counters in the electronics compartment of the
radio station itself. Due to the increased size of the array, wireless links were intro-
duced for the new stations. All 153 stations operate autonomously employing solar
power systems. Figure 4.13 shows the LPDA and butterfly station designs deployed
at AERA site.

FIGURE 4.13: Photos of the radio station LPDA (left) and butterfly (right) de-
sign [115].



4. Pierre Auger Observatory 79

AERA regularly detects cosmic rays in coincidence with surface and flu-
orescence detectors, allowing the cross-calibration of its measurements with the es-
tablished baseline detectors of the Observatory. Initial analyses have already led
to significant first results, in particular confirming the theoretical predictions of the
emission mechanism of radiation in the radio frequency.

It is worth saying that AERA is sensitive to the three main properties of
a cosmic ray which are the arrival direction, energy and particle type [102]. The
primary energy can be reconstructed from the radiation energy emitted by the elec-
tromagnetic shower component in the radio frequency. Therefore, the electric field
traces are converted into the energy fluence, i. e., the energy deposit per area, of the
electromagnetic wave via the Poynting vector. The measured energy density at all
positions of the signal stations is fitted with a two-dimensional lateral distribution
function [97, 102].

The radiation energy is subject of ongoing work as it can be predicted
by Monte Carlo simulations without being strongly influenced by the uncertainties
of the hadronic interaction models [170]. Therefore the energy scale of cosmic rays
can be studied based on classical electrodynamics. Since the radio emission contains
information about the shower development, in particular, the shower maximum, the
Xmax can be reconstructed from radio emission [171] using the shape parameters of
the hyperbolic radio wavefront [172], the width of the radio footprint in the shower
plane [173] or the slope of the frequency spectrum in single radio antennas [101].
In addition to the Xmax reconstruction from radio data, the AERA measurement
can be combined with underground particle detectors, which measure the muonic
component of the shower, to estimate the primary particle type [170].

4.4 Upgrade of the Observatory

The upgrade of the Auger Observatory, known as AugerPrime, will allow us to es-
timate the primary mass of the highest-energy cosmic rays on a shower-by-shower
basis [174]. The upgrade will search for light primaries at the highest energies, aim-
ing to reach a sensitivity as small as 10% in the flux contribution of protons in the
suppression region of the cosmic-ray energy spectrum [175]. Moreover, it will per-
form composition-selected anisotropy studies as well as search for new phenomena
including unexpected changes in hadronic interactions [174]. The upgrade consists
of the installation of a new detector above each of the 1660 existing WCD. The de-
tectors are plane plastic scintillators, named Surface Scintillator Detector (SSD), and
they will be triggered by the WCD below it. The shower particles will be sampled
with two detectors having different responses to muons and electromagnetic par-
ticles, providing a complementary measurement of the shower particles. An SSD
unit consists of a box of 3.8 m × 1.3 m containing two scintillator modules. The
modules are composed of 24 scintillation bars produced at the Fermi National Ac-
celerator Laboratory with dimensions of about 1.6 m length, 5 cm width and 1 cm
thickness [175]. The scintillators are mounted on the top of the existing WCD (see
Figure 4.14) and are read out by wavelength-shifting fibers which guide the light of
the two modules to a PMT (model Hamamatsu R9420) [174].
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FIGURE 4.14: 3D view of an SSD mounted on a WCD. A double roof, with the
upper layer being corrugated aluminum (here shown partially cut away for

clarity), is used to reduce the temperature variations [174].

Another important improvement of the Observatory is the upgrade of
the electronics of the WCD that will process both WCD and SSD signals [175, 176].
This upgrade will increase the data quality due to a better timing accuracy and a
faster sampling for Analog-to-Digital Converter (ADC) traces, as well as to improve
the capabilities of the surface-detector calibration and monitoring. Since the Auger-
Prime design aims to measure the properties of air showers at energies above 6 ×
1019 eV at distances close to 250 m from the shower core, the WCD is equipped with
an additional small PMT (1 inch Hamamatsu R8619 PMT) which is dedicated to
the unsaturated measurement of large signals. The large-PMT signals are calibrated
with background muons, while for the cross-calibration between the large and small
PMTs either small shower events are used or else the existing LED flasher system
which is adapted for brighter light pulses [176].

The Engineering Array of the upgrade has already been started since
September 2016 with the deployment of the first twelve stations of AugerPrime.
About the location of the Engineering Array, nine detectors are located in the ar-
ray where the surface-detector separation is 1500 m and three detectors in the 750
m spaced array. They have been taking data since the beginning of October 2016
and have already permitted the reconstruction of more than 3000 cosmic-ray events
[175].

The Auger upgrade promises high-quality future data from 2018 until
2024. The event statistics collected with the upgraded detectors will be comparable
to the existing Auger data set, with the critical added advantage that every event
will now have mass information. This will allow us to better understand the origin
of the flux suppression, the prospects of light-particle astronomy and secondary
particle fluxes, and the possibility of new particle physics at extreme energies.
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Reconstruction of air-shower
properties

This Chapter describes the reconstruction methods of air-shower observables used
in this thesis which are the muon densities reconstructed with AMIGA at different
reference distances from the shower axis combined with the primary energy mea-
sured by the surface, fluorescence and radio detectors. The goal of the air shower
reconstruction is to reconstruct the energy, the particle type and the arrival direc-
tion of the primary cosmic ray that produced the air shower measured by the Pierre
Auger Observatory. The reconstruction methods described in this chapter are the
same for simulations (Chapter 6) and real data (Chapter 7). For simulated showers,
the reconstruction is applied after the air shower simulation and the simulation of
the detector response.

The data recorded by the surface (SD), fluorescence (FD), radio (RD) and
muon (MD) detectors are analysed with the software framework Offline [177] of the
Pierre Auger Collaboration. The Offline framework has a clear structure to allow
for easy maintenance and ongoing shared development over the whole life-time of
the Pierre Auger Observatory. The internal representations of the Detector and the
Event in Offline are clearly separated. The Detector provides access to all the relevant
detector information such as the positions of detectors in the field, the hardware as-
sociated with these detectors, etc [178]. On the other hand, the Event data structures
hold all the data applying to a specific event, such as ADC traces, as well as recon-
structed quantities such as the event geometry. These two structures are not directly
connected, but there is an analysis Modules which combines their defined interfaces
to carry out their specific analysis tasks. The muon detectors which consist of an ar-
ray of counters are implemented in a class named MDetector. The counter positions
are acquired from the associated WCD.

The radio analysis functionality had to be implemented. Similarly to the
hierarchy of Detectors and PMTs in the SD functionality, the radio-data structures
were divided into Detectors and Channels. The radio functionality provides features
that facilitate an advanced radio-data analysis [178]. For the AMIGA detectors, the
infill component was easily integrated in the official Offline code, given the flexibil-
ity of this code. However the implementation of the scintillator channel took a big
effort in order to achieve a realistic description of the device.

The cosmic-ray event simulation and the reconstruction are performed
by running several software modules in a specified order. For each module, there
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are different aspects of the reconstruction. Hence, the analysis can be adjusted in-
dividually. The module sequences for the simulation and reconstruction consist of
different combinations of the hybrid detectors for radio and muon analysis, which
were optimized for an efficient hybrid muon-radio event reconstruction.

For the Offline output data analysis the toolkit ROOT is used [179]. This
toolkit, beyond other features, allows the organization of raw data into events and
the study of correlations among event variables, by applying filters, performing pro-
jections and function settings, thus optimizing the handling of large amounts of raw
data that are used.

5.1 Geometry and Primary Energy Reconstruction

The signal detected by the surface detectors provides information about the cosmic-
ray arrival direction, the shower core and the primary energy [2]. The shower event
reconstruction starts with reconstructing the arrival direction which is determined
by fitting the arrival time of the primary particle in each surface detector to a shower
front model. Firstly, the shape of the shower front model is assumed to be planar
moving at the speed of light to estimate the shower incoming direction. Later, the
shower direction reconstruction is improved by using a spherical-front approxima-
tion. The shower core is determined by calculating the barycentre of the signals in
the detectors, which is the shower impact point on the ground. The shower axis
corresponds to the unitary vector at the impact point and is perpendicular to the
shower plane pointing back to the particle source. Figure 5.1 shows a schematic
illustration of the shower direction reconstruction based on the arrival time of the
shower front at the detector. The left panel shows a first estimation of the shower
incoming direction by assuming a planar-front approximation and the right panel
shows the improved shower direction reconstruction using a spherical-front ap-
proximation.

Once the shower axis is estimated, the lateral distribution of the mea-
sured signals in the surface detectors is determined in the shower plane perpen-
dicular to the shower axis. The chosen lateral distribution function (LDF) to fit the
signal as a function of the distance to the shower axis is the NKGBetaOnly, which
is a modified version of the Nishimura-Kamata-Greisen (NKG)-type function [181].
This function is performed via a maximum-likelihood method, which takes into
account zero-signals and saturated detectors as well as a model for the signal fluc-
tuations. The modified NKG function is given by

S(r) = S(ropt) · fLDF(r) = S(ropt) ·
(

r
rotp

)β ( r + ropt

rscale + ropt

)β

, (5.1)

where fLDF(ropt) = 1, β is the LDF slope, ropt is the distance on the shower plane
where the changes in β due to shower-to-shower fluctuations and statistical un-
certainties in the number of particles minimally influence the signal model. This
parameter depends on the geometry of the array. This parameter is fixed to 270 m
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FIGURE 5.1: Left panel: Schematic illustration of the shower direction recon-
struction assuming a planar shower front model moving at the speed of light.
The planar shower-front comes from the direction (unitary vector) and arrives
at a time τ at a particular detector position ξ(τ) with respect to the barycenter
ξ0(τ0). Right panel: Schematic illustration of the improved direction recon-
struction using a spherical shower front approximation. The incoming direc-
tion is estimated by approximating the curvature of the shower front by a
spherical surface expanding at the speed of light, starting at time τ0 and at the

position Rc [180].

for the AERAlet array, while for the infill array it is 450 m and for the regular array
it is 1000 m. The parameter rscale influences the signal only for larger distances and
is strongly correlated to β. Its value is hard-coded to 700 m.

The slope β parameter is free, but if the number of detectors that mea-
sured the event is less than five the slope is fixed to

β(log10Sropt , θ) = a+ b · log10Sropt + (c+ d · log10Sropt)secθ + (e+ f · log10Sropt) · sec2θ
(5.2)

where θ is the zenith angle of the incoming shower and Sropt ≡ S(ropt).
The parameters from a to f depend on the geometry of the array.

The signal S(ropt) is used to estimate the primary cosmic ray energy and
depends on the zenith angle due to the atmospheric attenuation of the shower par-
ticle. This effect can be corrected by means of the Constant Intensity Cut (CIC)
method. Assuming that the cosmic-ray flux is isotropic and uniformly distributed
over cos2θ, S(ropt) is converted into a reference signal size S(θref), in which θref de-
pends on the trigger-threshold energy of the array. The energy scale is calibrated
against the fluorescence light detected by the telescopes from measurements of hy-
brid events.

An example of an event reconstructed with the surface detectors is shown
in Figure 5.2.
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FIGURE 5.2: SD energy reconstruction for a proton-induced air shower with
reconstructed energy of E = (6.78± 0.19± 0.34)×1018 eV based on S(450) =
447±13± 22 VEM with zenith angle of 37.9± 0.2o and azimuth of 148± 0.3o.
Left: Lateral distribution function fitted to the signal sizes registered at differ-
ent distances from the shower axis. Right: Time residuals with respect to the

spherical-front model.

5.2 Muon density reconstruction

The AMIGA muon detector (MD) reconstruction for a simulated or for real event
needs the geometry and energy reconstruction of the induced air shower, which are
calculated by means of the SD reconstruction. The counting strategies for the MD
reconstruction at the level of each individual strip are implemented and an LDF is
fitted.

The muon numbers registered by the muon counters can be studied using
a Muon Lateral Distribution Function (MLDF). One of the first MLDF parametriza-
tions was introduced by K. Greisen [5]. Later other groups proposed different func-
tional expressions for the MLDF. Although all these formulas describe very accu-
rately the MLDF in the range of short and intermediate distances from the shower
axis, they are not so good for large distances and for higher energy showers. A
new MLDF parametrization was proposed by the KASCADE-Grande Collaboration
which is a modification of the Greisen formula [182], as

ρµ(r) = ρµ(rref)

(
r
r0

)−α (
1 +

r
r0

)−βµ
(

1 +
(

r
10r0

)2
)−γ

, (5.3)

where ρµ(rref), r0, α, βµ and γ are parameters which define the shape and size of the
MLDF.

The parameters α=1, γ=1.85, r0=150 m are fixed and βµ and ρµ(rref) are
fitted to measured muon densities. Since the muon density is a parameter sensitive
to the primary mass, we reconstructed the muon density at different reference dis-
tances from the shower axis (rref =300, 350, 400, 450, 500, 550, 600, 650, 700, 750,
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800, 850, 900, 950 and 1000 m) to investigate the distance which could provide the
best mass separation for showers induced by proton and iron as primary particles.
β corresponds to the slope of the lateral distribution function and if the number of
muon counters with a signal is less than four it is a fixed parameter given by

β(θ) = 3− secθ (5.4)

otherwise it is a free parameter.
Figure 5.3 shows a MLDF fit for a single iron shower with E=8.65×1018eV,

θ = 38o and φ = 122o.

FIGURE 5.3: Example of a MLDF fit for a shower initiated by an iron nucleus
with E = 8.65 × 1018 eV, θ = 38o and φ = 122o.

5.3 Radiation Energy Reconstruction

The exact amount of observed electromagnetic radiation in the radio frequency
strongly depends on the coherence effects [183] and the position of the observer rel-
ative to the shower axis. However, the radio emission occurs through the charged
particle acceleration and is described by the classical electrodynamics.

The total amount of radiation emitted by an extensive air shower can be
quantified by using the radiation energy concept [184, 185, 186], which corresponds
to the energy emitted in radio waves by a shower. In most experiments the radio fre-
quency band between 30 and 80 MHz is used. Below 30 MHz, there are atmospheric
noise and small short-wave transmitters which impair the measurement of the elec-
tromagnetic emission, and above 80 MHz there is the FM band that also interferes
in the measurements.

Experimentally the radiation energy can be calculated by means of inter-
polation and integral of the energy fluence measured at ground level. As soon as
the shower has emitted all the radiation energy, the radiation energy emitted keeps
constant with increasing atmospheric depth as the atmosphere is essentially trans-
parent to the radio emission. Moreover, the radiation energy is independent of the
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radio signal distribution at the ground, just varying with the incidence angle of the
primary cosmic ray.

In the radio reconstruction with Offline, a Geomagnetic and Charge-excess
Lateral Distribution Function (GeoCeLDF) is fitted to obtain an absolute energy es-
timator. This LDF corresponds to the energy density of the electromagnetic field
at ground level in shower coordinates in units of eV/m2. It takes into account the
signal asymmetries due to constructive and destructive interference between the ge-
omagnetic and charge-excess components, as well as Cherenkov time-compression
effects [187].

Figure 5.4 shows the distribution of the energy fluence in the ~v × ~B −
~v × (~v × ~B) coordinate system of an iron-induced air shower with 38o zenith an-
gle and energy of 2.50 × 1018 eV. On the ~v × (~v × ~B) axis, the polarizations of the
radio pulses from the geomagnetic and charge-excess emission mechanisms are or-
thogonal. The electric field component in the ~v× ~B direction (~E~v×~B) originates only
from the geomagnetic emission, whereas the component in the~v× (~v× ~B) direction
(~E~v×(~v×~B)) originates from the charge-excess emission. Thus, the energy fluences
f~v×~B and f~v×(~v×~B) are calculated from both electric field components.

FIGURE 5.4: Distribution of the combined energy fluence of the geomagnetic
and charge-excess emission of an iron-induced air shower with 38o zenith an-

gle and energy of 4.39 × 1017 eV.
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The energy fluence, which is the energy deposit per area, is the time-
integral over the Poynting flux of the radio pulse and is calculated using the follow-
ing equation [188]

f = f~v×~B + f~v×(~v×~B) (5.5)

with the two components given by

f~v×~B(~r) = ε0c∆t ∑
i

E2
~v×~B(~r, ti), (5.6)

f~v×(~v×~B)(~r) = ε0c∆t ∑
i

E2
~v×(~v×~B)(~r, ti), (5.7)

where ε0 is the vacuum permittivity, c is the speed of light in vacuum, and ∆t is the
sampling interval of the electric field ~E(~r, t) which depends on the position~r and
time t.

The electric field components can be written as

~E~v×~B(~r, t) = Egeo(~r, t) + cosφEce(~r, t) (5.8)

~E~v×(~v×~B)(~r, t) = sinφEce(~r, t), (5.9)

where Egeo and Ece are the modulus of the electric field from the geomagnetic and
charge-excess emission respectively.

Thus, using the relations 5.6 and 5.7, Eqs. 5.8 and 5.9 can be rewritten as

f~v×~B(~r) =
(√

fgeo(r) + cosφ
√

fce(r)
)2

(5.10)

and

f~v×(~v×~B)(~r) = sin2φ fce(r). (5.11)

The energy fluence of the geomagnetic emission ( f~v×(~v×~B) = fgeo) can be
parametrized as

fgeo =



1
NR−

E
′
geoexp

−(r− Rgeo√
2σgeo

)p(r)
 , if Rgeo < 0.

1
NR+

exp

(
−

r− Rgeo√
2σgeo

)p(r)

+ exp

−(r + Rgeo√
2σgeo

)p(r)
 , if Rgeo ≥ 0.

(5.12)
where Rgeo is the radius of the Cherenkov ring, σgeo describes the width of the func-
tion, p(r) is a small correction to an exponent of 2 (this means the two-dimensional
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integral over the function can be calculated analytically), NR− and NR+ are constants
chosen so that E

′
geo is the geomagnetic radiation energy for p(r) = 2.

The energy fluence of the charge-excess emission ( f~v×~B = fce) can be
parametrized with a modification of the Gamma distribution

fce(r) =
1

Nce
E
′
cerkexp

(
−rp(r)(k + 1)

p(r)σp(r)
ce

)
, (5.13)

where k ≥ 0. For k = 0 and p(r) = 2, the function is a Gaussian with mean zero.
For k > 0, the function has the property to be zero at r = 0. The function has
its maximum for rce = σce

√
k/
√

k + 1. Nce is chosen so that the two-dimensional
integral over fce is Ece for p(r) = 2 and E

′
ce corresponds to the radiation energy of

the charge-excess emission Ece.
The spatial integral of the LDF [189] gives the amount of energy radiated

by the electromagnetic component of the air shower in the AERA frequency band
(30 - 80 MHz) as

Erad =
∫ 2π

0
dφ
∫ ∞

0
drr f (r, φ), (5.14)

where f = f~v×~B + f~v×(~v×~B).

5.4 Fluorescence Energy and Shower Profile Reconstruction

The cosmic-ray interactions with the Earth’s atmosphere generate fluorescence light
and Cherenkov radiation. The Cherenkov radiation is much more intense, but emit-
ted only along the shower axis, while the fluorescence light is emitted isotropically.
A significant amount of Cherenkov radiation can be detected by the fluorescence
detectors of the Observatory if the shower axis is pointed directly to the telescope,
or when the atmospheric constituents (molecules, aerosols or clouds) scatter part of
the light beam in the telescope direction [190].

The optical bandpass of the telescopes is restricted (by optical filters) to
the range from 300 to 400 nm, which corresponds to the band of the nitrogen spec-
trum and minimizes the contribution of the background radiation of the sky. For
this band there is no radiation absorption by the atmospheric molecules and the
light attenuation is due to the Rayleigh scattering by molecules and Mie scattering
by aerosols.

The optical signal measured at the fluorescence detectors consists of flu-
orescence and Cherenkov light (the latter is composed of direct and scattered light).
The energy emitted as fluorescence light is a known fraction of the total energy de-
posited by the shower. Hence the measurement yields the dE/dX as a function of
the atmospheric depth, which is called the energy-deposit profile. The shower pro-
file is obtained analytically by a linear least-square minimization of a Gaisser-Hillas
function [148] fGH with four parameters, which is given by



5. Reconstruction of air-shower properties 89

fGH(X) =

(
dE
dX

)(
X− X0

Xmax − X0

)Xmax − X0

λr e

Xmax − X
λr (5.15)

where Xmax is the atmospheric depth at which the energy deposit is maximum(
dE
dX

)
max

, X0 is the first interaction point and λr is the interaction length charac-

teristic of the electromagnetic cascade. The four Gaisser-Hillas parameters are not
reconstructed if the shower track is too small or the shower maximum Xmax is not
inside the FOV of the telescopes. Integrating fGH provides a measurement of the
calorimetric energy Ecal, which is given by

Ecal =
∫ ∞

0
fGH(X)dX. (5.16)

The total energy is estimated by correcting for the invisible energy carried
away by neutrinos and high-energy muons. The invisible energy is estimated using
experimental data above 3 × 1018 eV, for which the SD array is fully efficient [191].
Hence the total energy of the primary cosmic-ray is given by

EFD = Ecal · finvis (5.17)

where finvis is the correction factor for the invisible energy [192, 193, 194]. The cor-
rection factor is 1.21 for 1017 eV and 1.15 for 1018.4 eV.

The statistical uncertainties on the energy scale come from the fit parame-
ters, the geometrical and atmospheric uncertainties. For the systematic uncertainties
[191], the FD calibration contributes with about 9.9%, the fluorescence yield ∼ 3.6%,
the atmosphere ∼ 3.4 - 6.2%, the FD profile reconstruction ∼ 6.5 - 5.6%, the invisible
energy ∼ 3.0 - 1.5%, the statistical error of the SD calibration fit ∼ 0.7 - 1.8% and the
stability of the energy scale ∼ 5.0%. The systematic uncertainties sum up to a total
of ∼ 14.0%. For the Xmax, the systematic uncertainty for ultra-high energies is of
about +10

−7 g/cm2.
An example of the camera event view and the geometry fit for a proton

shower with E = 5.304 × 1018 eV and θ = 38o recorded by Coihueco telescope mirror
5 is shown in Figures 5.5 and 5.6. The reconstruction yields a shower distance of
5.32 ± 0.3 km from Coihueco.
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FIGURE 5.5: Proton shower recorded by Coihueco telescope mirror 5. The
relative arrival time of the fluorescence light is coded in the colour of the pixel

from blue (early) to red (late).

FIGURE 5.6: Event display of a single proton shower event. The coded colours
correspond to the timing information from early (blue) to late (red). The black

point represents the used surface detector.
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Figure 5.7 shows the number of collected photons at the aperture as a
function of time is converted into an energy-deposit profile as a function of the at-
mospheric depth (see Figure 5.8). The Gaisser-Hillas fit yields a value of 743 ± 9
g/cm2.

FIGURE 5.7: Collected UV photons at telescope aperture per time bin of 100 ns
including the fractions identified as being due to direct and multiple scattered
Cherenkov light. The fitted light curve is marked as black line. The night-sky

background light is subtracted.

FIGURE 5.8: Longitudinal shower profile of the recorded event together with
Gaisser-Hillas-fit.



92

Air Shower Simulations

This chapter describes the Monte Carlo simulations of cosmic-ray induced air show-
ers produced with CORSIKA program and its extension for the radio emission CoREAS,
which are used to investigate the shower observables measured by AMIGA, fluo-
rescence detectors and AERA. Moreover, these observables are combined for mass
composition studies. From the simulated signal in the detectors the muon density,
the primary energy, the radiation energy and the fluorescence energy were recon-
structed as described in Chapter 5. The muon density was reconstructed at dif-
ferent distances from the shower axis and combined with the different energy es-
timators to investigate which distance and energy estimator feature the best mass
separation. The mass composition analyses using the different detection-method
responses were carried out in two phases: i) AMIGA and Fluorescence analyses and
ii) AMIGA and AERA analyses.

6.1 Simulation setup

The Monte Carlo simulations used in this thesis consist of 500 showers
for proton and 500 showers for iron as primaries for QGSJETII-04 [76] and EPOS-
LHC [195] hadronic models and 1500 showers for proton and 1500 showers for
iron for Sibyll 2.3 [79], zenith angle θ = 38o, azimuth angle φ from 0o to 60o, uni-
formly distributed over the full energy range from 3 × 1017.5 to 1019 eV (see Fig-
ure 6.1). The chosen zenith angle corresponds to the median of the solid angle
from the SD analysis for the zenith angle distribution between 0o and 50o. The
use of different hadronic interaction models allows us to understand qualitatively
the dependence of the air-shower observables on the characteristics of the hadronic
particle production. Comparing the different models, the remaining open issues
in hadronic interactions are the pion-air interactions and nuclear effects [196]. All
showers were simulated with CORSIKA [197] and CoREAS [189] with a thinning
threshold εth = E/E0 of E0 = 106 eV. The Earth’s magnetic field is set to a constant
value of Bx = 19.79 µT and Bz = -14.15 µT for all events. The US standard atmo-
sphere is used as atmospheric model. The observation level was adjusted to 100 m
below the mean altitude of the AERA array to avoid artefacts that can occur in the
simulation of the radio emission when the shower stops at the detector height (on
average 1452 m a.s.l. corresponding to 870 g cm−2 atmospheric depth). All showers
were simulated with radio cores distributed over the AMIGA Unitary Cell.
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FIGURE 6.1: Energy distribution of the simulated showers induced by proton
and iron in logarithmic scale.

The showers simulated with CORSIKA and CoREAS were used as input
in the analysis software framework Offline [177], which is designed to reconstruct
the air-shower properties from measured and simulated showers. For the analyses
regarding AMIGA and fluorescence detectors, the Offline release Holt (v3r3, revi-
sion 31361) was used and for AMIGA and AERA, the release Fschlueter (trunk, re-
vision 31522) was utilized. The reason for using different Offline versions lies in the
fact that in revision 31522 there is another model for the two-dimensional lateral dis-
tribution function for radio (named GeoCeLDF, previously explained in section 5.3)
which increases the reconstructed radiation-energy resolution. The pipeline regard-
ing the simulation and reconstruction modules for simulated showers is reported in
Appendix A.1.1 (for AMIGA and Fluorescence analyses), and Appendix A.1.2 (for
AMIGA and AERA analyses).

The detectors were simulated in the 750 m infill array of the Observa-
tory which comprises AMIGA MD counters at each of the 61 surface detectors (each
muon counter consists of 3 modules. Each module consists of 64 plastic scintillator
strips and a PMT multi-pixel electronic acquisition which is triggered by the surface
detectors) spaced 750 m from each other, 24 radio stations equipped with LPDA
antennas on a grid with 150 m antenna separation, 125 stations of butterfly anten-
nas with 250 m, 375 m and 750 m spacing and three fluorescence telescopes with
30o to 56o elevation angle located next to the 3o to 30o elevation angle fluorescence
telescopes with elevation angle 3o to 30o installed at Cerro Coihueco (see Figure 6.2).
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AMIGA (SD + MD)

Surface Detector (SD)

AERA LPDA

AERA butterfly

FD field of view

HEAT field of view

FIGURE 6.2: Schematic overview of the Auger Engineering Radio Array, a
part of the surface detector array and AMIGA. The Coihueco site of the fluo-
rescence detector and the HEAT extension are also indicated with their fields

of view.

The simulated AMIGA MD counters have a total area of 30 m2 and are
buried at 2.3 m below the ground. An illustration of one of the simulated AMIGA
MD counters is shown in Figure 6.3.

FIGURE 6.3: Illustration of the AMIGA counter design used for the simula-
tion.

The reconstructed arrival directions of the simulated events are shown in
Figure 6.4 and a map of the air shower cores is displayed in Figure 6.5. The shower
core is reconstructed by fitting a plane shower front model to the signal arrival times
in the surface detectors.
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FIGURE 6.4: Skyplot of the arrival directions of proton (blue) and iron (red)-
induced air showers simulated with QGSJETII-04 hadronic interaction model.

The showers were simulated with a fixed zenith angle of 38o.
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FIGURE 6.5: Map of the shower cores reconstructed with the surface detectors
for proton (blue) and iron (red)-induced air showers.
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Since MD, AERA and FD are exclusively sensitive to the muonic and
electromagnetic component respectively, we can analyse the muon density at a cer-
tain distance from the shower axis using AMIGA MD counters, the radiation en-
ergy radiated by the electromagnetic component of the air shower using AERA sta-
tions, and the fluorescence energy emitted by the nitrogen in the atmosphere using
Coihueco and HEAT telescopes. The obtained results are described in the following
sections.

6.2 MD analysis

6.2.1 Reconstruction of the Muon Lateral Distribution

The muon density registered by the AMIGA MD counters was estimated using the
MLDF described in section 5.2. The distributions of the muon density reconstructed
at all rref from the shower axis for QGSJETII-04, EPOS-LHC and Sibyll 2.3 are shown
in Figures 6.6, 6.7 and 6.8.
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FIGURE 6.6: Muon density reconstructed at rref =300, 350, 400, 450, 500, 550,
600, 650, 700, 750, 800, 850, 900, 950, and 1000 m from the shower axis di-
vided by the normalized SD energy for proton (blue) and iron (red) showers

simulated with QGSJETII-04 hadronic interaction model.
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FIGURE 6.7: Muon density reconstructed at rref =300, 350, 400, 450, 500, 550,
600, 650, 700, 750, 800, 850, 900, 950, and 1000 m from the shower axis di-
vided by the normalized SD energy for proton (blue) and iron (red) showers

simulated with EPOS-LHC hadronic interaction model.
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FIGURE 6.8: Muon density reconstructed at rref =300, 350, 400, 450, 500, 550,
600, 650, 700, 750, 800, 850, 900, 950, and 1000 m from the shower axis di-
vided by the normalized SD energy for proton (blue) and iron (red) showers

simulated with Sibyll 2.3 hadronic interaction model.
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The mean value of the muon density reconstructed (ρRec
µ (rref)) at different

distances from the shower axis is shown in Figure 6.9. Showers initiated by heavier
primaries develop earlier and have a larger muon content than proton showers.
Since muons are produced close to the shower axis and interact weakly with matter,
they can travel long distances to reach the detector without being deflected from
their propagation direction. Therefore, the muon density is higher for distances
closer to the shower axis. Furthermore, the uncertainty of the reconstructed muon
density is increased for distances closer to the shower axis as the muon density is
divided by the energy reconstructed with the surface detectors (SD energy).
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FIGURE 6.9: Mean muon density reconstructed for different distances from
the shower axis normalized by the SD energy for proton and iron-induced air

showers.
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The mass discrimination power of ρRec
µ (rref) depends strongly on the un-

certainty of the reconstruction method. Thus to study the uncertainty introduced by
the reconstruction method we define [198]

ε =
ρRec
µ (rref)

ρTrue
µ (rref)

− 1, (6.1)

where ρRec
µ (rref) is the reconstructed muon density for all rref and ρTrue

µ (rref) is the
true average muon density. ρTrue

µ (rref) was determined by sampling muons in a 4.2
m wide ring (in the ground plane) at the different rref from the shower axis. Since
the detection threshold of the AMIGA MD counters corresponds to approximate
1 GeV, only muons above this energy are considered for the true muon density.
The true muon density was determined for each simulated air shower, assuming no
significant azimuthal asymmetries being present.

In Figure 6.10 an example histogram of the ε distribution for the muon
density reconstructed at 500 m from the shower axis is shown for showers induced
by proton and iron with energies from 3 × 1017 to 1019 eV for the QGSJETII-04
hadronic interaction model. The reconstructed muon density is underestimated by
(22.6 ± 0.4)% for iron showers and (31.4 ± 0.4)% for proton showers. Proton show-
ers show a larger offset to the true muon density than iron showers which implies
they are subject to larger shower-to-shower fluctuations.
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FIGURE 6.10: ε distribution for the muon density reconstructed at 500 m from
the shower axis for showers initiated by proton (blue) and iron (red) as pri-

maries for the QGSJETII-04 hadronic interaction model.
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Figure 6.11 shows σ(ε) (relative error of ρRec
µ (rref)) obtained as the RMS

of the distributions of ε, as a function of the distance from the shower axis for
QGSJETII-04, Sibyll 2.3 and EPOS-LHC. With increasing distance to the shower
axis, the uncertainty of the reconstructed muon density keeps more or less stable.
The relative uncertainty is lower than 11% for all distances and hadronic interaction
models, showing a good correlation between the true muon density and the muon
density reconstructed at all distances from the shower axis. The relative error for
iron as primary is smaller than for protons because proton showers feature larger
shower-to-shower fluctuations.
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FIGURE 6.11: Relative error of the muon density reconstructed at distances
from 300 to 1000 m from the shower axis for showers induced by proton and

iron for QGSJETII-04, Sibyll 2.3 and EPOS-LHC.

The relative error of the muon density reconstructed at 500 m from the
shower axis as a function of the primary cosmic-ray energy in logarithmic scale is
shown in Figure 6.12. As expected, the relative error decreases with energy, since the
number of muons in the air showers increase almost linearly with primary energy
(∝ E0.9), and therefore, the number of triggered muon detectors and the total number
of muons in each detector also increase.
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FIGURE 6.12: Relative error of the muon density reconstructed at 500 m from
the shower axis for proton and iron as primaries for QGSJETII-04, Sibyll 2.3
and EPOS-LHC as a function of the primary cosmic-ray energy in logarithmic

scale.

6.3 Energy Reconstruction with Surface Detectors

Figure 6.13 shows the energy reconstructed with the surface detectors as a function
of the true primary cosmic-ray energy for the hadronic interaction interaction mod-
els QGSJETII-04, EPOS-LHC and Sibyll 2.3. The reconstructed primary energy has
a linear dependence on the primary cosmic-ray energy.
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FIGURE 6.13: Reconstruction of the primary cosmic-ray energy from the SD
signal. Left: Primary energy reconstructed with the surface detectors (ESD)
as a function of the true primary cosmic-ray energy for the hadronic interac-
tion models QGSJETII-04, EPOS-LHC and Sibyll 2.3. Right: ESD reconstruc-
tion uncertainty. The ESD is underestimated for both proton and iron-induced
air showers due to the deficit of muons in the hadronic interaction models.
Showers initiated by proton feature less muons than iron showers of the same
energy. Since the surface detectors are sensitive to the muonic component of

the shower, the signal from proton showers is smaller than from iron ones.
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The primary energy reconstructed with SD is underestimated for proton
and iron-induced showers for all three hadronic interaction models. The SD is sen-
sitive to the muonic component of the shower and since there is a muon deficit in
the hadronic interaction models in comparison to experimental measurements [199],
the reconstructed SD energy is influenced by this discrepancy. The bias in the en-
ergy reconstruction is slightly larger for proton than iron showers and it depends
on the hadronic interaction model. This offset indicates a mass dependent recon-
struction bias on the primary cosmic ray energy. Furthermore, showers induced by
proton feature less muon content than iron showers of the same energy. The relative
difference between the reconstructed and true energy is larger for proton by 2% for
QGSJETII-04, 3% for EPOS-LHC and 2% for Sibyll 2.3. Moreover, QGSJETII-04 is
the hadronic model that features the largest bias in the energy reconstruction and
EPOS-LHC shows the smallest one.

6.3.1 Radiation Energy

The radiation energy originates from the radiation emitted by the electromagnetic
component of the air shower. Thus the radiation energy correlates best with the
electromagnetic cascade energy instead of the full shower energy, in which there is
energy carried away by neutrinos and high energy muons that is not significant for
the radio emission. The electromagnetic cascade energy can be inferred assuming a
specific cosmic-ray composition and hadronic interaction model.

In what follows the true radiation energy is calculated for the set of COR-
SIKA simulations described above (proton and iron-induced air-showers with a
fixed zenith angle of 38o, uniformly distributed over the energy range from 3 ×
1017 eV to 1019 eV, and QGSJETII-04 hadronic model) using the model developed by
Glaser et al. [170] to study the radiation energy released by extensive air showers
in the frequency range of MHz. Moreover, a correlation of the true radiation energy
with the electromagnetic air shower energy is made and it is analysed at the Auger
Observatory level.

The radiation energy is the sum of the radiation energy of the geomag-
netic emission and the radiation energy of the charge-excess emission [200]. How-
ever, before correlating the radiation energy with the electromagnetic cascade en-
ergy, the radiation of the geomagnetic emission has to be corrected for geometry.
This radiation depends on the magnitude of the geomagnetic field BEarth and the
angle α between the shower axis and the geomagnetic field, scaling with sin2α. On
the other hand, the radiation energy of the charge-excess emission does not depend
on the Earth’s magnetic field.

Using a parametrization function from Glaser et al. [170] (Eq. 6.3) for
the radiation energy corrected for sinα as well as the atmospheric density at shower
maximum correlated with the electromagnetic cascade energy, we can analyse the
residuals of the relation between the corrected radiation energy (SRD) and the elec-
tromagnetic cascade energy (Eem) as a function of the atmospheric density at shower
maximum (ρXmax). The atmospheric density was determined by using the US stan-
dard atmospheric model.
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The correction for the radiation energy is given by

SRD =
Erad

a(ρXmax)
2 + (1− a(ρXmax)

2)sin2α
, (6.2)

where a(ρXmax) is the parametrization of the charge-excess fraction [170]. Fitting a
power-law function of the form

SRD = A× 107eV
(

Eem

1018 eV

)B
(6.3)

where A=1.683 ± 0.004 and B=2.006 ± 0.001, one finds that SRD scales quadratically
with the electromagnetic cascade energy Eem as expected for coherent emission.

The amount of radiation energy increases with slant depth as the shower
develops in the atmosphere. The relation between the corrected radiation energy
SRD and the electromagnetic cascade energy of the air shower depends on the den-
sity at shower maximum (ρXmax) as shown in Figure 6.14. There is more radiation
energy in a region where the atmospheric density is low. Thus, showers that develop
earlier in the atmosphere have a slightly larger radiation energy than showers of the
same energy that develop deeper in the atmosphere as the air density increases with
increasing atmospheric depth.
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FIGURE 6.14: Correlation between SRD and electromagnetic cascade energy
(Eem) of proton and iron induced air-showers and QGSJETII-04 hadronic in-
teraction model plotted as a function of the atmospheric density at shower

maximum (ρXmax ).
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As the radiation energy increases with decreasing atmospheric density, a
second correction term is applied to SRD:

Sρ
RD =

Erad

a(ρXmax)
2 + (1− a(ρXmax)

2)sin2α

1
(1− p0 + p0exp[p1(ρXmax − 〈ρ〉)])2 , (6.4)

where 〈ρ〉=0.65 kg/m3, p0 and p1 are parameters from a combined chi-square fit of
Sρ

RD as a function of the electromagnetic cascade energy. Their values are p0 = -29.47
± 0.009 and p1 = -2.95 ± 0.06 m3/kg.

Sometimes the Xmax information is not accessible in a measurement or it
presents large experimental uncertainties. As most of the variation of ρXmax is due
to the zenith angle of the incident shower, the radiation energy can be corrected
only taking into account the zenith angle. For all showers the density at the position
of the shower maximum ρθ = ρ(θ, 〈Xmax〉) was calculated assuming an average
〈Xmax〉=669 g/cm2. Thus parametrizing the variation of the charge excess fraction
(Eq. 6.5) using the zenith angle we have Eq. 6.6

a(ρXmax) = 0.43(e1.11m3/kg(ρXmax−〈ρ〉))− 0.24, (6.5)

where 〈ρ〉 = 0.65 kg/m3 is the atmospheric density at shower maximum for an av-
erage zenith angle of 45o [170].

a(ρθ) = 0.45(e1.14m3/kg(ρθ−〈ρ〉))− 0.24, (6.6)

and then the corrected radiation energy (Eq. 6.4) can be defined as

Sρθ
RD =

Erad

a(ρθ)2 + (1− a(ρθ)2)sin2α

1
(1− p0 + p0exp[p1(ρθ − 〈ρ〉)])2 . (6.7)

Figure 6.15 shows the corrected radiation energy Sρθ
RD correlated with the

electromagnetic cascade energy for air showers induced by proton and iron and
QGSJETII-04 hadronic interaction model.
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The slope parameter p1 deviates from 2, which is because the average
Xmax increases linearly with the logarithm of the cosmic-ray energy [201]. There-
fore, for the same zenith angle, the higher the shower energy the deeper the shower
penetrates in the atmosphere, and consequently the smaller is the radiation energy.
As we do not correct Sρθ

RD for an Xmax dependence, the slope parameter p1 shows a
value slightly smaller than 2.

Clipping effect

If the radiation energy is detected by an observer located at a given altitude above
sea level the shower may not be completely developed when it reaches the ground
(such as the Pierre Auger Observatory), i. e., part of the shower that could contribute
to the radiation energy is clipped.

The clipping effect depends on the atmospheric depth between the ob-
server and the shower maximum Xmax, and is defined as following (Eq. 6.8) [170]

DXmax =
∫ ∞

h0

ρ(h)
cosθ

dh− Xmax =
∫ h(Xmax)

h0

ρ(h)
cosθ

dh− Xmax, (6.8)

where h0 is the observer’s altitude, θ is the zenith angle and ρ(h) is the atmospheric
density at a given height h above sea level.

Parametrizing the radiation energy fraction which is radiated as a func-
tion of DXmax we have
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Erad(DXmax)

Erad
= 1− exp(−8.7 cm2/kg(DXmax + 0.29 kg/cm2)1.89). (6.9)

The clipping effect is very important because the radiation energy needs
to be corrected to estimate the primary cosmic-ray energy. As the Xmax information
is not always accessible or can present large experimental uncertainties, Glaser et
al. (2016) [170] made an alternative parametrization for the clipping effect using the
zenith angle and the primary cosmic-ray energy. The atmospheric depth between
the observer and the Xmax is proportional to the secant of the zenith angle with
a dependence on the second order of the primary cosmic-ray energy as the mean
value of Xmax increases proportionally to the logarithm of the mass.

Thus the parametrization functions for showers induced by proton and
iron as primaries used in this thesis are shown in Eqs. 6.10 and 6.11 as

Ep
rad,1564 m = Erad

(
1− exp

(
−8.27

(
secθ · log10(1018)

log10ETrue

))
− 0.71

)
, (6.10)

EFe
rad,1564 m = Erad

(
1− exp

(
−7.17

(
secθ · log10(1018)

log10ETrue

))
− 0.8

)
. (6.11)

Figure 6.16 shows the radiation-energy fraction (Erad,1564m/Erad) for pro-
ton and iron-induced showers with zenith angle of 38o and QGSJETII-04 hadronic
interaction model. Since iron showers have a smaller Xmax than proton showers, the
fraction of clipped radiation energy is also smaller. The resulted radiation-energy
fraction is compatible with [170] for the range between 1.2 and 1.3 in the x axis.

Radiation energy reconstruction

In Offline reconstruction the radiation energy is obtained by spatially integrating the
two-dimensional lateral distribution function GeoCeLDF (as previously mentioned
in section 5.3). Various quality cuts were applied to improve the radiation energy
results.

1) A minimum number of 5 radio stations with signal and S2/N2 ≥ 10
were considered to have one event reconstructed;

2) Events with unsuccessful reconstruction of the radio lateral distribu-
tion function (GeoCeLDF) were not taken into account since the radiation energy
(Erad) is not reconstructed in that case. However, there are events that even having a
successful GeoCeLDF reconstruction, present high uncertainty in the radiation en-
ergy value. Therefore we demanded the uncertainty on the radiation energy to be
smaller than 100% of its value;

3) The radiation energy (Erad) depends on the geomagnetic angle α, which
corresponds to the angle between the Earth’s magnetic field and the shower axis,
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FIGURE 6.16: Fraction of radiation energy which is radiated up to the height
of the Pierre Auger Observatory (1564 m a.s.l.) as a function of the zenith angle
and the primary cosmic-ray energy for proton (blue) and iron (red)-induced

showers and QGSJETII-04 hadronic interaction model.

and has to be corrected for this influence. On the other hand, these corrections lead
to large uncertainties for small geomagnetic angles. Therefore, we used α ≥10o,
which corresponds to the domain of the geomagnetic emission over the Askaryan
effect;

4) For the GeoCeLDF fit a chi-square probability higher than 0.0004 was
applied.

The radiation energy is then corrected for the zenith-angle dependence
and clipping effect using Eqs. 6.10 and 6.11 in 6.7. Figure 6.17 shows the radiation
energy as a function of the true primary cosmic-ray energy for proton and iron-
induced air showers for QGSJETII-04, EPOS-LHC and Sibyll 2.3. The events were
fitted with a power-law function (Eq. 6.12) based on a maximum-likelihood ap-
proach accounting for the estimated uncertainties and detection efficiencies in the
reconstruction of Sρθ

RD as

Sρθ
RD = p0

(
ETrue

1018 eV

)p1

. (6.12)
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FIGURE 6.17: Radiation energy corrected for the zenith-angle dependence
and clipping effect as a function of the true primary cosmic-ray energy for
proton (blue) and iron (red)-induced air showers with zenith angle of 38o

and hadronic interaction models QGSJETII-04, EPOS-LHC and Sibyll 2.3. The
solid lines correspond to the power-law fit.
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The radiation energy increases with the true primary energy with an av-
erage index of 1.997± 0.002 for QGSJETII-04, 2.045± 0.002 for EPOS-LHC and 2.013
± 0.002 for Sibyll 2.3. The derived parameters p0 and p1 from the fit are used to re-
construct the primary cosmic ray energy ERD (Eq. 6.13)

ERD = 1018eV
(

Sρθ
RD
p0

)1/p1

(6.13)

which will be further combined with the muon density to estimate mass composi-
tion of primary cosmic rays. The ERD reconstruction uncertainty is shown in Figure
6.18.
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The reconstructed primary energy estimated using the radiation energy
measured by AERA is underestimated for proton and iron showers by about 21%
for all the used hadronic interaction models. The uncertainty difference between
proton and iron showers is about 2% which is not statistically significant. This sta-
tistical uncertainty is a combination of the uncertainties of the measurement and
the reconstruction of the radiation energy. It is not only the radiation energy that is
underestimated in the reconstruction, but also the energy fluence in the radio detec-
tors from which the radiation energy is calculated [202]. The reconstructed energy
fluence in the antennas features an average bias of 11%, while the reconstructed ra-
diation energy shows an average bias of 10%. A description of the reconstruction
steps to investigate the underestimation of the energy fluence can be found in [202].

6.4 FD analysis

To get high quality of the fluorescence detector analyses some cuts were applied.
The applied quality cuts can be classified in three categories: general, ge-

ometric and profile cuts. The general cuts correspond to the basic properties that
the reconstructed events must have, as the fact that the event must be hybrid. The
geometric cuts refer to the reconstructed shower geometry, such as the zenith angle
must be lower than 55o. On the other hand, the profile cuts are related to the recon-
structed shower profile, such as possible holes in the measured shower profile can
not be very large.

General cuts

The applied general cuts are:
1) Events must be hybrid (events reconstructed by both SD and FD);
2) Event with no pixel saturation. The pixel saturates when the recorded

light signal is larger than the dynamic range of the FD electronics. This may be the
case for showers that fall directly onto the telescope;

3) The uncertainty on the reconstructed fluorescence energy (σ(EFD)/EFD)
of the event should be smaller than 20%;

4) The fluorescence energy should have at most 50% of Cherenkov radi-
ation. The Cherenkov light contaminates the fluorescence signal [190]. When there
is too much Cherenkov radiation in the FD measurements, the Xmax and energy
reconstruction can be influenced.

Geometric cuts

The geometric cuts refer to cuts applied in the zenith angle (which must be lower
than 55o) and cuts in the distance between the shower core and the closest surface
detector to this core (which must be lower than 800 m so that the active detection
area is within the surface-detector array). As the showers were simulated inside
the infill array, where the spacing among the surface detectors is 750 m, being the
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shower axis inside the unitary cell and with a fixed zenith angle of 38o, no geometric
cut was applied.

Profile cuts

The applied profile cuts are:
6) Xmax reconstructed should be in the FOV (xMaxInFOV). Moreover, it

is important that the reconstructed Xmax does not lie at the border of the FOV but at
a certain distance away from the border, so Xmax should be at least 20 g/cm2 distant
from the FOV borders;

7) The Xmax reconstructed uncertainty (xMaxError) should be less than
40 g/cm2;

8) Possible holes in the shower profile without data have to be smaller
than 30% of the total profile. The possible sources of holes are: i) the existence of
clouds between the detector and the air shower, which taint the measured light pro-
file. This source exists only for measured data since there is no cloud in simulations
and ii) gaps between the FOV of different telescopes. This source is possible for both
simulated and measured data;

9) The reduced χ2/NDF of the Gaisser-Hillas fit has to be smaller than
2.5. This cut lets pass only events with a relative high fit quality.

Figure 6.19 shows the fluorescence light detected by the telescopes at
Coihueco and HEAT (separately and simultaneously) as a function of the primary
cosmic-ray energy for the hadronic interaction models QGSJETII-04, EPOS-LHC
and Sibyll 2.3. The reconstructed fluorescence energy has a linear dependence with
the primary cosmic ray energy. The fluorescence light is emitted by the nitrogen
molecules in the atmosphere, which are mostly excited by electrons from the elec-
tromagnetic component of the air shower. Since proton showers produce larger
electromagnetic size than iron showers of the same energy [203], there is more fluo-
rescence light in showers induced by proton than iron.
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FIGURE 6.19: Fluorescence energy (EFD) as a function of the primary cosmic-
ray energy (left) and EFD uncertainty (right) for the hadronic interaction mod-

els QGSJETII-04, EPOS-LHC and Sibyll 2.3.
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Quality cuts QGSJETII-04 Sibyll 2.3 EPOS-LHC
Iron Proton Iron Proton Iron Proton

SD+MD+FD

FD energy successfully reconstructed 499 491 1493 1472 496 490
∆EFD/EFD ≤ 0.2 498 491 1486 1467 495 490
xMaxInFOV = 20 492 490 1475 1462 487 483

xMaxError < 40 g/cm2 488 490 1469 1462 485 483
maxDepthHole <= 30% 477 477 1448 1439 471 470
≥ 50% Cherenkov radiation 477 477 1448 1439 471 470

Gaisser-Hillas fit χ2/NDF < 2.5 456 447 1356 1339 456 437

SD+MD+RD

Radiation energy successfully reconstructed 390 379 1160 1075 396 377

α (geomagnetic angle) ≥ 10o 390 377 1158 1073 396 376
RDS with signal ≥ 5 282 238 819 647 286 244

GeoCeLDF: χ2 prob > 4e-4 136 72 341 187 119 66

TABLE 6.1: Number of events after each quality cut for SD, FD and RD anal-
ysis for proton and iron showers with hadronic interaction models QGSJETII-

04, Sibyll 2.3 and EPOS-LHC.

Table 6.1 shows the number of events for proton and iron showers for
the hadronic interaction models QGSJETII-04, Sibyll 2.3 and EPOS-LHC after each
applied quality cut.

Figures 6.20 and 6.21 show an example event simulated for a proton and
iron-induced air shower detected simultaneously by SD, MD, FD and RD detectors.
In both figures, the index (A) shows the event map of the surface and radio detec-
tors. The coloured circles are surface detectors which measured the event, whereas
the grey circles are surface detectors which measured a signal below the threshold.
The size of the circles is proportional to the measured intensity of the signal. The
signal time is colour coded from blue (early) to green (late). The coloured crosses are
the RD stations that measured the event and grey and black crosses are the remain-
ing RD antennas. The star represents the reconstructed shower core and the black
line the shower axis; (B) Two-dimensional lateral distribution function of the radi-
ation energy fluence. The energy density distribution is not symmetric due to the
interference of both the geomagnetic and the charge-excess emission mechanisms.
The brown star denotes the shower core reconstructed with surface detectors and
the blue one represents the shower core from RD reconstruction; (C) Fit of the lat-
eral distribution function on the surface detector signal of the measured event as a
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function of the distance to the shower core; (D) Fit of the lateral distribution func-
tion of the muon density in units of m−2. The muon detectors that measured the
event are included in the plot; and (E) Energy-deposit profile as a function of the
atmospheric depth with the Gaisser-Hillas fit in red. The red dot marks the position
of shower maximum Xmax and the red-shaded area represents the fit uncertainties.
The events were detected by Coihueco and/or HEAT telescopes.

6.5 Correlation Analysis

To evaluate the correlation among the muon density reconstructed, ρRec
µ , at all those

rref from the shower axis and the SD energy (ESD), FD energy (EFD) and RD energy
(ERD), we used the Pearson correlation coefficient, which is a measure of the linear
dependence between two variables. It has a value between +1 and -1 inclusive,
where 1 is a total positive linear correlation, 0 is a non linear correlation, and -1 is a
total negative linear correlation.

The muon density reconstructed at 500 m from the shower axis as a func-
tion of the true cosmic-ray energy (ETrue), the true calorimetric energy (Ecal

True - which
is a measure of the shower electromagnetic energy), ESD, EFD and ERD for proton
and iron showers for QGSJETII-04, EPOS-LHC and Sibyll 2.3 are shown in Figures
6.22, 6.23 and 6.24. The ρRec

µ (rref) has a linear dependence with the all energy esti-
mators. For all correlations among the muon density reconstructed and all energy
estimators we performed a power-law fit given by

ρRec
µ (rref) = p0 · Ep1 . (6.14)

The fit method is based on a maximum-likelihood approach accounting
for the estimated uncertainties in the respective ρRec

µ (rref) and ESD, EFD and ERD
reconstructions.
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(A) (B)

(C) (D)

(E)

FIGURE 6.20: Example of a simulated event for a proton-induced air shower
with E = 5×1018 eV and 38o zenith angle. The event was detected by 22 surface
detectors, 10 RD stations and observed by Coihueco mirrors 4 and 5. In (E)

the curve reaches its maximum at around (769.97 ± 7.45) g/cm2.
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(A) (B)

(C) (D)

(E)

FIGURE 6.21: Example of a simulated event for an iron-induced air shower
with E = 8.24×1017 eV and 38o zenith angle. The event was detected by 14
surface detectors, 6 RD stations and observed by Coihueco mirror 4. In (E)

the curve reaches its maximum at around (657.51 ± 7.18) g/cm2.
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FIGURE 6.22: Muon density reconstructed at 500 m from the shower axis as
a function of the true primary energy, true calorimetric energy, SD energy,
FD energy and RD energy for proton (blue) and iron (red) showers for the

QGSJETII-04 hadronic interaction model.
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FIGURE 6.23: Muon density reconstructed at 500 m from the shower axis as
a function of the true primary energy, true calorimetric energy, SD energy, FD
energy and RD energy for proton (blue) and iron (red) showers for the EPOS-

LHC hadronic interaction model.
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FIGURE 6.24: Muon density reconstructed at 500 m from the shower axis as
a function of the true primary energy, true calorimetric energy, SD energy, FD
energy and RD energy for proton (blue) and iron (red) showers for the Sibyll

2.3 hadronic interaction model.
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Figure 6.25 shows the Pearson coefficient for the reconstructed muon
density correlated to the true cosmic-ray energy, SD energy, FD energy and RD en-
ergy for proton and iron showers for QGSJETII-04 as a function of the different dis-
tances from the shower axis. As a result, we have a correlation coefficient close to 1
for all distances from the shower axis and energy parameters motivating the com-
bination of the reconstructed muon density with different energy estimators. The
same result was obtained for EPOS-LHC and Sibyll 2.3 hadronic interaction mod-
els.
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FIGURE 6.25: Pearson coefficient correlating the reconstructed muon density
at all rref from the shower axis to the true primary cosmic ray energy, SD en-
ergy, RD energy and FD energy for proton and iron showers for QGSJETII-04

hadronic interaction model.

6.5.1 Mass-discrimination power

The muon density at a given distance from the shower axis has been used as a pa-
rameter for composition analyses at a given energy. Therefore, the mass-discrimination
factor between proton and iron showers is analysed using the reconstructed muon
density at all rref from the shower axis taking into account the true cosmic-ray en-
ergy, true calorimetric energy, SD energy, FD energy and RD energy. The aim of
using different distances and energy parameter is to evaluate which distance and
energy parameter provide the best mass separation.

The mass-discrimination power was calculated using the expression of
the merit factor (MF) [198]

MF =
|
〈
qp
〉
− 〈qFe〉 |√

σ2(qp) + σ2(qFe)
, (6.15)
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where qA is the parameter for nucleus A, 〈qA〉 is the mean value and σ(qA) the
standard deviation for the distribution of qA. In our work, qA corresponds to ρµ(rref)
divided by all energy estimators (ETrue, Ecal

True, ESD, ERD, EFD). From the definition of
the MF, we see that the larger its value, the greater is the discrimination power of
the parameter q.

To investigate which distance gives the best mass separation, it is im-
portant that we have the same events reconstructed for all distances, but since the
quality cuts applied for SD and FD analyses do not lose much events in comparison
to the RD cuts, we decided to first use only the dataset with the reconstructed muon
density, the SD energy and FD energy so we can have better statistics.

Figures 6.26, 6.27 and 6.28 show the distributions for the muon density
reconstructed at 500 m from the shower axis divided by the true cosmic-ray energy,
the true calorimetric energy, the SD energy and the FD energy for the hadronic inter-
action models QGSJETII-04, EPOS-LHC and Sibyll 2.3. All energy estimators were
normalized to 1018 eV and raised to a given power p1 from the power-law fit in
Figures 6.22, 6.23 and 6.24. The p1 value used in the following distributions corre-
sponds to the mean value between p1 for proton and iron-induced showers for all
three models (see Table 6.2).

Energy Estimators QGSJETII-04 EPOS-LHC Sibyll 2.3
p1 p1 p1

ETrue 0.917 0.917 0.910
Ecal

True 0.907 0.907 0.899
ESD 0.907 0.912 0.903
EFD 0.881 0.882 0.868
ERD 0.854 0.840 0.841

TABLE 6.2: p1 mean value from a power-law fit for the ρRec
µ (rref) as a function

of the different energy estimators (ETrue, Ecal
True, ESD, EFD and ERD) for proton

and iron-induced air showers with the hadronic interaction models QGSJETII-
04, EPOS-LHC and Sibyll 2.3.
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FIGURE 6.26: Muon density reconstructed at 500 m from the shower axis
divided by the true cosmic-ray energy, true calorimetric energy, SD energy
and FD energy for proton (blue) and iron (red) showers for the QGSJETII-04

hadronic interaction model.
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FIGURE 6.27: Muon density reconstructed at 500 m from the shower axis
divided by the true cosmic-ray energy, true calorimetric energy, SD energy
and FD energy for proton (blue) and iron (red) showers for the EPOS-LHC

hadronic interaction model.
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FIGURE 6.28: Muon density reconstructed at 500 m from the shower axis di-
vided by the true cosmic-ray energy, true calorimetric energy, SD energy and
FD energy for proton (blue) and iron (red) showers for the Sibyll 2.3 hadronic

interaction model.
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In Figures 6.29, 6.30 and 6.31 the merit factor is shown for the muon den-
sity reconstructed at all rref from the shower axis divided by the true cosmic-ray
energy, true calorimetric energy, SD energy, and FD energy for the hadronic interac-
tion models QGSJETII-04, Sibyll 2.3 and EPOS-LHC. In these figures the merit fac-
tor error was estimated using the bootstrap method which is a resampling technique
proposed by Bradley Efron in 1979, used in different statistical situations [204]. The
technique is based on obtaining a new dataset by random resampling with replace-
ment of the original dataset. It is frequently used to estimate the variance of a statis-
tical dataset, as well as constructing confidence intervals or performing hypothesis
tests on parameters of interest. Therefore the original dataset of events was ran-
domly resampled 10000 times. Thus, calculating 10000 times the merit factor (for
ρRec
µ (rref)/ETrue, ρRec

µ (rref)/Ecal
True, ρRec

µ (rref)/ESD and ρRec
µ (rref)/EFD) and analysing

the frequency distribution of the merit factor sets we used the standard deviation
of the merit factor distributions as an estimator of the merit factor uncertainty (see
Tables 6.3, 6.4 and 6.5).

rref ρRec
µ (rref)/E0.92

True ρRec
µ (rref)/

(
Ecal

True

)0.91
ρRec
µ (rref)/E0.91

SD ρRec
µ (rref)/E0.88

FD
MF Uncertainty MF Uncertainty MF Uncertainty MF Uncertainty

300 m 1.76 0.11 1.95 0.12 1.89 0.12 1.83 0.10
350 m 2.08 0.13 2.14 0.12 1.95 0.13 2.08 0.10
400 m 2.27 0.12 2.40 0.13 2.15 0.13 2.19 0.11
450 m 2.43 0.13 2.64 0.14 2.19 0.15 2.22 0.13
500 m 2.56 0.13 2.77 0.14 2.16 0.12 2.27 0.15
550 m 2.38 0.12 2.56 0.12 2.04 0.12 2.33 0.13
600 m 2.29 0.11 2.40 0.13 2.04 0.13 2.31 0.13
650 m 2.28 0.12 2.32 0.11 2.00 0.17 2.26 0.12
700 m 2.18 0.10 2.23 0.11 1.86 0.13 2.17 0.12
750 m 2.01 0.12 2.16 0.12 1.74 0.12 2.15 0.12
800 m 1.93 0.13 2.14 0.13 1.72 0.10 2.03 0.12
850 m 1.95 0.13 2.06 0.14 1.60 0.11 2.07 0.12
900 m 1.84 0.13 2.06 0.13 1.63 0.10 1.98 0.12
950 m 1.77 0.11 1.96 0.13 1.59 0.09 1.91 0.12
1000 m 1.73 0.12 1.83 0.12 1.57 0.09 1.84 0.11

TABLE 6.3: Merit factor and its uncertainty for ρRec
µ (rref)/E0.92

True,

ρRec
µ (rref)/

(
Ecal

True

)0.91
, ρRec

µ (rref)/E0.91
SD and ρRec

µ (rref)/E0.88
FD distributions

for proton and iron-induced air showers with the QGSJETII-04 hadronic
interaction model.
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FIGURE 6.29: Mass discrimination power as function of the distance from
the shower axis for the reconstructed muon density divided by the true
cosmic-ray energy, true calorimetric energy, SD energy and FD energy for the

QGSJETII-04 hadronic interaction model.

rref ρRec
µ (rref)/E0.92

True ρRec
µ (rref)/

(
Ecal

True

)0.91
ρRec
µ (rref)/E0.91

SD ρRec
µ (rref)/E0.88

FD
MF Uncertainty MF Uncertainty MF Uncertainty MF Uncertainty

300 m 1.74 0.10 1.79 0.10 1.82 0.11 1.72 0.10
350 m 1.90 0.10 2.03 0.12 1.97 0.13 1.97 0.11
400 m 2.09 0.12 2.18 0.11 2.13 0.12 2.15 0.11
450 m 2.14 0.11 2.29 0.11 2.13 0.12 2.15 0.12
500 m 2.21 0.11 2.25 0.14 2.19 0.12 2.32 0.12
550 m 2.17 0.10 2.35 0.12 2.12 0.10 2.24 0.12
600 m 2.10 0.11 2.24 0.11 2.06 0.11 2.25 0.12
650 m 2.01 0.11 2.19 0.11 1.88 0.11 2.16 0.12
700 m 2.10 0.10 2.14 0.11 1.95 0.11 2.16 0.12
750 m 2.00 0.10 2.11 0.11 1.79 0.10 2.08 0.12
800 m 2.01 0.11 2.03 0.10 1.77 0.11 2.07 0.11
850 m 1.84 0.10 1.95 0.10 1.69 0.10 2.12 0.11
900 m 1.86 0.10 1.91 0.10 1.69 0.11 2.08 0.11
950 m 1.79 0.10 1.89 0.10 1.66 0.11 1.96 0.10
1000 m 1.72 0.10 1.81 0.11 1.60 0.11 1.83 0.12

TABLE 6.4: Merit factor (MF) and its uncertainty for ρRec
µ (rref)/E0.92

True,

ρRec
µ (rref)/

(
Ecal

True

)0.91
, ρRec

µ (rref)/E0.91
SD and ρRec

µ (rref)/E0.88
FD distributions for

proton and iron-induced air showers with the EPOS-LHC hadronic interac-
tion model.
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FIGURE 6.30: Mass discrimination power as function of the distance from the
shower axis for the reconstructed muon density divided by the true cosmic-
ray energy, true calorimetric energy, SD energy and FD energy for the EPOS-

LHC hadronic interaction model.

r|mathrmre f ρRec
µ (rref)/E0.91

True ρRec
µ (rref)/ECal

True
0.90 ρRec

µ (rref)/E0.90
SD ρRec

µ (rref)/E0.87
FD

MF Uncertainty MF Uncertainty MF Uncertainty MF Uncertainty

300 m 1.59 0.05 1.73 0.05 1.67 0.05 1.76 0.06
350 m 1.78 0.05 1.97 0.06 1.86 0.05 1.89 0.06
400 m 1.98 0.05 2.14 0.06 1.95 0.05 2.05 0.06
450 m 2.15 0.06 2.26 0.07 2.03 0.06 2.13 0.06
500 m 2.16 0.06 2.39 0.07 1.99 0.05 2.15 0.06
550 m 2.25 0.07 2.34 0.06 2.01 0.06 2.19 0.06
600 m 2.17 0.06 2.32 0.06 1.94 0.05 2.15 0.06
650 m 2.11 0.06 2.20 0.06 1.88 0.05 2.17 0.06
700 m 2.01 0.06 2.11 0.06 1.81 0.05 2.11 0.06
750 m 1.95 0.05 2.06 0.05 1.75 0.05 2.01 0.06
800 m 1.84 0.05 1.99 0.05 1.70 0.05 1.98 0.06
850 m 1.80 0.05 1.96 0.06 1.67 0.05 1.87 0.05
900 m 1.74 0.05 1.87 0.05 1.61 0.05 1.83 0.05
950 m 1.71 0.05 1.81 0.05 1.57 0.05 1.80 0.05

1000 m 1.63 0.05 1.74 0.05 1.53 0.05 1.74 0.05

TABLE 6.5: Merit factor (MF) and its uncertainty for ρRec
µ (rref)/E0.91

True,
ρRec
µ (rref)/ECal

True
0.90, ρRec

µ (rref)/E0.90
SD and ρRec

µ (rref)/E0.87
FD distributions for pro-

ton and iron-induced air showers with the Sibyll 2.3 hadronic interaction
model.
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FIGURE 6.31: Mass discrimination power as function of the distance from the
shower axis for the reconstructed muon density divided by the true cosmic-
ray energy, true calorimetric energy, SD energy and FD energy for the Sibyll

2.3 hadronic interaction model.

The merit factor is maximized in the range of distances between 400 and
550 m from the shower axis, so we can use the 500 m distance as the reference dis-
tance to study mass composition of cosmic rays. Moreover, the uncertainties in
the muon density reconstruction method for 500 m are very reduced (< 9%). The
muon density divided by the fluorescence energy features a better mass separation
between iron and proton showers than the SD energy. This was expected as the
fluorescence energy is proportional to the true calorimetric electromagnetic energy
of the shower which also features a better mass separation than the true cosmic ray
energy. In general the combination of muonic and electromagnetic component of
the extensive air shower shows a great potential for mass composition studies.

Since we have few events after the RD quality cuts and assuming that 500
m is an optimum distance to reconstruct the muon density to study mass compo-
sition of primary cosmic rays, we studied the merit factor taking into account the
radiation energy only at the distance of 500 m from the shower axis. Figure 6.32
shows ρRec

µ (500)/Ep1
SD and ρRec

µ (500)/Ep1
RD for proton (blue) and iron (red)-induced

air showers for the hadronic interaction models QGSJETII-04, EPOS-LHC and Sibyll
2.3. The respective merit-factor values and their statistical uncertainties (obtained
via bootstrap method) are shown in Table 6.6. In general there is no additional mass
separation when we divide the muon density reconstructed by the radiation energy
in comparison to the SD energy for all three hadronic interaction models. Neverthe-
less, both air shower observables are good estimators of the primary mass compo-
sition. Moreover, the radio reconstruction was not optimized for the event dataset
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used in this thesis. It was only optimized for AERA24, and not for the large ar-
ray with mixed spacings and antenna types. Therefore, the radiation energy recon-
structed from the radio footprint needs to be enhanced. In comparison to FD energy,
the muon density combined with the FD energy features the best mass separation
but due to the low duty cycle of the telescopes, we have only a few measured events.
Hence it is worth using the muon density combined with the SD or RD energy to
study primary mass composition.
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FIGURE 6.32: Muon density reconstructed at 500 m from the shower axis di-
vided by the SD energy and RD energy for proton (blue) and iron (red) show-
ers for the hadronic interaction models QGSJETII-04, Sibyll 2.3 and EPOS-

LHC.
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Hadronic Model ρRec
µ (500)/Ep1

SD ρRec
µ (500)/Ep1

RD
MF Uncertainty MF Uncertainty

QGSJETII-04 1.82 0.27 1.76 0.25
EPOS-LHC 1.99 0.40 1.45 0.23

Sibyll 2.3 1.77 0.30 1.43 0.23

TABLE 6.6: Merit factor (MF) and its uncertainty for ρRec
µ (500)/Ep1

SD and
ρRec
µ (500)/Ep1

RD distributions for proton and iron-induced air showers with the
hadronic interaction models QGSJETII-04, EPOS-LHC and Sibyll 2.3.

6.6 Maximum atmospheric shower depth (Xmax)

The maximum shower depth (Xmax) is proportional to the logarithm of the mass A
of the primary particle. However, due to the fluctuations of the properties of the
first hadronic interactions in the shower development, the primary mass can not be
measured in an event-by-event basis but can be statistically inferred from the Xmax
distribution of an ensemble of air showers.

The Xmax parameter provides the atmospheric depth the shower traversed
before the maximum particle density is reached. This parameter is calculated from
the measurement of the amount of fluorescence light deposited in the atmosphere
and the corresponding position of the atmospheric shower.

Figure 6.33 shows the Xmax distribution for proton and iron-induced show-
ers and hadronic interaction models QGSJETII-04, EPOS-LHC and Sibyll 2.3.

From these figures, we can see that showers induced by heavier primaries
develop earlier and faster in the atmosphere than lighter primaries. Moreover the
difference among the Xmax values for the different hadronic interaction models vary
between 0.4 and 2.4% for proton showers and between 2.0 and 3.4% for iron show-
ers. In general, the Xmax parameter strongly depends on the primary mass but not
significantly on the used hadronic interaction model.

Since the muon density reconstructed at 500 m from the shower axis fea-
tures an optimal mass separation in comparison to other distances, we compared
the mass discrimination power of the parameters ρRec

µ (500)/Ep1
SD and ρRec

µ (500)/Ep1
FD

with the slope parameter (βµ) of the MLDF and Xmax. The parameter distributions
for proton and iron-induced showers simulated with QGSJETII-04, EPOS-LHC and
Sibyll 2.3 are shown in Figures 6.34, 6.35 and 6.36. The mass discrimination values
are shown in Table 6.7. As already described in section 6.5.1, we estimated the merit-
factor uncertainty by using the bootstrap method in which we randomly resam-
pled 10000 distributions with replacement of the original dataset for ρRec

µ (500)/Ep1
SD,

ρRec
µ (500)/Ep1

FD, βµ and Xmax.
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FIGURE 6.33: Xmax distribution for proton and iron-induced showers and
hadronic interaction models QGSJETII-04, EPOS-LHC and Sibyll 2.3.
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FIGURE 6.34: Mass discrimination power for the muon density reconstructed
at 500 m from the shower axis divided by the SD energy (ρRec

µ (500)/E0.92
SD ) and

FD energy (ρRec
µ (500)/E0.88

FD ), slope parameter (βµ) of the MLDF and Xmax for
QGSJETII-04 hadronic interaction model.
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FIGURE 6.35: Mass discrimination power for the muon density reconstructed
at 500 m from the shower axis divided by the SD energy (ρRec

µ (500)/E0.92
SD ) and

FD energy (ρRec
µ (500)/E0.88

FD ), slope parameter (βµ) of the MLDF and Xmax for
EPOS-LHC hadronic interaction model.
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Mean 1.9±803.3 
Sigma 1.5±64.1  

(D) Xmax

FIGURE 6.36: Mass discrimination power for the muon density reconstructed
at 500 m from the shower axis divided by the SD energy (ρRec

µ (500)/E0.90
SD ) and

FD energy (ρRec
µ (500)/EFD), slope parameter (βµ) of the MLDF and Xmax for

Sibyll 2.3 hadronic interaction model.
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Mass Estimators QGSJETII-04 EPOS-LHC Sibyll 2.3
MF Uncertainty MF Uncertainty MF Uncertainty

ρRec
µ (500)/Ep1

SD 2.16 0.13 2.15 0.13 1.99 0.06
ρRec
µ (500)/Ep1

FD 2.27 0.12 2.28 0.12 2.14 0.06
βµ 0.39 0.08 0.44 0.08 0.5 0.04

Xmax 1.14 0.09 1.03 0.10 1.10 0.04

TABLE 6.7: Merit Factor (MF) and its uncertainty for ρRec
µ (500)/Ep1

SD,
ρRec
µ (500)/Ep1

FD, βµ and Xmax for showers simulated with proton and iron
as primaries and hadronic interaction models QGSJETII-04, EPOS-LHC and

Sibyll 2.3.

From the figures and table above, the muon density reconstructed at 500
m from the shower axis divided by the SD and FD energy features a better mass sep-
aration than Xmax, and the MLDF slope parameter βµ is not sensitive to the chem-
ical composition of cosmic rays. Moreover, we also investigated the behaviour of
the discrimination power as a function of the true primary cosmic-ray energy. Thus,
we divided the simulated energy range (3.16 × 1017 - 1018.8 eV) into seven bins
of energy. However, as there are much more events (consequently more statistics)
for the Sibyll 2.3 hadronic interaction model than in the others, we only analysed
the mass-discrimination power (for the parameters ρRec

µ (500)/Ep1
SD, ρRec

µ (500)/Ep1
FD

and Xmax) as a function of the primary energy in logarithmic scale for the Sibyll
2.3 model (see Figure 6.37). The merit factor uncertainty was estimated by using
the bootstrap method. As a result, ρRec

µ (500)/E0.90
SD and ρRec

µ (500)/E0.87
FD slightly in-

crease with increasing primary energy, while Xmax keeps approximately constant
within uncertainties with increasing logarithmic energy. The distributions of the
mass-composition estimators for each logarithmic energy bin from 1017.5 eV to 1018.8

eV are shown in Figures 6.38, 6.39 and 6.40. From Figures 6.38 and 6.39, the stan-
dard deviation of the proton and iron distributions slightly decreases with increas-
ing logarithmic energy, while the mean values keep approximately constant. Since
the mass-discrimination power (Eq. 6.8) increases with decreasing standard devi-
ation, the less this deviation the higher the merit factor for a constant mean value.
This explains the increasing of the mass-discrimination power of Figure 6.37 with
increasing primary energy. On the other hand, despite the uncertainty of the Xmax
distributions decreases with increasing logarithmic energy in Figure 6.40, the dif-
ference between the proton and iron mean values also decreases. This makes the
mass-discrimination power for Xmax constant with increasing logarithmic energy in
Figure 6.37.
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FIGURE 6.37: Mass discrimination power ρRec
µ (500)/E0.90

SD , ρRec
µ (500)/E0.87

FD
and Xmax as a function of the true primary cosmic-ray energy for proton and

iron-induced showers and Sibyll 2.3 hadronic interaction model.
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Constant 1.040±7.126 
Mean ±0.9846 
Sigma ±0.2085 
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Constant 1.5±14.4  
Mean 0.02±1.40  
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Constant ±9.423 
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(E) 1018.3 ≤ Log10(ETrue/eV) < 1018.5

Iron (Sibyll 2.3)
Entries 179

/ ndf 2χ 6.998 / 7
Constant 3.81±38.66 
Mean 0.008±1.391 
Sigma ±0.08916 

]-2[m0.90eV)18/10
SD

(500)/(ERec
µρ

0 0.5 1 1.5 2 2.5

#E
ve

nt
s

0

5

10

15

20

25

30

35

Iron (Sibyll 2.3)
Entries 179

/ ndf 2χ 6.998 / 7
Constant 3.81±38.66 
Mean 0.008±1.391 
Sigma ±0.08916 

Proton (Sibyll 2.3)
Entries 154

/ ndf 2χ 19.58 / 29
Constant 0.98±8.16 
Mean ±0.9502 
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Sigma 0.006±0.089  
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Constant 1.0±8.2 
Mean 0.02±0.95  
Sigma 0.02±0.17 
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/ ndf 2χ 24.16 / 28
Constant ±8.907 
Mean ±0.9713 
Sigma ±0.1586 
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Entries 144

/ ndf 2χ 1.639 / 7
Constant 3.3±31.1 
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Proton (Sibyll 2.3)
Entries 161

/ ndf 2χ 24.16 / 28
Constant 1.3±8.9  
Mean 0.02±0.97  
Sigma 0.02±0.16 

(G) 1018.7 ≤ Log10(ETrue/eV) < 1018.9

FIGURE 6.38: ρRec
µ (500)/E0.90

SD distributions for proton (blue) and iron (red)
showers for Sibyll 2.3 hadronic interaction model for different energy bins in

logarithmic scale.
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Entries 183
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Sigma ±0.2142 
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Entries 195
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Sigma 0.01±0.20 
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Entries 183
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(C) 1017.9 ≤ Log10(ETrue/eV) < 1018.1

Iron (Sibyll 2.3)
Entries 189

/ ndf 2χ 18.45 / 11
Constant 2.8±27.5 
Mean 0.013±1.533 
Sigma ±0.1526 

]-2[m0.87eV)18/10
FD

(500)/(ERec
µ

ρ
0 0.5 1 1.5 2 2.5 3

#E
ve

nt
s

0

5

10

15

20

25

30

Iron (Sibyll 2.3)
Entries 189

/ ndf 2χ 18.45 / 11
Constant 2.8±27.5 
Mean 0.013±1.533 
Sigma ±0.1526 

Proton (Sibyll 2.3)
Entries 177

/ ndf 2χ 39.19 / 30
Constant ±9.372 
Mean 0.0±1 
Sigma 0.022±0.179 

Iron (Sibyll 2.3)
Entries 189

/ ndf 2χ 18.45 / 11
Constant 2.8±27.5 
Mean 0.01±1.53  
Sigma 0.01±0.15  

Proton (Sibyll 2.3)
Entries 177

/ ndf 2χ 39.19 / 30
Constant 1.3±9.4 
Mean 0.0±1.0 
Sigma 0.02±0.18 

(D) 1018.1 ≤ Log10(ETrue/eV) < 1018.3

Iron (Sibyll 2.3)
Entries 201

/ ndf 2χ 10.68 / 12
Constant 3.08±32.35 
Mean 0.011±1.534 
Sigma 0.0089±0.1412 

]-2[m0.87eV)18/10
FD

(500)/(ERec
µ

ρ
0 0.5 1 1.5 2 2.5 3

#E
ve

nt
s

0

5

10

15

20

25

30

35

Iron (Sibyll 2.3)
Entries 201

/ ndf 2χ 10.68 / 12
Constant 3.08±32.35 
Mean 0.011±1.534 
Sigma 0.0089±0.1412 

Proton (Sibyll 2.3)
Entries 198

/ ndf 2χ 25.97 / 32
Constant 1.17±11.01 
Mean 0.015±0.993 
Sigma ±0.1895 

Iron (Sibyll 2.3)
Entries 201

/ ndf 2χ 10.68 / 12
Constant 3.08±32.35 
Mean 0.01±1.53  
Sigma 0.009±0.141  

Proton (Sibyll 2.3)
Entries 198

/ ndf 2χ 25.97 / 32
Constant 1.2±11.0  
Mean 0.01±0.99  
Sigma 0.01±0.19 

(E) 1018.3 ≤ Log10(ETrue/eV) < 1018.5

Iron (Sibyll 2.3)
Entries 179

/ ndf 2χ 12.66 / 11
Constant 3.33±31.39 
Mean 0.012±1.524 
Sigma ±0.1276 

]-2[m0.87eV)18/10
FD

(500)/(ERec
µ

ρ
0 0.5 1 1.5 2 2.5 3

#E
ve

nt
s

0

5

10

15

20

25

30

35

Iron (Sibyll 2.3)
Entries 179

/ ndf 2χ 12.66 / 11
Constant 3.33±31.39 
Mean 0.012±1.524 
Sigma ±0.1276 

Proton (Sibyll 2.3)
Entries 154

/ ndf 2χ 30.45 / 30
Constant ±8.517 
Mean ±0.9964 
Sigma ±0.1752 

Iron (Sibyll 2.3)
Entries 179

/ ndf 2χ 12.66 / 11
Constant 3.3±31.4 
Mean 0.01±1.52  
Sigma 0.01±0.13 

Proton (Sibyll 2.3)
Entries 154

/ ndf 2χ 30.45 / 30
Constant 1.2±8.5  
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(G) 1018.7 ≤ Log10(ETrue/eV) < 1018.9

FIGURE 6.39: ρRec
µ (500)/E0.87

FD distributions for proton (blue) and iron (red)
showers for Sibyll 2.3 hadronic interaction model for different energy bins in

logarithmic scale.
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FIGURE 6.40: Xmax distributions for proton (blue) and iron (red) showers for
Sibyll 2.3 hadronic interaction model for different energy bins in logarithmic

scale.
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Data Analyses

The combination of the muon density reconstructed at 500 m from the shower axis
with the different primary-energy parameters features a large mass separation within
measurement uncertainties, as shown in the simulation studies in the previous chap-
ter. This chapter provides an overview of the hybrid data recorded by the AMIGA
(SD+MD), AERA (RD), and Fluorescence (FD) detectors independently from each
other, and triple-hybrid events detected simultaneously by SD+MD+RD and SD+MD+FD.
Moreover, fourfold-hybrid events (SD+MD+FD+RD) were also investigated. The
data were measured in the period from 19/10/2015 to 17/10/2016, in which all
muon counters were calibrated. The muon detectors are triggered by the surface
detectors, so for all MD events, the SD data is also available. Moreover, AERA is
triggered by SD, FD and self-triggered. However, in the following analysis only the
events triggered by SD are used. The recorded data were analysed with the Offline
software (release Fschlueter (trunk, revision 31522)). The module sequence used for
the event reconstruction measured by the fourfold-hybrid detector (SD, MD, FD and
RD) can be seen in Appendix A.2.

For the analysis we applied the same quality cuts derived in Section 6.4.
Moreover, some quality cuts for the surface detector were applied, which require
that the SD energy is higher than 3 × 1017 eV and the reconstructed zenith angle is
lower than 55o. After applying the selection criteria, we have a total of 304 SD+MD
reconstructed events, 61 SD+MD+FD events, 82 SD+MD+RD events, and only two
fourfold-hybrid events (SD+MD+ FD+RD) after the calibration of the muon detec-
tors. As soon as more statistics of data is available, we can perform more accurate
mass-composition measurements for the triple-hybrid datasets as well as fourfold-
hybrid dataset.

The arrival directions and a map of the shower core of the reconstructed
events are shown in Figure 7.1 (with the exception of the two four-fold hybrid
events). The zenith and azimuth angles are reconstructed from the SD signal. The
reconstructed shower cores are approximately uniformly distributed over the Uni-
tary Cell, which excludes a locational detection bias.
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FIGURE 7.1: Left: Skyplot of cosmic-ray air shower arrival directions. The
arrival direction was reconstructed by the surface detectors. Right: Spatial
distribution of the reconstructed event shower cores within the AMIGA Uni-

tary Cell (black circles). The radio stations are marked as pink triangles.

Figure 7.2 shows the energy (left panel) and zenith-angle (right panel)
distributions for the reconstructed events. The primary energy is taken from SD re-
construction. The energy distribution reflects the reduced particle flux for higher en-
ergies. However, it is worth saying that the number of RD events decreases slower
with increasing logarithmic energy, which indicates that RD measurements have
larger detection efficiency at higher energies than AMIGA (the energy distribution
for RD events is not shown in the figure). AMIGA has full detection efficiency
at energies around 3.16 × 1017 eV. The highest energetic event measured in coin-
cidence by RD and AMIGA detectors features a reconstructed primary energy of
(2.505± 0.08) × 1018 eV, while the highest energetic event detected in coincidence
by FD and AMIGA has a primary energy of (1.41± 0.07) × 1018 eV. Moreover, the
AERA detection efficiency decreases significantly towards smaller zenith angles due
to the smaller lateral distribution of the radio signal. Therefore, the lower the zenith
angle, the smaller the energy of the events reconstructed with the RD detector.
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FIGURE 7.2: Left: Energy distribution of the events reconstructed with
SD+MD, SD+MD+FD and SD+MD+RD. The number of reconstructed events
decreases with the increasing logarithm of the energy in accordance with the
primary cosmic-ray flux. Right: Zenith-angle distribution of the events recon-
structed with SD+MD, SD+MD+FD and SD+MD+RD. The number of recon-

structed events increases with increasing zenith angle.

The fourfold hybrid measurements offer the possibility of measuring the
cosmic-ray properties using different independent detection methods and to cross-
calibrate the different detector responses. An example of a four-fold hybrid event is
shown in Figure 7.3. The event (Auger-ID: 153434861501) was detected on 10/12/2015
with a reconstructed primary energy of (8.22± 0.77± 0.81)× 1017 eV and zenith and
azimuth angles of (θ,φ) = (49.9± 0.4,286.0± 0.4)o. The event was measured by nine
surface detectors, four MD, eight RD stations and two fluorescence telescopes of
Coihueco, which is the closest telescope to the infill array. The shower maximum
Xmax was reconstructed as (801± 16) g/cm2 from the fluorescence signal.
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(C) (D)

(E) (F)

FIGURE 7.3: Example of a reconstructed fourfold-hybrid event detected si-
multaneously by the SD, MD, FD and RD detectors The event map with the
nine SD and eight RD active detectors is shown in (A). The two-dimensional
lateral distribution function of the radiation energy fluence is shown in (B).
The fittings of the lateral distribution function on the surface and muon detec-
tor signals are shown in (C) and (D). The angular distribution of the observed
fluorescence light by Coihueco mirrors 3 and 4 is depicted in (E). The recon-
structed longitudinal profile of the released shower energy in the atmosphere

is shown in (F).
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For mass-composition investigation, we analysed the muon density re-
constructed at 500 m from the shower axis divided by the SD, FD and RD energy
separately as following.

7.1 AMIGA analysis

The muon density is reconstructed at 500 m from the shower axis by fitting a lat-
eral distribution function to the muon signal detected by the AMIGA counters. The
reconstructed muon density was analysed as a function of the primary energy re-
constructed with SD detectors (see Figure 7.4 (left panel)) to investigate the energy
dependence, and then compared with simulation predictions. We parametrized the
muon density correlation with the SD energy using a first-order polynomial function
(in the same way as for simulation studies presented in the previous chapter) which
shows an energy dependence with an exponent equivalent to 1.004. This value is a
bit higher than the slope of the muon density predicted for proton and iron showers
simulated with the hadronic interaction models QGSJETII-04, EPOS-LHC and Sibyll
2.3, which give a slope between 0.89 and 0.92. Moreover, we also analysed the an-
gular dependence for the muon density (see Figure 7.4 (right panel)), which shows
no significant dependence on the zenith angle.

/eV)
SD

(E
10

Log
17.4 17.6 17.8 18 18.2 18.4

)
-2

(5
00

)/m
R

ec
µρ(

10
Lo

g

1−

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

/ ndf 2χ 2169 / 301
p0 ±17.85 −
p1 ±1.004 

/ ndf 2χ 2169 / 301
p0 0.2±17.8  −
p1 0.01±1.00  

AMIGA data

 [deg]θ
10 20 30 40 50

]
-2

(5
00

) 
[m

R
ec

µρ

0

1

2

3

4
AMIGA data

FIGURE 7.4: Left: Muon density reconstructed at 500 m from the shower axis
as a function of the cosmic-ray energy reconstructed with the SD detectors.
The reconstructed muon density increases with energy with a slope of 1.004,
which is a bit higher (∼ 9%) than the slope predicted in simulations. Right:
The reconstructed muon density as a function of the zenith angle. The red
croses correspond to the mean value of the muon density. The zenith angle is
divided into 26 bins. As there are very few events for zenith angles smaller
than 30o, the fluctuation of the mean values is higher than in the region be-
tween 30o and 50o where most of the events are. So, in general, there is no

significant angular dependence for the muon density.
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Figure 7.5 shows the muon density distribution for the time period from
10/2015 to 10/2016 (left panel) and the muon density uncertainty for each event
with respect to the mean density value (right panel).
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Figure 7.6 shows the cosmic-ray observable ρµRec/Ep1
SD (p1 is the slope

of the first-order polynomial fit) distribution (left panel) and as a function of the
primary energy estimated with the SD detectors (ESD) (right panel) for measured
and simulated data to investigate mass sensitivity.
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FIGURE 7.6: Left: Distribution of the muon density divided by the primary
cosmic-ray energy normalized to 1 EeV. The simulated and measured distri-
butions are fitted with a gaussian function. Right: Cosmic-ray observable
ρRec
µ (500)/Ep1

SD as a function of the primary cosmic-ray energy estimated with
the SD detectors. Theoretical curves for iron (red lines) and proton (blue lines)
showers simulated with QGSJETII-04 (solid lines), EPOS-LHC (dotted lines)
and Sibyll 2.3 (dashed lines) are shown for comparison. The pink crosses cor-
respond to the mean value of the muon density and its uncertainty for 30 bins

of energy.

The Auger Observatory has already shown evidences that the currently
used hadronic interaction models predict less muons than observed in data [205], i.
e., the models exhibit a deficit in the prediction of the muon content of extensive air
showers. Hence, we investigated how larger the average muon density is for data
in comparison to the simulations. Since the SD energy is influenced by the muon
content of the shower, in Figure 7.6 we divided the muon density (for simulations)
by the true cosmic-ray energy instead of the SD energy in order to estimate more
accurately how much larger the average muon density is for data. Therefore, taking
into account the average muon density for data and simulations, we found that the
muon density in data is larger than: i) QGSJETII-04 model by 44% for iron and 109%
for proton predictions; ii) EPOS-LHC model by 36% for iron and 99% for proton
predictions; and iii) Sibyll 2.3 model by 37% for iron and 96% for proton predictions.

Given that the observed distribution of the depth of the shower maxi-
mum in the logarithmic energy range from 1017.5 to 1018.2 eV is not compatible with
an iron dominated composition [206], we conclude that the observed muon den-
sity is not well reproduced by models tuned to fit accelerator data. To quantify the
discrepancy between the predicted and observed properties of the cosmic-ray air
showers, a new method was introduced to test hadronic interaction models that
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does not rely on the absolute energy calibration [199]. So, a multiplicative rescaling
parameter of the hadronic component of the shower was found [199], that rescales
only the contribution to the ground signal of inherently hadronic origin, which con-
sists mostly of muons. The hadronic rescaling for EPOS-LHC comprising a mixed
composition (50% iron and 50% proton) is of about 1.33± 0.16, while for QGSJETII-
04 it is 1.61± 0.21. Thus, applying this correction parameter to the hadronic in-
teractions in the simulations and comparing to data (Figure 7.7), we get a result
compatible with the evolution of 〈Xmax〉 as a function of the primary energy [206],
which shows a general trend for a light mass composition with increasing energy for
data comparison to QGSJETII-04 hadronic interaction model. However, EPOS-LHC
predicts a change from heavy to mixed composition with increasing logarithmic en-
ergy. Moreover, we can not derive exactly the absolute scale for the mass sensitive
observables ρRec

µ (500)/Ep1 (with E = ESD, ERD and EFD) for a pure proton and iron
simulations since the rescaling parameter was calculated for a mixed composition.
The difference between the predicted theoretical curves for QGSJETII-04 and EPOS-
LHC slightly decreases with increasing logarithmic energy. However, the reason for
the large distance between the curves needs further investigation.

Furthermore, it is worth taking into account that the primary energy re-
constructed from the surface detectors features a bias on the primary mass, since the
SD signal is primarily produced by the shower muonic component which is under-
estimated in simulations.
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FIGURE 7.7: Evolution of the shower observable ρRec
µ (500)/Ep1

SD as a function
of the primary energy estimated with the SD detectors for data in comparison
to iron (red lines) and proton (blue lines)-induced showers simulated with
QGSJETII-04 (solid lines), EPOS-LHC (dotted lines) corrected by a multiplica-
tive rescaling of the hadronic component of the shower. The green crosses
correspond to the mean value of the muon density and its standard deviation
for 30 bins of energy. The green line is a linear fit of the mean value of the

muon density.
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The analyses of hybrid data comprising the AMIGA and AERA, and that
of AMIGA and FD combination are shown in the following sections.

7.2 AMIGA+AERA analysis

The combining analyses of AMIGA and AERA were performed similarly to the
AMIGA analyses reported in the previous section. The radiation energy was re-
constructed by fitting the energy fluence (energy deposit per area) measured with
AERA antennas with a two-dimensional lateral distribution function (GeoCeLDF).
This energy was corrected for the zenith-angle dependence and clipping effect. Fig-
ure 7.8 shows the corrected radiation energy Sρθ

RD as a function of the primary energy
measured with the surface detectors ESD. The radiation-energy dependence on the
primary energy was parametrized using a calibration function which follows the
same method used for the calibration of the hybrid events measured with the sur-
face and fluorescence detectors of the Pierre Auger Observatory []. The calibration
function (Eq. 6.12) is obtained by maximizing a likelihood function, which takes
into account uncertainties of the measurements and detector efficiencies. The result
of the calibration fit is p0 = (14.8± 0.3)×106 eV and p1 = 2.10± 0.03. The resulting
slope p1 implies that the radiation energy emitted by the electromagnetic compo-
nent of the shower increases quadratically with the primary cosmic-ray energy as
already predicted from the simulation study previously performed in this thesis.
For a 1-EeV shower perpendicular to the magnetic field axis, on average 14.8 MeV
is deposited in radio emission in the frequency range from 30 to 80 MHz.

The fitting parameters p0 and p1 are used in Eq. 6.13 to obtain ERD which
is the primary energy estimated using the total energy emitted by the air shower as
a radio pulse.

To investigate the mass sensitivity of the shower observable ρRec
µ (500)/Ep1

RD,
we parametrized the dependence of the muon density reconstructed at 500 m from
the shower axis as a function of the RD energy, which is shown on the left panel of
Figure 7.9. The data is fitted with a power-law function. The reconstructed muon
density increases less than linear with increasing primary energy ERD. The mea-
sured data is correlated with proton and iron showers simulated with the hadronic
interaction models QGSJETII-04, EPOS-LHC and Sibyll 2.3 for comparison. Data
describes the same energy evolution as simulations. The right panel of Figure 7.9
shows the histograms of the shower observable ρRec

µ (500)/Ep1
RD for measured data

and simulations. A Gaussian fit to the data results in an average ρRec
µ (500)/E0.90

RD of
about 1.5± 0.5 and σ of about 0.4± 0.9.
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FIGURE 7.8: Radiation energy Sρθ
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and clipping effect as a function of the primary cosmic ray measured with
the surface detectors. The data is fitted with a power-law function based on
a maximum-likelihood approach which takes into account the reconstruction

uncertainties of Sρθ
RD and ESD.

The muon density correlated with the RD energy shows a composition
dominated by heavy elements that is not compatible with the observed distribution
of the depth of the shower maximum (as shown in the previous section). So the
observed muon density is not well reproduced by the shower simulations. Hence,
applying the multiplicative rescaling factor for QGSJETII-04 and EPOS-LHC sim-
ulations to correct the muon deficit problem, the data shows a trend towards a
lighter composition with increasing logarithmic energy (see Figure 7.10) as in [206].
The validation of the shower observable ρRec

µ (500)/Ep1
RD shows its larger potential to

study mass composition of cosmic rays.

7.3 AMIGA+FD analysis

Although all muon detectors were calibrated from 20th of October, 2015 to 10th of
October, 2016, the fluorescence energy (FD energy) was correctly calibrated only un-
til October 2015. Hence for the analysis of the muon density combined with the FD
energy for the full calibration period of the AMIGA muon detectors, we investigated
how discrepant the non-properly calibrated FD energy is from the calibrated energy.
Figure 7.11 shows the histograms for the logarithm of the calibrated and improperly
calibrated FD energy. The average of the non-properly calibrated FD energy is 9.0%
larger than the calibrated energy, while its uncertainty is smaller than the uncer-
tainty of the calibrated energy by a factor of only 1.4%. Thus, there is no need to
apply any correction factor for the non-properly calibrated FD energy.
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FIGURE 7.9: Left: Muon density reconstructed at 500 m from the shower axis
as a function of the primary energy estimated with the radiation energy emit-
ted by the electromagnetic component of the shower measured by the RD
antennas. The data was fitted to a power-law function which accounts for
the estimated uncertainties in the reconstruction of ρRec

µ (500) and ERD. The fit
method shows a linear correlation between both variables. Theoretical curves
for iron (red lines) and proton (blue lines) showers simulated with QGSJETII-
04 (solid lines), EPOS-LHC (dotted lines), and Sibyll 2.3 (dashed lines) are
shown for comparisons. The pink crosses correspond to the mean value of
the muon density and its standard deviation for seven bins of energy. Right:
Distributions of the shower observable ρRec

µ (500)/Ep1
RD for measured data and

simulations. The distributions were fitted with a Gaussian function.

/eV)
RD

(E
10

Log
17.4 17.6 17.8 18 18.2 18.4

)
-2

eV
)/m

18
/1

0
R

D
(5

00
)/(

E
R

ec
µρ(

10
Lo

g

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

SD+MD+RD data
SD+MD+RD data (mean value)
Iron (QGSJETII-04 x 1.61)
Proton (QGSJETII-04 x 1.61)
Iron (EPOS-LHC x 1.33)
Proton (EPOS-LHC x 1.33)

p
1

FIGURE 7.10: Mass-sensitive observable ρRec
µ (500)/Ep1

RD as a function of the
RD energy (both in logarithm scales). The linear fit shows a trend towards
a lighter composition (proton dominated composition) with increasing loga-
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FIGURE 7.11: Histograms of the calibrated (black line) and non-properly cali-
brated (red line) FD energy in logarithmic scale. The calibration period is from
January 2010 to December 2015 and the non-properly calibration period (used

in this thesis) is from January to December 2016.

For composition analysis, we parametrized the relation between the muon
density reconstructed at 500 m from the shower axis and the FD energy. Figure 7.12
(left panel) shows the muon density as a function of the FD energy in logarithm scale
for measured data together with the theoretical curves for proton and iron show-
ers simulated with the models QGSJETII-04, EPOS-LHC and Sibyll 2.3. The linear
fit method takes into account the uncertainties in the respective reconstruction of
ρRec
µ (500) and EFD. The slope of the measured muon density p1 = 1.02± 0.03 carries

information about possible changes in the average logarithmic mass. The simulation
predictions for proton and iron showers give a slope between 0.85 and 0.90 as the
number of muons increases less than linear with increasing primary energy. On the
right panel of Figure 7.12, we have the mass-sensitive observable ρRec

µ (500)/(EFD)
p1

normalized at 1 EeV. As a result, most of the measured events show a composi-
tion dominated by heavier elements that is in disagreement with the 〈Xmax〉 mea-
surements for this energy range as previously mentioned. However, this heavier-
dominated composition can be explained by the underestimation of the number of
muons in simulations. Thus, we corrected the simulations by applying the hadronic
rescaling parameters for QGSJETII-04 and EPOS-LHC models. The result is shown
in Figure 7.13 and agrees with the AMIGA and AERA combined analysis with a
trend towards a lighter composition with increasing logarithmic energy.
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Furthermore, for the same measured events by AMIGA and FD tele-
scopes we analysed the Xmax as a function of the FD energy and its distribution
in comparison with the theoretical curves for proton and iron showers (Figure 7.14).
On the left panel of this figure, the linear fit shows a trend towards a lighter com-
position for the energy range between 3.16 × 1017 and 1018 eV. Moreover, the corre-
sponding result of the Gaussian fit for the measured Xmax distribution (right panel)
shows an average value of (736.1± 69.7) g/cm2 and an uncertainty of (61.91± 57.99)
g/cm2.
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seven bins of energy. Right: Histogram of the measured Xmax distribution
and theoretical curves from simulations. The distributions are fitted with a

gaussian function.

In summary, despite a few high-quality statistics for the combined anal-
ysis of AMIGA and AERA, and also of AMIGA and fluorescence telescopes, the
validation of the shower observables ρRec

µ (500)/Ep1 (with E = ESD, ERD and EFD)
showed their large potential in investigating the mass composition of primary cos-
mic rays. In the future, with more AMIGA detectors deployed, there will be more
high-quality events detected in coincidence with AMIGA and AERA, AMIGA and
FD telescopes, as well as fourfold-hybrid events detected in coincidence by SD, MD,
RD, and FD detectors. In one year of data analyses, only two high-quality events
were detected simultaneously by SD, MD, RD, and FD detectors. This is insufficient
to correlate ρRec

µ (500)/ERD with Xmax on an event-by-event basis.
The mass-composition study carried out in this thesis comprises vertical

showers with zenith angle below 55o. However, it can be extended to inclined show-
ers with zenith angles exceeding 60o. Since the AMIGA Muon Detectors are not sen-
sitive to inclined showers, the muon content of air showers can be measured by the
surface detectors by reconstructing the shower-size parameter N19, which estimates
the total number of muons at ground level [207]. This parameter is estimated via a
maximum-likelihood fit of the predicted muon density to the measured signals. The
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electromagnetic component is completely absorbed by the atmosphere in inclined
showers, but not the radio pulses. Thus, we can detect the pure muon component
with surface detectors and the electromagnetic component (via radio pulses) by the
radio antennas. Moreover, the electromagnetic component can also be studied using
the calorimetric energy measured by fluorescence telescopes. A combined analysis
of SD and FD to study mass composition of inclined showers with energies above
4×1018 eV has already been performed in [207]. Therefore, the combined muonic
and electromagnetic analysis performed in this thesis can be extended to higher en-
ergies and zenith angles, as well as to every cosmic-ray experiment which makes
use of WCD or scintillation detectors, radio antennas and fluorescence telescopes,
such as TA [9], TAIGA [208], and ICE-TOP [209, 210].
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Summary and Conclusion

In this thesis the chemical composition of cosmic rays with energy above 1017 eV
was investigated using multi-parametric measurements of a super-hybrid detector
array, i. e., data from SD, FD, AMIGA and AERA were coherently reconstructed
and compared to detailed simulations to better optimize mass separation of cosmic
rays in the region of the energy spectrum where the transition from Galactic to extra-
galactic cosmic rays occurs. Moreover, it is the first time all four different cosmic-ray
detection techniques are combined to perform multi-detector cross-calibrations for
composition analyses. The primary mass estimation is performed by combining the
muon signal with the fluorescence energy emitted by the atmospheric nitrogen and
the radio emission from the electromagnetic component of high-energy extensive
air showers. The measurements of the Auger Observatory have widely advanced
our understanding about cosmic rays of ultra-high energies. The Pierre Auger Col-
laboration has recently observed a large-scale anisotropy in the arrival directions of
cosmic rays with energies above 8 × 1018 eV [211]. The direction and magnitude of
the anisotropy support the hypothesis that the high-energy cosmic rays are extra-
galactic in origin. However, it is difficult to locate the sources of cosmic rays, as they
interact with the magnetic fields in our Galaxy and the intergalactic medium in their
way from the sources to the Earth. The origin and nature of the ultra-high energy
cosmic rays can be deciphered by combining the studies of anisotropy, composition
and features in the energy spectrum. Therefore, the method for composition anal-
ysis performed in this thesis can be extended to the whole range of zenith angles
improving the accuracy of composition measurements.

In this work we simulated 500 showers for proton and 500 showers for
iron as primaries with a fixed zenith angle of 38o, uniformly distributed over the
energy range from 3.16 × 1017 to 1019 eV using the hadronic interaction models
QGSJETII-04 and EPOS-LHC, and 1500 showers for proton and 1500 showers for
iron using Sibyll 2.3. All showers were simulated with CORSIKA and CoREAS.
The CORSIKA files were used as an input in the Offline software framework where
AMIGA, AERA and Fluorescence modules were combined. AMIGA MD, AERA
and FD are exclusively sensitive to the muonic and electromagnetic components of
the cosmic-ray shower. With AMIGA MD we detected the muon density recon-
structed at different distances from the shower axis (300, 350, 400, 450, 500, 550, 600,
650, 700, 750, 800, 850, 900, 950, and 1000 m), with AERA we obtained the radiation
energy emitted by the electromagnetic component (positrons and electrons) from
the shower, and with the fluorescence detectors we obtained the fluorescence light
produced from the de-excitation of atmospheric nitrogen molecules excited by the
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charged particles of the shower (mostly electrons).
The muon density was successfully reconstructed for all distances from

the shower axis as well as the fluorescence energy and radiation energy, which has a
quadratic dependence on the cosmic-ray energy reconstructed by the SD detectors.
Unfortunately, due to the several quality cuts applied in the analysis, we did not
end with great statistics for the fourfold hybrid analysis (SD, MD, FD and RD) for a
mass-composition separation study. Hence, we divided our dataset (SD+MD+FD+RD)
without any quality cuts into two sub-datasets: i) SD+MD+FD dataset with only FD
quality cuts, and ii) SD+MD+RD dataset with only RD quality cuts.

Having all parameters successfully reconstructed, we determined the mass-
discri- mination power between proton and iron showers dividing the muon density
reconstructed at different distances by the true cosmic-ray energy, true calorimetric
energy, SD energy, RD energy, and FD energy. The aim of using different energy
parameters was to investigate whether we could have an additional mass separa-
tion when we combined the muon density at a certain reference distance from the
shower axis with the energy emitted by the electromagnetic component of the air
shower. The investigation of which reference distance from the shower axis fea-
tures the best mass separation was performed using the SD+MD+FD dataset as we
have more events. In the following, we also analysed which energy estimator com-
bined with the muon density provides the best mass separation. As a result, the
mass-discrimination power depends on the distance from the shower axis, and is
maximized for distances between 400 and 550 m from the shower axis. We have
shown that 500 m is an optimal reference distance to be used in the analyses. The
reconstructed muon density divided by the FD energy shows a better mass sepa-
ration in comparison to other energy estimators, but due to the low duty cycle of
the fluorescence detectors ( 10%), we have very few recorded measured events. In
principle, this can be solved by using the RD energy or SD energy to study mass
composition of cosmic rays [202].

Furthermore, the muon density reconstructed at 500 m from the shower
axis divided by the SD and FD energies was compared to the shower maximum
Xmax to investigate which mass-sensitive observable features a better mass separa-
tion. As a result, the combined muon density with different primary-energy esti-
mators gives a better mass separation by a factor of about 100% than Xmax for all
three hadronic models within statistical uncertainties. Moreover, the observables
ρRec
µ (500)/Ep1

SD and ρRec
µ (500)/Ep1

FD increase with the logarithm of the primary en-
ergy while the Xmax keeps constant with increasing logarithmic energy. Hence, the
combined muonic and electromagnetic components of the shower are important to
optimize and potentialize the mass separation of primary cosmic rays.

Beyond the simulation studies, we analysed events measured simultane-
ously and separately by SD, MD, FD and RD for a data period of 302 days when
the muon detectors were properly calibrated, yielding a high-quality data set of 304
events measured by AMIGA, 61 coincident events measured by AMIGA and FD, 82
events by AMIGA and AERA and only two events by AMIGA, AERA and FD (with
FD properly calibrated). The measured muon density reconstructed at 500 m from
the shower axis as a function of the measured primary energy reconstructed with the
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SD, RD and FD detectors describes a similar shower evolution as simulations, vali-
dating their capability as mass sensitive observables. The combined muon density
with different primary-energy estimators shows a trend towards a light composi-
tion for the energy range between 3.16 × 1017 and 1018 eV in agreement with the
evolution of Xmax measured with HEAT and Coihueco telescopes as a function of
the primary energy [206].

The combined analysis of the muonic (via AMIGA MD) and electromag-
netic (via AERA and fluorescence detectors) components of the shower carried out
in this thesis comprises cosmic-ray showers with zenith angles below 55o. However,
this study can be extended to higher zenith angles. Inclined showers are character-
ized by the dominance of secondary muons at the ground, as the electromagnetic
component is largely absorbed in the atmosphere [212]. However, the atmosphere
is essentially transparent for radio emission [170]. Hence, the pure muonic content
can be measured by the surface detectors, while the electromagnetic component
can be measured by AERA via radio-pulse detection and by fluorescence telescopes
via fluorescence light emitted by nitrogen molecules that are excited by mostly sec-
ondary electromagnetic particles. Moreover, the upgrade of the Auger Observatory,
named AugerPrime, will provide important direct measurements of the muon con-
tent of the shower, which can be correlated with the AMIGA muon-detector mea-
surements to verify and fine-tune the methods to extract the muon information of
the shower. Thus the combined method of the muon signal (SSD) with calorimetric
(FD) and radio emission (AERA) energy can be extended to ultra-high energies as
the AugerPrime will extend the composition sensitivity of the measurements into
the flux suppression region. Understanding the origin of the flux suppression will
provide important constraints on the astrophysical sources, allowing us to precisely
determine the fluxes of neutrinos and gamma-rays at ultra-high energies. In gen-
eral, these combined analyses can be implemented in other high-energy cosmic-ray
experiments whose detection systems comprise muon detectors, radio antennas and
fluorescence telescopes.
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Analysis pipeline for combined SD,
AMIGA, FD, RD

The Offline release Holt (v3r3, revision 31361) was used to run the analysis pipelines
for AMIGA and fluorescence simulation analysis and the release Fschlueter (trunk,
revision 31522) for AMIGA and AERA analysis. For data reconstruction analysis,
the Offline release (trunk, revision 31522) was used.

A.1 Air-shower Simulations

A.1.1 AMIGA and Fluorescence analysis

Module Sequence

<loop numTimes="unbounded" pushEventToStack="yes">

<module> EventFileReaderOG </module>

<loop numTimes="1" pushEventToStack="yes">

<!- - SD, MD and FD simulation - ->

<try>
<module> RdStationAssociator </module>
<module> EventGeneratorOG </module>

<loop numTimes="unbounded" pushEventToStack="no">

<module> CachedXShowerRegeneratorAG </module>
<module> G4XTankSimulatorAG </module>
</loop>
<module> SdSimulationCalibrationFillerOG </module>
<module> SdPMTSimulatorOG </module>
<module> SdFilterFADCSimulatorMTU </module>
<module> SdBaselineSimulatorOG </module>
<module> TankTriggerSimulatorOG </module>
<module> TankGPSSimulatorOG </module>
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A.1.2 AMIGA and AERA analysis

Module Sequence
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<module> UnderGrdInjectorAG </module>
<module> EdepSimulatorAG </module>
<module> MdCounterSimulatorAG </module>
<module> FdSimEventCheckerOG </module>
<module> ShowerLightSimulatorKG </module>
<module> LightAtDiaphragmSimulatorKG </module>
<module> ShowerPhotonGeneratorOG </module>
<module> TelescopeSimulatorKG </module>
<module> FdBackgroundSimulatorOG </module>
<module> FdElectronicsSimulatorOG </module>
<module> FdTriggerSimulatorOG </module>
<module> CentralTriggerSimulatorXb </module>
<module> CentralTriggerEventBuilderOG </module>
<module> EventBuilderOG </module>
<module> EventCheckerOG </module>
<module> SdCalibratorOG </module>

<!– SD, MD and FD reconstruction –>

<try>
<module> FdCalibratorOG </module>
<module> FdEyeMergerKG </module>
<module> FdPulseFinderOG </module>
<module> PixelSelectorOG </module>
<module> FdSDPFinderOG </module>
<module> FdAxisFinderOG </module>
<module> HybridGeometryFinderOG </module>
<module> HybridGeometryFinderWG </module>
<module> FdApertureLightKG </module>
<module> FdEnergyDepositFinderKG </module>

</try>
<module> SdEventSelectorOG </module>
<module> SdMonteCarloEventSelectorOG </module>
<module> SdPlaneFitOG </module>
<module> LDFFinderKG </module>
<module> SdEventPosteriorSelectorOG </module>

<try>
<module> MdMuonCounterAG </module>
<module> MdModuleRejectorAG </module>
<module> MdEventSelectorAG </module>
<module> MdBiasCorrecterAG </module>
<module> MdLDFFinderAG </module>

</try>
<module> RecDataWriterNG </module>
</try>

</loop>
</loop>
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<loop numTimes="unbounded" pushEventToStack="yes">

<module> EventFileReaderOG </module>

<loop numTimes="1" pushEventToStack="yes">

<!- - SD, MD and RD simulation - ->

<module> RdStationAssociator </module>
<module> EventGeneratorOG </module>

<loop numTimes="unbounded" pushEventToStack="no">

<module> CachedXShowerRegeneratorAG </module>
<module> G4XTankSimulatorAG </module>
</loop>
<module> SdSimulationCalibrationFillerOG </module>
<module> SdPMTSimulatorOG </module>
<module> SdFilterFADCSimulatorMTU </module>
<module> SdBaselineSimulatorOG </module>
<module> TankTriggerSimulatorOG </module>
<module> TankGPSSimulatorOG </module>
<module> UnderGrdInjectorAG </module>
<module> EdepSimulatorAG </module>
<module> MdCounterSimulatorAG </module>
<module> CentralTriggerSimulatorXb </module>
<module> CentralTriggerEventBuilderOG </module>
<module> EventBuilderOG </module>
<module> EventCheckerOG </module>
<module> SdCalibratorOG </module>

<!- - SD and MD reconstruction - ->

<module> SdEventSelectorOG </module>
<module> SdMonteCarloEventSelectorOG </module>
<module> SdPlaneFitOG </module>
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<module> LDFFinderKG </module>
<module> SdEventPosteriorSelectorOG </module>

<try>
<module> MdMuonCounterAG </module>
<module> MdModuleRejectorAG </module>
<module> MdEventSelectorAG </module>
<module> MdBiasCorrecterAG </module>
<module> MdLDFFinderAG </module>
</try>

<!- - RD simulation - ->

<module> RdAntennaStationToChannelConverter </module>
<module> RdChannelResponseIncorporator </module>
<module> RdChannelResampler </module>
<module> RdChannelTimeSeriesClipper </module>
<module> RdChannelVoltageToADCConverter </module>
<module> RdChannelNoiseImporter </module>

<!- - RD reconstruction - ->

<try>
<module> RdEventInitializer </module>
<module> RdStationRejector </module>
<module> RdChannelADCToVoltageConverter </module>
<module> RdChannelSelector </module>
<module> RdChannelPedestalRemover </module>
<module> RdChannelResponseIncorporator </module>
<module> RdChannelBeaconSuppressor </module>
<module> RdChannelTimeSeriesTaperer </module>
<module> RdChannelBandstopFilter </module>
<module> RdChannelUpsampler </module>
<module> RdAntennaChannelToStationConverter </module>
<module> RdStationSignalReconstructor </module>
<module> RdStationEFieldVectorCalculator </module>

<loop numTimes="unbounded" pushEventToStack="no">

<module> RdTopDownStationSelector </module>
<module> RdPlaneFit </module>

</loop>
<module> RdClusterFinder </module>
<module> RdPlaneFit </module>
<module> RdLDFMultiFitter </module>
<module> RdGeoCeLDFFitter </module>

</try>
<module> RecDataWriterNG </module>
</loop>

</loop>
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A.2 Data Reconstruction

Module Sequence

<loop numTimes="unbounded">

<module> EventFileReaderOG </module>
<module> RdEventPreSelector </module>
<module> EventCheckerOG </module>

<!- - SD pre-selection - ->

<module> SdPMTQualityCheckerKG </module>
<module> TriggerTimeCorrection </module>
<module> SdCalibratorOG </module>
<module> SdStationPositionCorrection </module>
<module> SdBadStationRejectorKG </module>
<module> SdSignalRecoveryKLT </module>
<module> SdEventSelectorOG </module>

<!- - SD reconstruction - ->

<module> SdPaneFitOG </module>
<module> LDFFinderKG </module>
<module> EnergyCalculationPG </module>
<module> DLECorrectionGG </module>
<module> SdEventPosteriorSelectorOG </module>

<try>
<module> SdHorizontalReconstructor </module>

</try>

<!- - RD reconstruction - ->

<module> RdEventInitializer </module>
<module> RdStationRejector </module>
<module> RdChannelADCToVoltageConverter </module>
<module> RdChannelSelector </module>
<module> RdChannelPedestalRemover </module>
<module> RdChannelResponseIncorporator </module>
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<module> RdChannelBeaconSuppressor </module>
<module> RdChannelTimeSeriesTaperer </module>
<module> RdChannelBandstopFilter </module>
<module> RdChannelUpsampler </module>
<module> RdAntennaChannelToStationConverter </module>
<module> RdStationSignalReconstructor </module>
<module> RdStationEFieldVectorCalculator </module>

<loop numTimes="unbounded">

<module> RdTopDownStationSelector </module>
<module> RdPlaneFit </module>

</loop>
<module> RdClusterFinder </module>
<module> RdPlaneFit </module>
<module> RdEventPostSelector </module>
<module> RdLDFMultiFitter </module>
<module> RdGeoCeLDFFitter </module>

<!- - MD reconstruction - ->

<try>
<module> MdMuonCounterAG </module>
<module> MdModuleRejectorAG </module>
<module> MdEventSelectorAG </module>
<module> MdBiasCorrecterAG </module>
<module> MdLDFFinderAG </module>
</try>

<!- - FD hybrid reconstruction - ->

<try>
<module> FdCalibratorOG </module>
<module> FdEyeMergerKG </module>
<module> FdPulseFinderOG </module>
<module> FdSDPFinderOG </module>
<module> FdAxisFinderOG </module>
<module> HybridGeometryFinderOG </module>
<module> HybridGeometryFinderWG </module>
<module> FdApertureLightKG </module>
<module> FdEnergyDepositFinderKG </module>
</try>

<module> RdStationTimeSeriesWindowCutter </module>
<module> RdStationTimeSeriesTaperer </module>
<module> RecDataWriterNG </module>
</loop>
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