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Summary

“Millions of dollars and years of experimental physics
can ruin a theory that took a whole afternoon to develop”.

Rocky Kolb, ISAAP 2012.

The ultra-high energy cosmic rays are particles that, coming from outside the solar system,
arrive at Earth with energies up to 1020 eV. The study of these particles can help to disentangle
their origin, knowing more about distant objects that create or accelerate them, and the
interactions in their path to the Earth. Besides, as they arrive at Earth with enormous energy,
they are also relevant in the field of particle physics.

Cosmic rays are charged nuclei, although their by-products, like photons and neutrinos
produced in their interactions at the source or with interstellar radiation and matter, are also a
subject of study. The number of these particles arriving at Earth decreases dramatically with
the energy. At the highest energies, those of interest in this study, only 1 km�2century�1 are
observed. When one of these cosmic rays enters in the atmosphere of the Earth, it interacts
with the atoms or nuclei in the air generating a lot of secondary particles. These secondary
particles constitute an extensive air shower. This e↵ect blurs the characteristics of the primary
particle making di�cult the analysis to determine its energy, mass and arrival direction. At
the same time, this is the only way by which this scarce and energetic natural phenomenon
can be measured, as the atmosphere plays the role of a calorimeter and spreads the e↵ect from
a single point to a large area, allowing its detection.

To detect the extensive air showers and, finally, the ultra-high energy cosmic rays, with a
significantly large statistic, large observatories have been constructed in the last decades. The
Pierre Auger Observatory, on which this PhD thesis is focused, is the largest in the world. It
is located in Argentina, province of Mendoza, near the town of Malargüe, and it is placed at
1400 m above sea level. It was completed in 2008 but the data collection started in 2004. It is
the first observatory combining two techniques for measuring cosmic rays, collecting data both
with a surface detector array and a fluorescence detector. The former is an array of water
Cherenkov detectors spread over a flat surface of 3000 km2 and the latter are 4 buildings at
the edges of the array, facing the interior, with 6 fluorescence telescopes in each one. These
two techniques measure the two profiles of the extensive air showers: the lateral profile, that
samples the shower at a determined height, and the longitudinal profile, that tracks the
development of the shower through the atmosphere. Di↵erent techniques of detection are
explored. These techniques allow to determine di↵erent characteristics of the extensive air
shower and, consequently, of the primary cosmic ray that enters in the atmosphere. Despite
the great evolution in the last century concerning these techniques, the complete description
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VI Summary

of the arriving particles has not yet been achieved. The composition of the primary particle is
currently based on measurements of the longitudinal profile, and the atmospheric depth of
maximum (X

max

) observed in this profile. These measurements are done with the fluorescence
technique, that needs special luminosity conditions that reduce the exposure time to about
10% of the time. In a full duty cycle, the mass of the primary particle (composition) is di�cult
to infer. Other methods, based on the measure of X

max

or related observables, like the muonic
atmospheric depth of maximum (Xµ

max

), by alternative methods, or the measure of the muon
number (also related with the mass of the primary) are not, up to now, developed enough
to resolve the question. Furthermore, the step from the measured X

max

to the mass of the
primary is based on hadronic interaction models at energies higher than those reached in
accelerator experiments, like the Large Hadron Collider (LHC).

The measurements done by the Pierre Auger Observatory and similar observatories have
shed some light on some of the questions mentioned above. A suppression in the cosmic rays
spectrum has been found at the energy of 4 ⇥ 1019 eV. Nevertheless, an agreement in the
interpretation of this suppression has not yet been achieved. Although interactions of the
travelling particles with the cosmic microwave background has been proposed as a cause, other
interpretations, like the exhaustion of sources, is still possible. Other features in the energy
spectrum have been observed, and di↵erent interpretations are also in dispute. In addition,
di↵erent studies have been carried out searching for anisotropy in the arrival directions at
di↵erent scales, but still no statistically significant evidence has been found. The composition
measurements done by Auger, based on the measure of the X

max

by the fluorescence telescopes,
reveal a heavy component in the ultra-high energy part of the spectrum, that is in some
tension with the composition previously measured by other observatories.

The di↵erent interpretations for the suppression, the other features in the spectrum, and a
better evaluation of the origin needs more precise measurements of the composition of the
cosmic rays. The short duty cycle of the fluorescence technique is the main limitation.

Motivation

The main motivation of this PhD thesis is to improve the capabilities to determine the
mass composition of the ultra-high energy cosmic rays in the Pierre Auger Observatory,
and other cosmic rays observatories. Very important results and unique information about
ultra-high energy cosmic rays have been published by Auger in the last decade, but a correct
interpretation of these results needs for a measurement of the composition of the detected
cosmic rays. We certainly consider that an improvement in the composition identification
capabilities of the Pierre Auger Observatory is achievable, so three di↵erent approaches to
this challenge are proposed in this PhD thesis. They do not cover all the possibilities for the
future of the Pierre Auger Observatory and other cosmic ray experiments, but they cover the
three main ways this challenge can be faced.

New analysis

The first approach is to use the Auger data collected so far to make new analysis that can
yield new results. Horizontal air showers are composed mostly by muons, as other components
of the shower, like the electromagnetic one, are absorbed in the atmosphere. Muons, in their
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trajectory to the ground, are deviated by the magnetic field of the Earth. This deflection
is reflected in the shape of the ground footprint of the shower and it can be measured. The
measured deflection is found to be related with di↵erent characteristics of the extensive air
shower, like the Xµ

max

and the transverse momentum of the muons in their development in the
atmosphere. It is possible, then, to construct an estimator to obtain, with this alternative
method, another measure of Xµ

max

. Besides, the hadronic interaction models can be checked
and compared with the data, by analysing the transverse momentum.

This new analysis is detailed in chapter 4.

Detector improvement

The second approach is to improve the actual observatory, by adding a detector that can
obtain information about the longitudinal profile of the extensive air shower with a 100% duty
cycle. This can give the Pierre Auger Observatory (and similar observatories) the capability
to measure mass sensitive parameters for the whole data set. The detection of the radio
emission produced in the extensive air showers has been suggested as a possible technique.
Di↵erent processes of emission are described, and some of them are explored. Among them,
the detection of the Molecular Bremsstrahlung Radiation (MBR) emission is found as the
most promising technique. Di↵erent tests have been and are being done by the EASIER group,
in which part of this PhD thesis is framed. The Extensive Air Shower Identification using
Electron Radiometer (EASIER) project aims to detect the radio emissions of the extensive air
showers by installing antennae in the water Cherenkov detectors of the surface detector array
of the Pierre Auger Observatory.

The possibilities of the radio detection technique are discussed in chapter 5.

A new detector

The third approach is to reconsider the Pierre Auger Observatory from the scratch, by changing
the used detector in the surface array. A modification to the surface detector array is proposed,
by dividing the water Cherenkov detectors into two di↵erent water volumes. This new detector
obtains di↵erent responses in each volume to di↵erent components of the extensive air shower:
electromagnetic and muonic. The access to the muonic component is another way to access
the composition of the primary particle, and di↵erent observables can be obtained to this
purpose. The performance of this new detector and a preliminary idea of its achievements in
the discrimination between di↵erent primaries are described.

This new detector is described in chapter 6.

Outlook

The main purpose of this PhD thesis was to explore new helpful ways to identify the composition
of the cosmic rays at the highest energies. The results shown in this work prove the validity of
the methods and the detectors proposed, and they do not have the intention to establish any
new description of the characteristics of the ultra-high energy cosmic rays. Nevertheless, we
believe that a future application of the described methods and the development on large scale
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of the proposed detectors can yield very promising results. However, this application needs
deeper work that goes beyond the scope of this PhD thesis in terms of both time and human
resources.
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Historical prologue

At the beginning of this PhD thesis, in 2012, the 100th anniversary of the discovery of cosmic
rays was being celebrated in several countries. The knowledge of the cosmic rays has strongly
grown since the earliest experiments. However, many questions remain still open.

During the first years of the 20th century, the ionization of the air was attributed to an e↵ect
of the fascinating new discovery of the radioactive elements in the Earth. Some experiments in
that first decade supported this theory. But in 1909 Theodor Wulf used his own electrometer
to measure the levels of radiation both at the top of the Ei↵el Tower and at its base: he did
find a decrease at the top, but not as big as predicted [1]. Two years later, Domenico Pacini
also measured the ionization rates over a lake, over the sea, and at 3 m depth under the surface,
finding di↵erent ionization rates at each place [2]. The decrement of the ionization found
under the water led him to think about other possible sources rather than the radioactivity of
the Earth.

Victor Hess followed the Wulf and Pacini ideas, but increasing the height of the measurements
up to 5 km. In 1912, Hess published a study in the Proceedings of the Viennese Academy of
Sciences [3] describing the measurements done with three Wulf electrometers shipped in a
hot air balloon. The main conclusion of this study was that it existed a radiation which was
originated outside the Earth. Besides, this radiation was present day and night, discarding
the sun as possible source. Robert A. Millikan confirmed the conclusions presented by Hess a
few years later, naming this radiation as cosmic rays, using the term for the first time in a
lecture to the British Association at the University of Leeds in 1926 [4].

Despite the great achievements of the time like this discovery or the development of the
quantum revolution, not a lot of attention was put in the field of modern physics, taking into
account the number of publications in the field [5]. The interest in cosmic rays became intense
only in the 1930s. At some point in this decade, di↵erent teams were working on identifying a
charged particle registered in the cosmic rays experiments, with a mass between the electron
and the proton. Even if most of those teams discovered the new particle, named muon a few
years later, the team led by Carl D. Anderson and Seth Neddermeyer at Caltech in 1936 took
the whole merit [6].

Only two years after the Caltech discovery, Pierre Victor Auger measured di↵erent particles
of similar characteristics in coincidence in time by means of detectors placed in di↵erent
positions, indicating that all particles were coming from a single event [7, 8]. Other groups, as
those led by Rossi, Bothe or Kolhörster [9] confirmed this finding. The extensive air shower
era was born.

1



2 Historical prologue

Instrumentation and detection techniques

From the electrometer that Wulf invented and used in the Ei↵el Tower to the present cosmic
rays observatories there has been a long way to walk.

In 1924, Bothe developed the coincidence technique, proposing an instrument to detect
secondary particles that come from a single primary [10]. In collaboration with Kohlhörster,
he used this coincidence circuit to show coincidences in detectors surrounded by thick walls
of lead, proving the existence of penetrating particles coming from cosmic rays. To this
purpose they used several Geiger-Müller counters, developed just one year before [11], as an
improvement of the Geiger counters [12]. This coincidence technique was the one applied by
Pierre Victor Auger to the mentioned discovery of the extensive air showers, a decade later.

In 1948, Williams linked several fast ionization chambers to detect the secondary particles
of the extensive air shower, and to derive properties of its shape [13]. A few years later,
Rossi and his colleagues used for the first time scintillator material for the same purpose [14].
Porter developed, in 1958, the first water Cherenkov detector [15], surprisingly similar to those
currently used in modern observatories. In the 1960s, the combination of di↵erent layers of
ionization chambers and lead improved the method of measuring the energy of an incoming
hadronic particle.

In a parallel line of research concerning the detection of the extensive air showers, Blackett
suggested, in 1948, that part of the light of the night-sky could be Cherenkov light produced
by the secondary particles in the extensive air shower [16]. Only five years later, light pulses
in coincidence with cosmic ray events were measured using a photomultiplier tube with its
cathode at the focus of a parabolic mirror [17]. The idea of the Cherenkov emission in the
visible wavelength motivated the search of the same emission at other frequencies [18]. Jelley
et al. [19] reported strongly pulsed radio emission at frequencies around 40 MHz coming from
extensive air showers. The fluorescence detection technique was first pointed out by Suga [20]
and Chudakov [21] in 1962. By means of these techniques the atmosphere can be used as a
calorimeter, indicating directly the total energy of the shower, and it is possible to record the
whole development of the cascade, instead of sampling the shower at a few scattered points in
space. They were suggested by Greissen [22], already in 1965, as the best way to pursue the
detection of large showers.

A century after the discovery of the cosmic rays by Victor Hess and almost 80 years after
the discovery of the extensive air showers by Pierre Victor Auger, many detection techniques
have been developed, many observatories have been constructed and operated, one of them
being the core of this thesis, and many answers have been given. Nevertheless, many questions
remain open, thus these detection techniques still need to be improved.



Chapter 1

Extensive air showers

Nowadays, a cosmic ray is defined as a charged nucleus originated outside the solar system, with
energies from 106 eV to 1020 eV [23], although their by-products, like photons and neutrinos
produced in their interactions with source or intergalactic matter, are also subject of study.
The number of these particles arriving at Earth decreases dramatically with the energy.
This flux varies from 1 m�2 s�1 for particles with 1011 eV, to 1 m�2 yr�1 at 1015 eV, and to
1 km�2 century�1 at 6 ⇥ 1019 eV. This PhD thesis is mainly focused on those with the highest
energy. When one of these cosmic ray enters in the atmosphere of the Earth it interacts with
the atoms or nuclei in the air generating a lot of secondary particles. These secondary particles
define an extensive air shower, and they are mainly photons, electrons, positrons and muons,
among others in lesser extent. This e↵ect blurs the characteristics of the primary particle
making di�cult the analysis to obtain the energy, the mass and the arrival direction of the
primary particle. At the same time, this is the only way by which this scarce and energetic
natural phenomenon can be measured, as the atmosphere plays the role of a calorimeter and
it spreads the e↵ect from a single point to a large area allowing its detection. The description
of the extensive air shower is addressed in sections 1.1 and 1.2. The di↵erent techniques
applied to the detection of extensive air shower are described in section 1.3. A description of
the Pierre Auger Observatory is detailed in section 1.4.

1.1 Description of the extensive air showers

After the first interaction between the primary particle and the atoms or nuclei of the
atmosphere, the production of secondary particles is initiated. A shower initiated by a vertical
proton of 1019 eV produces about 3 ⇥ 1010 particles [23]. The number of secondary particles
in these cascades is enormous, but the fraction that reaches the ground is very reduced. This
is, essentially, because the atmosphere of the Earth has a thickness (1033 g/cm2) 28 times
larger than the electromagnetic radiation length in air (Xair

0

= 36.62 g/cm2) and 11 times
larger than the nuclear interaction length in air (�air

I

= 90.1 g/cm2) [24]. The evolution of the
number of secondary particles along the atmosphere is shown in figure 1.1. The number of
secondary particles, in this case, decreases for atmospheric depths deeper than 800 g/cm2. The
fluctuations in the development of the shower are large, making that two identical primaries
entering in the atmosphere with the same energy and arrival direction can develop di↵erently.
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4 Chapter 1. Extensive air showers

These shower-to-shower fluctuations are important as they limit the process of reconstruction
back to the primary particle.

Markus Risse: Properties of Extensive Air Showers 9
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Fig. 6. (Left) Longitudinal profiles of typical primary proton and iron events for
shower muons and electrons. (Right) Distribution of total muon and electron num-
ber on ground for proton and iron induced showers of di↵erent primary energies [8].

electron component. In spite of the electrons being much more numerous
than muons (about two orders of magnitude around shower maximum, see
Fig. 6), at larger distance from the shower core the particle densities become
comparable.

Given the di↵erences in the longitudinal development between primary
proton and iron events, di↵erences also in the lateral distributions might
be expected. In Figure 7 (right), the ratio of particle densities of proton-
induced to iron-induced events is displayed for shower muons and electrons.
Both ratios decrease with increasing distance from the shower centre, in-
dicating the flatter lateral distributions in case of the (on average) more
developed primary iron showers. The larger muon content of iron-induced
events is also visible (ratio < 1). The larger electron number on ground
for primary proton showers can now be specified as larger ground particle
density closer to the core, while at larger distances (which contribute less
to the integrated, total particle number), the electron density in iron events
is larger due to the flat lateral distribution. Thus, measuring local particle
densities of the di↵erent shower components as a function of core distance
provides additional information on the primary particle, which is utilized in
large arrays of ground particle detectors.

4. Discussion and conclusion

Extensive air showers consist of di↵erent particle components which have
di↵erent shower characteristics. This gives a handle to determine primary
energy and (to some extent) the primary particle type. Extensions of this
approach that were not discussed comprise the exploitation of di↵erent time
structures of the shower front or comparing inclined events (where mostly
muons survive the increased atmospheric path-length) to near-vertical ones.

Figure 1.1 Evolution of the number of secondary particles with the traversed atmosphere for
a 1019 eV simulated proton and iron induced air shower. From [25].

Electromagnetic showers

Extensive air showers induced by photons contain, essentially, only the electromagnetic
component (e�, e+ and �). The two main interaction mechanisms that develop this kind of
extensive air showers are the Bremsstrahlung for electrons and positrons and pair production
for photons. Both processes alternate between them in the production of new particles. As
the energy loss due to Bremsstrahlung depends on the energy of the particle, this process is
important at high energies and, consequently, at the first steps of the shower. Electrons lose
about 60% of their energy in every interaction length. After some steps of multiplication, the
energy of the particle decreases, therefore the energy loss due to Bremsstrahlung becomes lower,
and the energy loss due to ionization becomes important. The ionization process dissipates the
energy of the shower into the atmosphere, stopping the multiplication. The critical energy is
defined by Rossi [26] as the energy at which the ionization loss per radiation length is equal to
the particle energy [27]. The value of the critical energy for electrons in air (Eem

c

= 81.4 MeV)
indicates where the multiplication of secondary particles in the extensive air shower stops.

The whole development of the extensive air shower is too complex to be followed particle
by particle, but Heitler [29] proposed a model to follow the electromagnetic cascade. The
Heitler model divides the process of development of the electromagnetic cascade in layers of
length d = Xair

0

ln 2. After the first layer the photon has split by pair production into an e�e+

pair. Each of them, after another layer, produce a photon via Bremsstrahlung (figure 1.2, left).
After n layers, the distance X[g/cm2] and the total number of electrons and photons (shower



1.1. Description of the extensive air showers 5

simulations. Nevertheless, Heitler!s EM model pre-
dicted accurately the most important features of
electromagnetic showers.

Heitler!s model (Fig. 1a) has e+, e!, and pho-
tons undergoing repeated two-body splittings,
either one-photon bremsstrahlung or e+e! pair
production. Every particle undergoes a splitting
after it travels a fixed distance related to the radi-
ation length. After n splittings there are 2n total
particles in the shower. Multiplication abruptly
ceases when the individual e± energies drop below
the critical energy nec, where average collisional en-
ergy losses begin to exceed radiative losses.

This simplified picture does not capture accu-
rately all details of EM showers. But two very
important features are well accounted for: the final
total number of electrons, positrons, and photons
Nmax is simply proportional to E" and the depth of
maximum shower development is logarithmically
proportional to E".

We approximate hadronic interactions similarly
[4]. For example, Fig. 1b shows a proton striking
an air molecule, and a number of pions emerging
from the collision. Neutral pions decay to photons
almost immediately, producing electromagnetic
subshowers. The p± travel some fixed distance
and interact, producing a new generation of pions.

The multiplication continues until individual
pion energies drop below a critical energy npc ,
where it begins to become more likely that a p±

will decay rather than interact. All p± are then as-

sumed to decay to muons which are observed at
the ground.

This first approximation assumes that interac-
tions are perfectly inelastic, with all the energy
going into production of new pions. We will study
the more realistic case which includes a leading
particle carrying away a significant portion of the
energy later (Section 4).

The important difference between a hadronic
cascade and a pure EM shower is that a third of
the energy is ‘‘lost’’ from new particle production
at each stage from p" decay. Thus the total energy
of the initiating particle is divided into two chan-
nels, hadronic and electromagnetic. The primary
energy is linearly proportional to a combination
of the numbers of EM particles and muons.

We examine the model in detail below. In par-
ticular, we will look at its predictions for measur-
able properties of extensive air showers,
attempting to assess which predictions are reliable
and which may not be. First, we review the specif-
ics of Heitler!s electromagnetic shower model and
then develop the hadronic analogue. In all that fol-
lows, the term ‘‘electron’’ does not distinguish be-
tween e+ and e!.

2. Electromagnetic showers

As seen in Fig. 1a, an electron radiates a single
photon after traveling one splitting length

(a) (b)γ

e+ e
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n=2

n=3
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Fig. 1. Schematic views of (a) an electromagnetic cascade and (b) a hadronic shower. In the hadron shower, dashed lines indicate
neutral pions which do not re-interact, but quickly decay, yielding electromagnetic subshowers (not shown). Not all pion lines are
shown after the n = 2 level. Neither diagram is to scale.
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Figure 1.2 Left: evolution of the electromagnetic component of an extensive air shower as
described by the Heitler model. Right: evolution of the hadronic cascade as described by the
extended Heitler model. From [28].

size) N can be calculated as:

X = nXair

0

ln 2

N = 2n = eX/X

air
0

(1.1)

This multiplication of particles lasts until the energy of the individual particles drops below
the critical energy. At this point, the shower reaches its maximum size, and the initial
energy (E

0

) is shared by N
max

particles with Eem

c

.

E
0

= Eem

c

N
max

(1.2)

The position of the shower at this point of maximum size is called the atmospheric depth of
maximum (X

max

). It can be calculated knowing the number of steps or layers crossed (n) in
the process until this point.

X
max

= nXair

0

ln 2 (1.3)

Since n can be extracted from equation 1.1, being related with N
max

, and this with the initial
energy, the X

max

for the photon initiated extensive air shower is:

X
max

= Xair

0

ln (E
0

/Eem

c

) (1.4)

The change of X
max

per decade of energy is called elongation rate (D
10

), and it is defined as:

D
10

=
dX

max

d log
10

E
0

= 2.3Xair

0

= 85 g/cm2 (1.5)
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In spite of the simplicity of the model, two very important predictions are given. First, the
maximum size of the shower is proportional to the energy of the primary particle (equation 1.2).
Second, the depth of the maximum shower development grows logarithmically with this energy
(equation 1.4).

Hadronic showers

The Heitler model for the electromagnetic cascade has been extended by Matthews [28] to be
applied to the hadronic cascade. In this model the atmosphere is divided in layers of fixed
thickness d = �

⇡

ln 2, with �
⇡

being the pion interaction length (122 g/cm2). The primary
hadron interacts after traversing one layer, producing 2N

⇡

charged pions and N
⇡

neutral
pions, where N

⇡

is called the pion multiplicity. Neutral pions immediately decay into photons
generating an electromagnetic cascade. Charged pions produce new pions after travelling
another layer (figure 1.2, right). As in the Heitler model, the process continues until the
critical energy for pions (E⇡

c

) is reached, then the charged pions begin to decay into the muons
observed at ground. The critical energy for pions can be estimated as the energy at which
the decay length of a charged pion becomes less than the distance to the next interaction
point (E⇡

c

= 20 GeV in air). The model assumes an equal repartition of the energy in the
production of secondary pions. For the energies between 1 GeV and 10 TeV a value of N

⇡

= 5
is appropriate.

A proton with energy E
0

entering the atmosphere creates, after n layers, a total of (2N
⇡

)n

charged pions. Assuming that all of them decay into muons after they reach E⇡

c

, this
number of pions gives directly the muon number (N

µ

) in the shower. The number of layers
is calculated from the number of steps the pions need to reach the critical energy, that is
n = ln (E

0

/E⇡

c

)/ ln (3N
⇡

). Introducing � = ln (2N
⇡

)/ln(3N
⇡

), where � = 0.85 for N
⇡

= 5, the
number of muons in the proton shower is:

Np

µ

=

✓
E

0

E⇡

c

◆
�

(1.6)

The charged pions keep the energy in the hadronic cascade, that at the step n is (2/3)nE
0

.
The neutral pions transfer the rest, one third of the energy at each layer, to the electromagnetic
cascade. The energy measured in the electromagnetic component (⇠ E

0

(1 � (2/3)n)) is called
calorimetric energy (E

cal

) and it tends quickly to E
0

when the number of steps increases, so
E

cal

is a good approximation for the primary energy.

At this point, the cascade is made of three main components: electromagnetic, muonic and
hadronic. The electromagnetic component is dominant in number and in energy (figure 1.1).
It carries in average 98% of the total energy, whereas the muonic component represents about
1.7% of it. The rest is the hadronic component, not numerous enough to appear in figure 1.1.
The atmospheric depth of maximum is then, essentially, the maximum of the electromagnetic
component. A proper evaluation of X

max

would need to account for the points of origin of the
subshowers at every step. This is beyond the scope of a simple model. Nevertheless, it is still
possible to assume that the shower maximum is dominated by the electromagnetic subshower
produced in the interaction with the largest inelasticity, which is usually the first interaction.
The X

max

of the hadronic cascade is then given by the interaction length of the primary
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particle plus the depth of the electromagnetic cascade produced in the first interaction:

Xp

max

⇡ �air

I

+ ln
E

0

2N
⇡

Eem

c

(1.7)

The factor 2 takes into account that the neutral pions decay into two photons.

When the incoming particle is a nucleus with atomic number A and energy E, the cascade
process can be studied by considering individual single nucleons with energy E/A, each acting
independently. The resulting shower is treated as the sum of A separated proton air showers
all starting at the same point. This is called the superposition model. The superposition
model can be applied to see the di↵erences in the evolution of the cascades initiated by protons
or heavier primaries.

The first result is that, from equation 1.6, the number of muons for a nucleus of atomic
number A can be expressed as:

NA

µ

= A

✓
E

0

/A

E⇡

c

◆
�

(1.8)

The ratio between the number of muons for a nucleus and a proton then depends exclusively
on the pion multiplicity expressed in �:

NA

µ

Np

µ

= A1�� (1.9)

From the equation 1.7, repeating the process, the di↵erence between the atmospheric depth
of maximum of a proton and of a nucleus with atomic number A is:

XA

max

� Xp

max

= Xair

0

ln A (1.10)

Both Heitler model and the extension proposed by Matthews can be improved by Monte
Carlo (MC) simulations that take into account individual hadronic processes in the atmosphere.
Nevertheless, the results obtained by the model are qualitatively confirmed by the simulations.
For ultra-high energy cosmic rays, the energies involved in the very few first steps of the
process are far from those reached in accelerator physics, so the hadronic interaction models
used in the MC simulations, for these first steps, can only extrapolate from the accelerator
measurements. Whereas this is a source of uncertainty, the ultra-high energy cosmic rays
experiments are useful to constrain the hadronic interaction models by measuring the muon
content and muon production depth of air showers and the proton-air cross section for
particle production. In particular, several hadronic interaction models are mentioned in
this work: Sybill 2.1 [30], QGSJet01, QGSJet-II-03, QGSJet-II-04 [31–33], EPOS 1.99 and
EPOS LHC [34]. The di↵erent versions of the models have been updated to match with the
latest results from the Large Hadron Collider (LHC). AIR shower Extended Simulations
(AIRES) [35] and COsmic Ray SImulations for KAscade (CORSIKA) [36] are packages that
uses the cited models to simulate the development of the cascade in the atmosphere from the
primary particle to the secondary particle at ground. Whereas A Multi-Particle Transport
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Code (FLUKA) [37] and GEANT4 [38, 39] are more general toolkits for the simulation of the
passage of particles through matter.

1.2 Phenomenology of extensive air showers

The extensive air showers are described by two profiles: the longitudinal and the lateral ones.
The longitudinal profile is the number of particles as a function of the amount of crossed
matter (atmospheric depth), shown in figure 1.1. In general, after a few steps, all showers
have similar global characteristics. In particular, the shape of the shower is universal except
for a translation depending logarithmically on energy and a global factor roughly linear in
energy. The Gaisser-Hillas function [40] parameterizes the number of secondary particles as a
function of traversed atmospheric depth (X):

N(X) = X
max

✓
X � X

first

X
max

� X
first

◆
(X

max

�X

first

)/�

exp

✓
X

max

� X

�

◆
(1.11)

where X
first

is the depth of the first interaction, N
max

the number of particles observed at
X

max

, and � a parameter describing the attenuation of the shower.

The lateral profile is the number of particles as a function of the distance to the axis (r),
at a specified atmospheric depth, shown in figure 1.3. While the shower develops, secondary
particles begin to spread from the shower axis. The scale of the transverse development is given
by the Molière radius (R

M

) [27]. The lateral profile is described by the lateral distribution
function (LDF), that describes the deviation of the particles from the shower axis. The
density of particles decreases rapidly with the distance to the axis as 1/rb, generally with
2  b  4 [41]. The commonly used Nishimura-Kamata-Greisen (NKG) lateral distribution
function [42] is a good approximation:

LDF (r) = C(s)

✓
r

R
M

◆
s�2

✓
1 +

r

R
M

◆
s�4.5

(1.12)

where s is a parameter related with the age of the shower and C(s) is a normalization factor.

The main ingredients of the extensive air showers at ground are electrons (and positrons),
photons and muons. Muons, as they appear in several points of this work, are worthy to be
discussed in some detail. They are created, as seen above, from pions in, mainly, the hadronic
cascade. With charge equal to that of electrons and approximately 200 times heavier, their
ionization in the traversed media is lower. At the muon energies involved in the cascade (few
GeV, figure 1.4, right) the energy deposited is about 2 MeV/g/cm2 [43]: they are minimum
ionizing particles. This implies that a muon produced in the extensive air shower with, for
example, 5 GeV, can traverse 2500 g/cm2 (3 times the atmosphere length) before loosing its
whole energy, or survive the long path that they have to traverse in inclined air showers. The
muonic component survives in the shower much longer than the electromagnetic one. This
electromagnetic component, with lower energy (figure 1.4, left) is absorbed with less amount
of matter crossed.
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Figure 1.3 Average number of secondary particles hitting a 10 m2 detector according to the
distance to the axis for an extensive air shower induced by a proton (solid line) and iron
(dashed line) with 30 EeV of energy (1 EeV = 1018 eV) and 35° zenith angle, simulated with
QGSJet01.

1.3 Detecting extensive air showers

Although the range of energies in which the extensive air showers can be detected is large, a
general description of the used methods is possible. The detection methods can be separated
in two groups: the ground methods and the calorimetric methods.

Ground methods

The first group includes those methods by which the extensive air shower is sampled at a single
point in the longitudinal development, as the shower is reconstructed from the characteristics
measured at ground. This gives access mainly to the lateral profile. Nevertheless, as it will
be seen in chapter 3, di↵erent methods can be applied to extract information about the
longitudinal profile. The detection is based on the direct interaction of the secondary particles
with the detectors spaced at ground, thus the detection is only possible near the shower axis.
Due to this necessity of proximity, a set of several detectors has to be spread over a large
surface to ensure an observation of this very scarce phenomena. The energy range of the
primary particle intended to be detected determines the characteristics of the array, such as
spacing, total area and altitude. Two kinds of detector are mainly used:

Water Cherenkov detectors (WCD) are volumes of water with photomultiplier tubes (PMTs)
in the interior able to register the Cherenkov light produced by charged particles passing
through the detector (see next subsection for the description of the Cherenkov e↵ect). The
shape, with 1.2 m height in the Pierre Auger Observatory (Auger) [44] case or 4.7 m in the
High Altitude Water Cherenkov (HAWC) [45] observatory gives them special sensitiveness to
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Figure 1.4 Energy of the secondary particles of extensive air showers at ground level for
di↵erent distances from the shower axis. For electrons and positrons (left) the average energy
is of the order of MeV (1 MeV = 106 eV), whereas for muons (right) the average energy is
of the order of GeV (1 GeV = 109 eV). Di↵erent primaries (proton and iron) and di↵erent
primary energies (10EeV and 63EeV) are considered. Simulated with EPOS LHC.

the muon component (even if it is mixed with the electromagnetic part) and, consequently, to
horizontal air shower.

Scintillators: particles such electrons, alpha particles, ions, or high energy photons (by
pair production) passing through a transparent material, can produce a deexcitation after
ionization. This e↵ect, called scintillation, is the base of the scintillator detectors. It was the
method chosen for Akeno Giant Air Shower Array (AGASA) [46] and for the surface detector
array in Telescope Array [47], that has been collecting data since 2008. Future observatories
like the Large High Altitude Air Shower Observatory (LHAASO) [48] will also have, among
other kinds of detectors, a scintillators array and a WCD array.

Calorimetric methods

The second group includes those by which the extensive air shower can be detected via their
electromagnetic emissions produced by the secondary particles, like fluorescence, Cherenkov
or radio emissions. They have access to the longitudinal development profile of the extensive
air shower, using the atmosphere as a gigantic calorimeter. Both Cherenkov and fluorescence
radiation have a wavelength that is in the visible region of the spectrum, near ultraviolet (UV).
Nights with little moonlight are required to observe them, thus reducing the exposure time.
The fraction of time the detector is able to work is called the duty cycle. The radio emission
does not su↵er this limitation. A main di↵erence between the two techniques is that whereas
the Cherenkov emission is beamed, needing a detection near the shower axis, the fluorescence
emission is isotropic, and the detection can be achieved from larger distances. Concerning the
radio, both beamed and isotropic emissions are expected, although the latter has not been yet
detected.

The Cherenkov light is an emission produced in a dielectric by the passage of charged secondary
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particles of the extensive air shower [49]. Most secondary particles in the shower have ultra-
relativistic speeds, larger than the local phase velocity of light. When this happens for a charged
particle in a dielectric medium, an electromagnetic shock wave that takes the form of a cone of
light is emitted towards the front. The angle of this cone is given by cos ✓

c

= 1/(n�), where n
is the refractive index of the medium and � = v/c is the ratio between the speed of the particle
and the speed of light, that for ultra-relativistic particles is close to 1. This makes ✓

c

be around
1° in the air. This angle makes that for vertical extensive air showers a circle with a diameter of
about 250 m at ground is illuminated. For large zenith angles the area can increase considerably.
This cone of light can be detected at ground either directly with PMT pointing directly to the
atmosphere, as the case of Tunka-133 [50], or by the means of parabolic mirrors that concentrate
the collected light, as the case of High Energy Stereoscopic System (HESS) [51], Very Energetic
Radiation Imaging Telescope Array System (VERITAS) [52], Major Atmospheric Gamma-ray
Imaging Cherenkov Telescopes (MAGIC) [53] or the future Cherenkov Telescope Array (CTA)
project [54], all those dedicated to detect �-rays in the energy range of the GeV and TeV.
Ice-Cube [55] and Astronomy with a Neutrino Telescope and Abyss environmental RESearch
project (ANTARES) [56] deserve a special mention as they have transformed part of the
Antarctic ice and the Mediterranean sea, respectively, into enormous ice or water Cherenkov
calorimeter detectors, by installing a three-dimensional array of PMTs, dedicated both to the
detection of neutrinos in a very wide range of energies.

The fluorescence light is emitted by air molecules after some energy is deposited. The
electrons produced in the extensive air shower passing through the atmosphere lose energy
by inelastic collisions with nitrogen molecules of the air. A small fraction of the deposited
energy is reemitted as UV fluorescence radiation in the spectral range from 290 nm to 430 nm.
This fluorescence spectrum in dry air is well known. The number of these emitted photons is
proportional to the energy deposited in the atmosphere by the electromagnetic component [57].
This technique is used by the Auger, Telescope Array, All-sky Survey High Resolution Air-
shower Detector (ASHRA) [58], and in the past by Fly’s Eye [59] and its enlarged and
improved version High Resolution Fly’s Eye (HiRes) [60]. The future Extreme Universe Space
Observatory (JEM-EUSO) [61], oriented to the atmosphere from the International Space
Station, will be also based on this technique.

The third calorimetric method is the detection of extensive air showers through their radio
emissions. The radio emission processes can be separated in isotropic emissions, allowing a
detection from the distance, and beamed emission, allowing only the detection near the shower
axis. Several experiments have detected radio pulses in coincidence with extensive air showers
at di↵erent frequencies (MHz and GHz). COsmic ray Detection Array with Logarithmic
ElectroMagnetic Antennas (CODALEMA) [62], LOFAR PrototypE Station (LOPES) [63] and
Auger Engineering Radio Array (AERA) [64] have confirmed recently this technique, and some
work has also been done in RICE [65], Antarctic Impulsive Transient Antenna (ANITA) [66],
ARIANNA [67] and Askaryan Radio Array (ARA) [68]. Extensive Air Shower Identification
using Electron Radiometer (EASIER) [69] has reported measurements of radio signals at both
MHz and GHz ranges. The di↵erent processes of radio emissions, the EASIER project and
the future perspectives of this method constitute one of the subjects of this PhD thesis, and
they are detailed in chapter 5.
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Hybrid observatories and others

Most of the observatories chose one detection technique, but hybrid observatories , like Auger
or Telescope Array, combine more than one detection method, profiting from the so called
hybrids measurements (those made with both detectors). Telescope Array consists of three
buildings with fluorescence telescopes and a scintillators array covering 700 km2, whereas
Auger consists of 4 buildings with fluorescence telescopes and a WCD array, detailed in next
section.

1.4 The case of the Pierre Auger Observatory

The Pierre Auger Observatory is the largest cosmic ray observatory in the world. It is dedicated
to measure ultra-high energy cosmic rays, covering 4 orders of magnitude in energy, from
1016 eV to above 1020 eV. The observatory is located in Argentina, province of Mendoza, near
the town of Malargüe, at 35° South and 69° West [44]. There the atmospheric conditions (clear
sky and low pollution) are appropriate for the fluorescence technique.

It is placed at 1400 m above sea level, which corresponds to 870 g/cm2, in terms of atmosphere
grammage. This height is suitable to measure the extensive air showers at an age close to the
maximum of the shower development for the EeV range, favouring a good energy resolution.

It was completed in 2008 but the data collection started in 2004. At the moment of its
construction it was the first observatory combining two techniques for measuring cosmic rays,
collecting data both with a surface detector array (SD) [70] and a fluorescence detector (FD) [71]
(see figure 1.5). The former is an array of WCDs spread over a flat surface of 3000 km2 and
the latter are 4 buildings in the edges of the array with 6 fluorescence telescopes in each one,
facing the interior of the array. The low flux expected at the energies intended to measure
requires such a large surface to ensure a statistically relevant number of events. In this case,
for the highest energies (above 6 ⇥ 1019 eV) and total area of the observatory, only 30 events
per year were expected, according to the predicted flux.

Apart from the benefits of the SD and the FD independently, the hybrid design gives the
opportunity to detect extensive air showers with both techniques combined. First, as the
duty cycle of the SD is 100%, the data recorded can be calibrated with the FD, being used
to measure anisotropy and the energy spectrum with enhanced accuracy and larger statistic,
avoiding the uncertainties related to the use of Monte Carlo simulated showers. Second, the
combination of both detectors can measure lower energy showers better than the two detectors
independently. The reason is that three stations are needed to report an event with the
SD, and the FD alone could su↵er important uncertainties in the geometrical reconstruction,
whereas only one triggered station is needed to perform a hybrid reconstruction properly.
Finally, a cross check between the reconstruction done by both detectors can be used to
identify sources of systematic uncertainties.

The Pierre Auger Observatory was initially designed to accomplish di↵erent objectives [72]:

• To investigate with a large number of events the cosmic rays spectrum at energies above
1019 eV.
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Figure 1.5 Schematic representation of the FD and SD of the Pierre Auger Observatory. The
24 fluorescence telescopes are distributed in four buildings, being located in di↵erent sites
(Los Leones, Los Morados, Loma Amarilla and Coihueco). They are located at the edges of
the SD. The blue and orange lines represent the field of view of each fluorescence telescope,
covering the whole area of the observatory. Each black point represents one of the 1660 WCD,
1600 of them spaced 1500 m, and the rest in a denser array near Coihueco FD building. The
enhancement High Elevation Auger Telescopes (HEAT), and the Central Laser Facility (CLF)
and the eXtreme Laser Facility (XLF), designed to monitor the atmosphere, are represented
as orange. The surface of the AERA radio experiment is represented as a blue circle. The
distance scale in km is also indicated. Pierre Auger Collaboration.

• To determine with high precision the energy of primary particles with energies above
1019 eV, thanks to the hybrid nature of the observatory.

• To determine the arrival direction of the primary ray with an angular precision of 0.2°
to 0.35°, using the FD.

• To identify the nature of the particle that gives origin to the extensive air showers
distinguishing among showers initiated by protons, photons and heavy nuclei.

• To study the Universe in a yet unexplored energy region, with important consequences
in astrophysics and in the theory of elementary particles and their interactions.

During the development of the Observatory, these objectives have evolved. Now cosmic
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rays with energies of 0.01 EeV are also investigated, and the arrival of the primary particle is
determined also with the SD, not that precise as the FD.

Fluorescence detector

The fluorescence light emitted by the nitrogen molecules is collected by the telescopes of
the FD, allowing the measurement of the longitudinal development profiles of air showers
in the atmosphere. The integral of this longitudinal profile gives a direct measure of the
electromagnetic shower energy, which is approximately 90% of the primary energy. For a given
total energy the depth of maximum shower size is correlated with the mass of the primary
particle [71].

Four main buildings are located at the edges of the SD overlooking the whole area of the
observatory (figure 1.5). Each building has 6 fluorescence telescopes with field of view of
30° in azimuth and 28.1° in elevation, so each building has 180° azimuth range. There is a
large UV-passing filter window to select the light entering the telescope. In the inside, a set
of mirrors of 12 m2 with a radius of curvature of 3.4 m concentrates the fluorescence light.
Finally, a camera composed by 440 hexagonal PMTs collect the light. A schematic view of
the interior of a telescope is shown in the left side of figure 1.6.

ARTICLE IN PRESS

when the measured angular speed dw=dt does not change much
over the observed track length. An example is shown in Fig. 37.
For these events (usually short tracks) there is a small curvature
in the functional form of Eq. (1) such that there is a family of
possible ðRp,w0Þ axis solutions. Rp and w0 are tightly correlated, but
neither value is well constrained. This leads to uncertainty in
other shower parameters, including the reconstructed shower
energy.

The fit degeneracy can be broken by combining the timing
information from the SD stations with that of the FD telescopes.
This is called the hybrid reconstruction. The hybrid solution for
the example shown in Fig. 37 is shown as a blue line and the
uncertainties in the parameters are specified in the legend.

Since the SD operates with a 100% duty cycle, most of the
events observed by the FD are in fact hybrid events. There are also
cases where the fluorescence detector, having a lower energy
threshold, promotes a sub-threshold array trigger (see Section
4.2.2). Surface stations are then matched by timing and location.
This is an important capability because these sub-threshold
hybrid events would not have triggered the array otherwise. In
fact, the time of arrival at a single station at ground can suffice for
the hybrid reconstruction.

The reconstruction uncertainties are validated using events
with known geometries, i.e. light scattered from laser pulses. Since
the location of the CLF (approximately equidistant from the first
three fluorescence sites) and the direction of the laser beam are
known to an accuracy better than the expected angular resolution
of the fluorescence detector, laser shots from the CLF can be used
to measure the accuracy of the geometrical reconstruction.
Furthermore, the laser beam is split and part of the laser light is
sent through an optical fiber to a nearby surface array station.
Thus, the axis of the laser light can be reconstructed both in
monocular mode and in the single-tank hybrid mode.

Using the timing information from the telescope pixels
together with the surface stations to reconstruct real air showers,
a core location resolution of 50 m is achieved. The typical
resolution for the arrival direction of cosmic rays is 0.61 [49].
These results for the hybrid accuracy are in good agreement with
estimations using analytic arguments [51], measurements on real
data using a bootstrap method [52], and previous simulation
studies [53].

7.2. Shower profile and energy reconstruction

Once the geometry of the shower is known, the light collected
at the aperture as a function of time can be converted to energy
deposit at the shower as a function of slant depth. For this
purpose, the light attenuation from the shower to the telescope
needs to be estimated and all contributing light sources need to
be disentangled [54]: fluorescence light [9,12,55,56], direct and
scattered Cherenkov light [57,58] as well as multiple-scattered
light [59,60].

An example of the measured light at the telescope aperture
and the reconstructed light contributions and energy deposit
profile is shown in Figs. 38 and 39.

The calorimetric energy of a shower is estimated by fitting a
Gaisser–Hillas function [61] to the reconstructed energy deposit
profile and integrating it. Finally, the total energy of the shower is
obtained by correcting for the ‘‘invisible energy’’ carried away by
neutrinos and high energy muons. This correction is obtained
from Monte Carlo shower simulations [62] as the average
correction factor for showers induced by different primary
particles. However, the differences between the correction factors
for different primaries are on the level of a few percent only. After
quality selection, the energy resolution (defined as event-to-event
statistical uncertainty) of the fluorescence detector is 10% [63].
The current systematic uncertainties on the energy scale sum up
to 22%. The largest uncertainties are given by the absolute

Fig. 37. Functional form that correlates the time of arrival of the light at each pixel
with the angle between the pointing direction of that particular pixel and the
horizontal line within the shower-detector plane. FD data (color points) and SD
data (squares) are superimposed to the monocular (red line) and hybrid (blue line)
reconstruction fits. The full square indicates the SD station with the highest signal.
This is a typical event in which the monocular reconstruction does not work well.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Figure 1.6 Left: schematic view of the inside of a FD telescope of Auger. The camera is
composed by the set of PMTs that collect the fluorescence light. The shutter, the aperture
system and the UV filter give an idea of the delicacy of the system. Right: example of
the reconstruction of the energy deposited over the slant depth in a fluorescence telescope.
The points are fitted to a Gaisser-Hillas function (see section 1.2). In the shown case, the
integration of the fit gives a reconstructed energy of 3 ⇥ 1019 eV. From [71].

The trigger of the FD is designed as a four-level trigger: the first-level trigger works only for
individual PMTs; the second is reached when several adjacent pixels have a level-1 trigger in
a short period of time; the third is constructed over the time structure of an event; in the
fourth trigger a rudimentary event reconstruction of the direction and time of impact on the
ground is developed.
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The light collected as a function of time is converted to the energy deposited by the shower
as a function of atmospheric depth. It is necessary to understand the di↵erent sources of
light to estimate properly the attenuation of light from the extensive air shower to the FD.
These sources are the fluorescence light, the direct and scattered Cherenkov light and the
multiple-scattered light. By fitting a Gaisser-Hillas function [73] to the reconstructed deposited
energy profile, two important observables are obtained (see figure 1.6, right). First, the
integration of the function gives the calorimetric energy. The total energy of the shower is
obtained adding the energy carried away by neutrinos and high energy muons, that the FD
is not able to measure. This estimation, once done based on MC shower simulations, is now
done based on hybrid measurements [74]. And second, the maximum of the fitted function
gives X

max

. This observable is related to the mass of the primary particle (see equation 1.7),
giving the FD the capability for composition analysis.

Apart from the sun or moonlight, weather conditions can be also a limit for FD operation
(high wind speed, rain or snow), reducing the duty cycle of the FD to approximately 13%. The
e↵ect of the atmospheric conditions is also relevant as the atmospheric transmission through
aerosols has large time variation. Besides, the atmospheric conditions have influence on the
fluorescence yield. This conditions are determined with high accuracy by a set of instruments
specifically dedicated. These are the CLF and the XLF [75], represented in figure 1.5.

Surface detector

Charged particles going through the water (its refractive index is 1.33) faster than the speed
of light produce Cherenkov radiation [76]. These particles are mainly electrons, positrons and
muons. Photons, via pair production, can also generate Cherenkov radiation. Most of the
light produced is lost in the interior of the detector, but a sample of it is collected.

The Cherenkov light produced by the particles of the extensive air shower is produced in the
interior of the Auger WCD. The WCDs are cylindrical plastic tanks with 1.8 m radius and
1.55 m height. The tanks contain 12 t of pure and deionized water well isolated from exterior
sunlight. The water is contained in a bag (the so-called liners) internally coated with Tyvek,
up to a height of 1.2 m. This material is highly di↵usive. The light is smoothly reflected
ensuring a homogeneous measure between the PMTs. The shower secondary particles interact
with the water when passing through it. The chosen water volume allows the detection at
distances from a few hundreds of metres to a few kilometres, well outside the shower core (the
Molière radius in air at ground level is around 90 m) [41]. At the top of the interior of the
WCD, three large 9 inches PMTs are placed pointing downwards to register the Cherenkov
light (figure 1.7). The PMTs signal is collected on an anode and on an amplified dynode. The
signal on the dynode is amplified by a nominal factor of 32, to extend the dynamic range
of the system. This will provide the data with a high gain signal and a low gain one. The
latter will be used when the former is saturated. The signals from anode and dynode are
filtered and digitized at 40 MHz using flash analog digital converters (FADCs), achieving a
time structure of bins of 25 ns. The station is completed with data acquisition and front-end
electronic cards for control and trigger, a solar panel and two batteries for power, a Global
Positioning System (GPS) receiver and a system for radio communication.

The SD of Auger is an array of 1660 WCDs spread over 3000 km2. 1600 of them are spaced
1500 m from each other, with the rest in a denser array, distributed in a regular triangular grid,
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as shown in figure 1.5. The spacing between the stations is chosen to allow several stations
to be hit for the events above a few EeV. With this distribution, there is almost always one
station closer than 750 m from the core (see left panel of figure 1.8).

Figure 1.7 An Auger water Cherenkov detector deployed in the field. Three hatches allow the
access to the PMTs in the inside, distributed in equidistant positions between them and at
120 cm from the centre. Power and communication devices are also indicated. A schematic
representation of the inside is superimposed. The particles passing through the water produce
a light (the red lines represent some examples of the traces of the photoelectrons produced)
that is collected by the PMTs on the top.

To compare the measurements registered in di↵erent stations, a standard unit has been
defined to express the measured signal: the vertical equivalent muon (VEM). It represents the
signal produced by a vertical muon entering at the center of the detector. As 2 MeV/g/cm2

is, on average, the energy deposited by a muon, the VEM is equivalent to approximately
240 MeV. Muons coming from di↵erent directions leave di↵erent amounts of energy, according
to the amount of water traversed. Electrons normally leave all their energy that is, in average,
a few MeV. The amount of energy deposit by a vertical muon traversing the WCD volume at
its centre is also used to obtain a calibration. The constant flux of atmospheric muons (about
3000 go through the Auger WCD each second) is used to this purpose [77, 78].

The time of arrival of the particles to the stations is used to reconstruct the shower front
and its axis, and from it to infer the original direction of the primary particle. The size of
the signal of the di↵erent stations is used to obtain the position of the core, with di↵erent
corrections derived from the inclination.

The trigger system for the SD is designed as a five level trigger and event selection [70]:

• The first level trigger (T1) acts at the station level and it aims at identifying signals
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that could be part of a real shower. Two independent trigger modes are implemented,
having been conceived to detect, in a complementary way, the electromagnetic and
muonic components. The threshold trigger (TH) searches for a coincidence between the 3
PMTs with more than 1.75 VEM. It is oriented to the muonic component, that normally
leaves large signals that are not necessarily spread in time. The time-over-threshold
trigger (ToT) searches for at least two PMTs with more than 12 FADC bins with a
signal of more than 0.2 VEM in a window of 120 time bins. It is oriented to signals
more spread in time, like the electromagnetic ones. The T1 rate is about 100 Hz, nearly
all TH. The ToT rate at each detector is lower than 2 Hz and is mainly due to the
occurrence of two muons arriving within 3 µs, the duration of the sliding window.

• The second level trigger (T2) acts at station level too. Processed by the local software, it
requires either a coincidence of 3 PMTs above 3.2 VEM, or a ToT. The rate is reduced
to 20 Hz. This rate is chosen to cope with the bandwidth of the communication system
between the detectors and the central campus.

• The central data acquisition system (CDAS) trigger (T3) matches T2 stations in time
and space, searching for possible configurations of real events. Di↵erent geometrical
configurations are considered to account for di↵erent kind of events. The T3 triggers the
collection of the FADC traces. A FD event can also activate a T3 searching for stations.
With the full array configuration, this trigger selects about 1200 events per day, out of
which about 10% are real showers.

• The physics trigger (T4) is an o↵-line one, conceived to distinguish real extensive air
showers from random coincidences of atmospheric muons. The T4 asks for the condition
that the distance between the stations and the time between the signals is compatible
with the time that the speed of light needs to travel between them.

• The quality trigger (T5) is a further o↵-line one that demands that the station with
highest signal be surrounded by 6 functioning stations. T5 rejects events at the edge of
the array whose reconstruction may not be reliable.

If the purpose of the FD is to measure the longitudinal profile of the cascade, the SD aims
to measure the lateral profile. The lateral profile is expressed by the LDF (see equation 1.12
and figure 1.8, right). The LDF defines the relation between the distance to the axis and
the station signals. If the LDF fit is well defined, the average signal at 1000 m (S

1000

) can be
obtained. This value has been proven to be related with the energy of the primary particle for
the case of Auger. The distance of 1000 m is the one that makes the estimation independent
from the shape of the fitted function [79]. The S

1000

is used to calibrate in energy the SD
against the energy in the FD, with the hybrid events. Previously, the constant intensity
cut (CIC) method is applied to compensate for the increasing absorption of the atmosphere as
the zenith angle of the shower increases. S

1000

is transformed into S
38

, that is, the S
1000

that
the extensive air shower would have produced if it had arrived at the median zenith angle
of 38°. Other characteristics of the LDF, such as its slope, also reflect other properties of
the extensive air shower, for instance its age. From the analysis of the arrival times of the
individual stations, the shower axis direction can be obtained.

The di↵erent detectors and the di↵erent characteristics of the showers make that the data
collected at Auger can be separated in di↵erent data sets. The main data set to be considered,



18 Chapter 1. Extensive air showers

x [km]
-10 -8 -6 -4 -2 0

y 
[k

m
]

-22

-20

-18

-16

-14

-12

-10

r [m]
500 1000 1500 2000 2500

Si
gn

al
 [V

EM
]

1

10

210

310

410 Stage: 5
/Ndf: 10.2/ 18

2
χ
candidates
non-triggering
saturated
sat. recovered
 

Figure 1.8 Left: representation of an event recorded by the SD with energy E = 2.56 ⇥ 1019 eV
and zenith angle ✓ = 58.9°. The detected signals are represented by the size of the marker. The
arrival times are represented by the colors. The grid spacing corresponds to 1.5 km between
two adjacent stations. Right: the station signal as a function of the distance to the axis. The
signal size evaluated at 1000m (S

1000

) is used to estimate the primary energy.

as it is the one with largest statistic, is the 1500 m vertical, that includes showers with zenith
angle lower than 60°, measured in the original array with the indicated spacing. The events
with inclination 62° < ✓ > 80° measured with the same part of the array are considered in
the 1500 m inclined data set. The vertical showers measured in the part of the array with a
denser configuration are the 750 m vertical. All three are measured with the SD alone, when
the events are also measured with the FD, they are included in the the hybrid data set.

Enhancements and R&D

Designed initially to cover higher energies, Auger has dedicated some e↵orts to extend its energy
threshold to lower energies. This extension has been performed with three enhancements:

• Three high elevation fluorescence telescopes observe from 30° to 60°, covering a higher
region of the atmosphere. The High Elevation Auger Telescopes (HEAT) [80] are located
in one of the fluorescence bays.

• The Infill array is a subarray for the SD with a more dense distribution. This small
dense part, with 71 WCDs, is 30 km2 large, with 750m spacing between the stations.

• Buried muon counters compose the Auger Muon and Infill for the Ground Array
(AMIGA) [81] extension, that will have a counter buried near each of the 71 Infill WCDs.
7 of them are already installed.

Besides this enhancements, new R&D projects are being developed dedicated to the detection
of air showers using the radio emission of their electromagnetic component:

• AERA is a subarray of 124 radio antennae, functioning in the MHz frequency range,
and covering a surface of 6 km2.
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• EASIER is a subarray of 61 radio antennae, functioning in the GHz frequency range,
and covering a surface of 100 km2.

• Air Shower MicroWave Bremsstrahlung Experimental Radiometer (AMBER) [82] and
MIcrowave Detection of Air Showers (MIDAS) [83, 84] are 2 GHz imaging radio telescopes
with respectively 14° ⇥ 14° and 10° ⇥ 20° field of views.

1.5 Summary

The extensive air showers are created by the interactions of the cosmic rays with the atoms in
the atmosphere. These showers are made of a dominant electromagnetic component and a
muonic one, among other minority components. Several characteristics have been described
and found to be correlated with di↵erent characteristics of the primary particle, like the energy
or the mass. The di↵erent components of the showers, result of their development in the
atmosphere, can be measured by di↵erent detection techniques, sampling their lateral profile at
ground or measuring the evolution in the longitudinal profile. The Pierre Auger Observatory
combines two di↵erent techniques, a SD with WCD and a FD, being the first one to have this
hybrid characteristic.
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Chapter 2

Ultra-high energy cosmic rays

The measurements of ultra-high energy cosmic rays made by di↵erent experiments and
observatories described in chapter 1 have discarded some theoretical models, reinforced some
others, and open new questions on the subject. Thanks to the tremendous e↵orts carried out
by the community, designing and constructing larger and larger experiments, the knowledge
of the cosmic rays has significantly grown.

Their energy spectrum, their possible sources, their propagation, and the di↵erent models
for the transition region between Galactic and extragalactic cosmic rays are described in
section 2.1. The most important results published by the Pierre Auger Collaboration are
detailed in section 2.2.

2.1 Ultra-high energy cosmic rays

Very di↵erent methods and techniques are applied to measure cosmic rays in the very wide
range of energies at which they have been observed. Direct measurements on satellites or
balloons are possible for lower energies, but for higher energies large observatories covering
large extensions of surface are needed, since the ultra-high energy cosmic rays are studied
using the extensive air showers described in chapter 1.

Energy spectrum

Figure 2.1 summarizes the results of the measurements of cosmic rays flux made by numerous
observatories in the energy range between 1013 eV and 1020 eV. The dramatic decrease of
flux versus energy anticipated in chapter 1 is evident. In this figure, the di↵erential energy
spectrum has been multiplied by E2.6 in order to display the features of the steep spectrum.

In the energy spectrum, at 4 ⇥ 1015 eV a change in the evolution of the flux is observed.
The power index suddenly changes from -2.7 to -3.1. This is the so-called knee of the cosmic
ray spectrum. At these energies, the cosmic rays are believed to be of Galactic origin, and
accelerated by the shock wave produced by Supernova Remnants [85, 86]. The most shared
interpretation for the existence of the knee is the loss of confinement of lighter cosmic rays
by the Galactic magnetic fields [87], but a general consensus does not exist on the chemical
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components responsible for this feature, as both proton and helium nuclei are considered
as candidates. A di↵erent scenario has been proposed, arguing that it might be caused by
changes in the hadronic interactions at the energies involved [88]. The idea that the knee
is a peculiarity of the primary spectrum and not of its observation on Earth was already
disfavoured by the agreement of observations done using di↵erent components of the extensive
air showers and Cherenkov light. Later comparisons of the predictions from hadronic models
and LHC data reinforce this conclusion.

28. Cosmic rays 15
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Figure 28.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 28.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E

0

is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. E↵ects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 ⇥ 1016 eV, with evidence that this structure is accompanied a transition to heavy

August 21, 2014 13:17

Figure 2.1 Cosmic rays spectrum from 1013 eV to more than 1020 eV, as measured by di↵erent
cosmic ray observatories. The main changes in the evolution of the flux are indicated as the
knee, the second knee and the ankle. From [89].

A second knee is observed by several experiments in the 1017 eV decade, finding di↵erent
spectral slopes above and below it. However, the di↵erences are compatible and a general
agreement gives very high confidence in the existence of a break [90]. This feature is associated
with the bending of the iron component [87].

At higher energies, about 4 ⇥ 1018 eV, another feature in the evolution of the energy spectrum
is observed. The change in the power index, called the ankle, happens now in the other sense,
going from -3.3 to -2.7 [91]. The transition between a Galactic and extragalactic origin is
believed to occur in the energy range between 1017 eV and 1019 eV. The interpretation of the
cause of the ankle is in dispute. The spectrum alone is not enough to resolve the question,
but composition studies could help. The experiments that could put some light in the topic,
as KASCADE-Grande [92, 93], Tunka-133 or IceTop [94] have insu�ciently large statistics.
Telescope Array and Auger, initially designed to measure cosmic rays at higher energies, are
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making some e↵orts to lower the energy threshold, motivated by the unravelled question of
the ankle [87].

At even higher energies, above 4 ⇥ 1019 eV, some contradictory results were published by
AGASA [95, 96] and Fly’s Eye [97]. While the former did not observe any change in the index
of power law of the flux, the latter observed some indication of a cut-o↵. The dispute ended in
the year 2008 with the publication of the results of the measures done by HiRes [98], first, and
a little after by Auger [99]. Both observatories observed a suppression of the cosmic ray flux.

Propagation and cut-o↵

A cut-o↵ in the energy spectrum was already predicted soon after the discovery of the cosmic
microwave background (CMB) [100]. Greisen [101], Zatsepin and Kuzmin [102] (GZK), in
1966, predicted a limit for the spectrum at 5 ⇥ 1019 eV. The ultra-high energy protons would
interact with CMB photons, through � resonances, with the consequent pion production:

�
CMB

+ p ! �+ !
⇢

p + ⇡0

n + ⇡+

(2.1)

Figure 7:

Proton energy loss lengths: black solid line for photo-pion production on CMB and IR-UV

photons; red solid line for pair production on CMB photons. Dashed lines represent the

interaction length (or mean free path to interaction) for photo-pion production on CMB photons

(thick) and IR-UV photons (thin), assuming the background of Stecker et al. (2006). The dotted

line indicates the losses due to cosmological expansion.

composition, spectrum, and redshift evolution translates to many orders of magnitude un-

certainty in the expected cosmogenic neutrino flux as discussed in Section 6.

3 The propagation of Ultrahigh Energy Cosmic Rays

While propagating from their sources to the observer, UHECRs experience two types of

processes: (i) interactions with cosmic backgrounds that a�ect their energy and their com-

position, but not their direction; and (ii) interactions with cosmic magnetic fields that a�ect

their direction and travel time, but not their energy and composition. Both leave a variety

of signatures on the observables of UHECRs and generate secondary neutrinos and gamma

rays (see Section 6.3).

12 Kotera & Olinto

Figure 2.2 Energy loss lengths for di↵erent processes a↵ecting protons: black solid line for
photo-pion production on CMB and IR-UV photons; red solid line for pair production on
CMB photons. Dashed lines represent the interaction length (or mean free path to interaction)
for photo-pion production on CMB photons (thick) and IR-UV photons (thin). The dotted
blue line indicates the losses due to cosmological expansion. From [103].

The energy loss length is the distance for which the particle loses a fraction 1/e of its energy.
It is represented for di↵erent processes for protons in figure 2.2. The black solid line represents
the energy loss length for photo-pion production on CMB and IR-UV photons (equation 2.1).
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It goes down to almost 10 Mpc. A proton loses on average 20% of its energy in each interaction,
leaving 100 Mpc of path until its energy decreases by one order of magnitude [104]. Due to
this e↵ect it exists a maximum distance over which particles with energy greater than the
pion production threshold never arrive at Earth. This is called the GZK horizon. A second
consequence is the production of a large number of very high energy photons and neutrinos,
called cosmogenic. The cosmogenic photons and neutrinos could be detected, reinforcing the
GZK interpretation of the observed cut-o↵.

Regarding nuclei, the main energy loss process above 1019 eV is photodisintegration. It
is consequence of the interaction with CMB and infrared background due to giant dipole
resonance:

A + � ! (A � 1) + N (2.2)

A is the nucleus with mass number A and N is either a proton or a neutron. The mass
number A plays an important role, as it is proportional to the threshold energy of the
photodisintegration process. As the nucleus changes its mass in the process (equation 2.2),
the direct calculation of the propagation e↵ect is not possible. The whole chain of produced
nuclei lighter than the injected one has to be taken into account [23].

A + �
CMB

! A + ⇡0 (2.3)

where A is the nucleus. Besides, the scattering process, called pair production, a↵ects both
protons and heavier nuclei:

A + � ! A + e� + e+ (2.4)

The energy threshold for protons is 2 ⇥ 1018 eV, while for heavier nuclei the energy is higher.
The red solid line in figure 2.2 represent the energy loss length for protons by this process.

The process of pion production is also present in nuclei, but it is not relevant as it is for
protons.

Sources and composition

A Galactic origin of the cosmic rays below the knee and an extragalactic origin for those above
1019 eV is under some level of consensus. If the most accepted scenario for the origin of Galatic
cosmic rays is the acceleration in Supernova Remnants, for the extragalactic ones it is not that
clear. Hillas [105] proposed an argument about the cosmological structures that can produce
particles with such a high energy. The particle can be accelerated to a maximum energy
(E

max

), that is related with the shock velocity (�), the particle mass (Z
e

), the magnetic field
(B) and the radius of curvature (r

S

):

E
max

= � Z
e

B r
s

(2.5)

When B is expressed in µG and r
S

in pc, the energy resultant is in EeV. Considering the
known astrophysical objects, a limit near 1020 eV is found for the maximum energy expected
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from a cosmic ray. These objects are represented in the well-known Hillas plot, shown in
figure 2.3.
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Figure 2.3 Hillas plot: the size and magnetic field strength of possible sources and acceleration
candidates are represented. Di↵erent shock velocities are considered in the dotted band and
di↵erent charges (proton and iron) are represented by the di↵erent lines. To achieve the energy
of 1020 eV the object must be above the corresponding line. From [105].

After the Hillas argument is taken into account, three candidates can be remarked as possible
sources for extragalactic cosmic rays:

• Galaxies with a nucleus with a strong emission are denominated Active Galactic Nuclei
(AGNs). It has been suggested that a supermassive black hole in the centre of a galaxy
can generate the energy observed. The accretion disk generated by the mass falling
into the black hole can generate jets. These jets, and the core of the AGN, have been
proposed as source candidates [86]. They have a typical size of the order of a fraction of
a parsec with a magnetic field of the order of a few Gauss [106], leading, in principle, to
a maximum energy for protons of a few tens of EeV.

• Gamma-ray bursts (GRBs) are considered as source candidates [107]. Collisions of
neutron stars along with supernovae related phenomena have been suggested as inter-
pretation for GRBs. These are the events with the highest known luminosity in the
Universe. Although are smaller than the AGNs, their magnetic filed is stronger.

• A third candidate are the pulsars. The pulsars are emitting neutron stars that rotate
at high velocity and possess strong magnetic fields. In our Galactic centre, neutron
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stars are concentrated. This would lead to a strong anisotropy that is, however, not
observed [23].

For a correct identification of the sources, the Galactic and extragalactic magnetic fields
must be taken into account. Cosmic rays are scattered by them, thus shifting their arrival
direction. This influence is expected to decrease down to a few degrees for energies larger
than 1020 eV, allowing for a good correlation with the source. Along with the energy, the
charge of the particle is a key point in the calculation of the deviation. At the highest
energies, the mass composition is still unknown. Last results about composition published by
the Auger Collaboration [108] show a compatibility with light mass composition at energies
around 1018 eV, and a gradual transition to a heavier mass composition at higher energies
(see chapter 3). A possibility has been suggested that the sources for ultra-high energy cosmic
rays accelerate protons up to only 5 ⇥ 1018 eV and iron (if present) up to 1020 eV. The other
important consequence of this heavier composition would be that the path from the source to
the Earth be more a↵ected by deflections, complicating the identification of sources through
small scale anisotropies [109].

A suggested exotic possibility is that the particles are not accelerated, but directly produced
at energies even higher than those observed [110]. The so called top-down models fall in this
category. They include the decay of supermassive particles relic of the Big Bang or the collapse
of topological defects [111]. Very well considered until some years ago, they were dropped
after the limits imposed by Auger in the photon and neutrino fluxes, as these models predict
the existence of these particles in a higher proportion than observed (see section 3.3).

Models of the transition region

It is expected that the Galactic magnetic field confines the cosmic rays as long as the size of
their Larmor orbit diameter is less than the thickness of the Galactic disk. Since the strength
of the magnetic field is of the order of µG, Galactic cosmic rays might be confined in the
Galactic disk up to energies of Z ⇥1018 eV, with Z the charge of the cosmic ray. No significant
excess of cosmic rays from the directions to the galactic plane is observed at these energies, so
an extragalactic origin is taken as a plausible interpretation. For the transition region between
the Galactic and extragalactic cosmic rays, di↵erent models are still in dispute.

The ankle transition models [105, 112] assume that the ankle is caused by the overlapping
of the Galactic and the extragalactic components of the cosmic rays. The model foresees
a flat spectrum for the extragalactic component and a steeper one for the Galactic. These
models predict a heavy composition before the ankle and a pure proton composition for the
extragalactic component. As it will be seen in section 3.2, this expected domination of protons
at energies above the transition is in tension with the last composition results published by
Auger.

In the dip model [113], the transition happens at lower energies, as it shifts the influence of
extragalactic protons down to 1018 eV. The ankle would be then a feature of the extragalactic
cosmic rays, caused by pair production losses of protons interacting with the CMB (see equa-
tion 2.4). This model expects an almost pure proton composition above 1 EeV (extragalactic)
and a pure iron composition below [114]. This would be, again, in contradiction with last
Auger results (section 3.2).



2.2. Highlights of the Pierre Auger Observatory 27

The so-called disappointing model or mixed composition model [115, 116] also places
the transition at lower energies than the transition models, as it also shifts the influence of
extragalactic protons, foreseeing its dominance below the ankle. The maximum energy for
extragalactic protons would be the explanation for the ankle. Above this energy, heavier nuclei
would dominate the spectrum, their limit being proportional to their atomic number. Such a
limit in the spectrum would be due to the exhaustion of sources. No GZK suppression and
their consequent cosmological photon and neutrinos are predicted by this model.

Taking into account that cosmic rays with higher charge su↵er more intensely the e↵ect of
the magnetic fields, the regions of the spectrum with a light composition will present some
anisotropy in the arrival directions, whereas those regions of the spectrum with a heavy
composition will present isotropy in the arrival directions. The anisotropy analyses can also
help in this dispute between the models.

2.2 Highlights of the Pierre Auger Observatory

As introduced in the previous section, the Pierre Auger Collaboration has published important
results that can help to unravel the mysteries of the ultra-high energy cosmic rays. In this
section, some of the most relevant results are summarized. The composition is the main topic
of this PhD thesis. The chapter 3 is entirely dedicated to it, where the results relative to the
mass, neutrinos, and photons are described.

Energy spectrum

The FD allows for an almost model-independent calorimetric measurement of the energy
deposited in the atmosphere by an extensive air shower. The systematic uncertainty on energy
is around 14 %. The SD can be calibrated by using hybrid events. The benefits of the hybrid
reconstruction of extensive air showers in Auger were already discussed in section 1.4. The
correct calculation of the exposure of the detectors is crucial. The data collection in the SD is
independent of primary energy or weather conditions, making that the aperture is calculated
based purely on geometrical and temporal aspects [70]. On the contrary, the determination
of the aperture of the FD is not straightforward, and it needs to take into account, not only
geometrical and temporal information, but the weather conditions measured with the specific
tools mentioned in section 1.4, and the detector status [117].

The first important result about the energy spectrum was the confirmation in 2008 of a
suppression in the flux of cosmic rays at 4 ⇥ 1019 eV [99], discussed in the section above. This
suppression, measured with the SD alone, had been already pointed out by HiRes in the same
year, so the Auger result was published with the comparison against the HiRes result (see
figure 2.4).

Two years later, using the hybrid measurements, a combined energy spectrum was presented
for the first time by the Pierre Auger Collaboration [118]. The update of the spectrum presented
in 2008 was accompanied by a precise location in energy of the ankle at E

ankle

= 1018.61 eV
as well as by the definition of the change in the spectral index from �

1

(E < E
ankle

) = �3.26 to
�

2

(E < E
ankle

) = �2.59. This was possible because, as introduced in section 1.4, the hybrid
measurements allow for a more precise reconstruction of the events with low energy. The most
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we fit a power-law function between 4! 1018 eV and 4!
1019 eV, J / E"!, using a binned likelihood method [29].
A power law is a good parameterization: the spectral index
obtained is 2:69# 0:02$stat% # 0:06$syst% (reduced "2 &
1:2), the systematic uncertainty coming from the calibra-
tion curve. The numbers expected if this power law were to
hold above 4! 1019 eV or 1020 eV, would be 167# 3 and
35# 1 while 69 events and 1 event are observed. The
spectral index above 4! 1019 eV is 4:2# 0:4$stat% #
0:06$syst%. A method which is independent of the slope
of the energy spectrum is used to reject a single power-law
hypothesis above 4! 1018 eV with a significance of more
than 6 standard deviations [29], a conclusion independent
of the systematic uncertainties currently associated with
the energy scale.

In Fig. 2, the fractional differences with respect to an
assumed flux / E"2:69 are shown. HiRes I data [3] show a
softer spectrum where our index is 2.69 while the position
of suppression agrees within the quoted systematic uncer-
tainties. The AGASA data are not displayed as they are
being revised [30]. The change of spectral index indicated
below 4! 1018 eV will be discussed elsewhere.

To summarize, we reject the hypothesis that the cosmic-
ray spectrum continues with a constant slope above 4!
1019 eV, with a significance of 6 standard deviations. In a
previous paper [31], we reported that sources of cosmic
rays above 5:7! 1019 eV are extragalactic and lie within
75 Mpc. Taken together, the results suggest that the GZK
prediction of spectral steepening may have been verified. A
full identification of the reasons for the suppression will
come from knowledge of the mass spectrum in the highest-
energy region and from reductions of the systematic un-

certainties in the energy scale which will allow the deriva-
tion of a deconvolved spectrum.
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continuing cooperation over land access, Argentina; the
Australian Research Council; Conselho Nacional de
Desenvolvimento Cientı́fico e Tecnológico (CNPq),
Financiadora de Estudos e Projetos (FINEP), Fundação
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FIG. 2. Upper panel: The differential flux J as a function of
energy, with statistical uncertainties. Data are listed at [32].
Lower Panel: The fractional differences between Auger and
HiRes I data [3] compared with a spectrum with an index of 2.69.
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Figure 2.4 Confirmation of the cut-o↵ by the Auger Collaboration. In the upper panel the
di↵erential flux is shown and in the lower panel the fractional di↵erences between Auger and
HiRes are compared with a spectrum with an index of 2.69. From [99].

recent energy spectrum has been presented by the collaboration in the 2013 edition of the
International Cosmic Ray Conference (ICRC) [119], where these values have been updated
to E

ankle

= 1018.72 eV, �
1

(E < E
ankle

) = �3.23 and �
2

(E > E
ankle

) = �2.63. The spectra
measured with the di↵erent Auger detectors is shown in the left panel of figure 2.5. The SD
has the largest exposure, reaching energies above 1020 eV. The characteristics of the di↵erent
data sets are summarized in table 2.1. The exposure achieved with SD vertical data in this last
spectrum (data until the end of December 2012) is 31 645 km2 sr yr, whereas in the spectrum
published in 2010 (data until the end of December 2008) was 12 790 km2 sr yr.

Table 2.1 Summary of the experimental parameters of the di↵erent data sets of the Auger
observatory. From [119].

Auger SD Auger hybrid
1500 m vertical 1500 m inclined 750 m vertical

Data taking period 01/2004-12/2012 01/2004-12/2012 08/2008-12/2012 11/2005-12/2012
Exposure [km2 sr yr] 31645 ± 950 8027 ± 240 79 ± 4 -
Zenith angles [�] 0-60 62-80 0-55 0-60
Energy threshold [eV] 3 ⇥ 1018 4 ⇥ 1018 3 ⇥ 1017 1018

Number of events 82318 11074 29585 11155

In the right panel of figure 2.5, the combined energy spectrum is shown and compared with
the fluxes calculated for di↵erent astrophysical scenarios. The models assume pure proton or
iron composition. The fluxes result from di↵erent assumptions of the spectral index � of the
source injection spectrum and the source evolution parameter m, that accounts for di↵erent
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assumptions in the evolution of the intensity emission of the sources.
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Figure 2.5 Left: energy spectra of ultra-high energy cosmic rays as measured by di↵erent
detectors at Auger. Right: combined energy spectrum compared to energy spectra from
di↵erent astrophysical scenarios (see text). The last three arrows represent upper limits at
84 % C.L. From [119].

The suppression is confirmed, but the spectrum alone is not su�cient to clarify its inter-
pretation. This scenario is compatible with the GZK interpretation, but scenarios where
protons and nuclei with charge Z can no longer be accelerated at their astrophysical sources
above energies of the order of a few times Z ⇥ 1018 eV could also explain current observations.
Other measurements, being the composition the most relevant, are required to arrive to an
unambiguous interpretation of this feature.

Anisotropies

The distribution of extragalactic matter within the GZK horizon is inhomogeneous. Comparison
of the arrival directions of cosmic rays with the celestial positions of di↵erent populations of
relatively nearby astronomical objects may help identifying their origin. A light component
of the cosmic rays around and above 4 ⇥ 1019 eV is crucial to this purpose, avoiding large
deflections of the trajectories by large or uncertain magnetic fields in their way to Earth.
Protons with energies around 6 ⇥ 1019 eV are expected to deviate by no more than a few degrees
from a straight propagation in most parts of the sky, under some assumptions concerning
magnetic fields intensity. Instead iron nuclei (Z = 26) with the same energy will not preserve
a correlation between their arrival directions and the position of their sources [120].

The Auger Collaboration reported in 2007 an evidence for anisotropy in the distribution of
the arrival directions of the cosmic rays with highest energies [121, 122]. The arrival directions
of the events over the threshold of 55 EeV showed a correlation with the positions of AGNs
within 75 Mpc from the Veron-Cetty & Veron (VCV) catalogue [123]. A test with independent
data established a confidence level of 99% for the rejection of the isotropic hypothesis. The
region of the sky close to the location of the radiogalaxy Cen A gave the largest observed
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excess [124]. The evidence of anisotropy has not increased with new data. The expected
cosmic ray density is shown in figure 2.6, smoothed over an angular scale of 5°, for a model
of cosmic ray origin based on AGNs in the 58-months Swift-BAT catalog, weighted by their
X-ray flux and by the GZK attenuation factor for an energy threshold of 6 ⇥ 1019 eV, and
by the relative exposure of Auger. The 69 events with energy above 55 EeV measured with
Auger are also shown [124].

Author's personal copy

4.2.2. Likelihood test
For each model and for different values of the smoothing angle

r and isotropic fraction fiso we evaluate the log-likelihood of the
data sample:

LL ¼
XNdata

k¼1

ln Fðn̂kÞ; ð3Þ

where n̂k is the direction of the kth event.
We consider the models based on 2MRS and Swift-BAT objects

weighted by their flux in the respective wavelength. The top panels
in Fig. 6 plot the results using all the arrival directions of CRs with
E P 55 EeV. The bottom panels plot the results excluding the CRs
collected during period I in Table 1, which were used to optimise
the energy cut for the VCV correlation in that period. The best-fit
values of (r, fiso) are those that maximize the likelihood of the data
sample, and are indicated by a black dot. Contours of 68%, 95% and
99.7% confidence intervals are shown. The best-fit values of (r, fiso)
are (1.5!, 0.64) for 2MRS and (7.8!, 0.56) for Swift-BAT using all
data. With data in period I excluded the best-fit parameters are
(1.5!, 0.69) for 2MRS and (1.5!, 0.88) for Swift-BAT. These values
are not strongly constrained with the present statistics. Notice
for instance that the best-fit value of fiso for the Swift-BAT model
increases from 0.56 to 0.88 and r decreases from 7.8! to 1.5! if data
in period I is excluded. More data is needed to discern if it is the
correlation on small angles of a few events with the very high-den-
sity regions of this model (such as the region in the direction to the
radiogalaxy Centaurus A, the object with the largest weight in
Fig. 4) that masks a potentially larger correlating fraction (hence
a smaller fiso) over larger angular scales.

Finding the values of r and fiso that maximize the log-likelihood
does not ensure that the model fits well the data. To test the com-
patibility between data and model, we generate simulated sets
with the same number of arrival directions as in the data, drawn
either from the density map of the models or isotropically. We then
compare the distributions of the mean log-likelihood (LL=Ndata)
with the value obtained for the data. We present the results in
Fig. 7.

Data are compatible with the models and differ from average
isotropic expectations. The fraction f of isotropic realizations that
have a higher likelihood than the data is 2 $ 10%4 in the case of
the model based on Swift-BAT AGNs, and 4 $ 10%3 with the model
based on 2MRS galaxies. These values of f are obtained with the
parameters r and fiso that maximize the likelihood for the respec-
tive catalog using all the events with energy larger than 55 EeV
(the black dots in the top panels of Fig. 6). With the same param-
eters, and data from period I excluded, f & 0.02 in both models.

Fig. 4. Left: Sky map in galactic coordinates with the AGNs of the 58-month Swift-BAT catalog plotted as red stars with area proportional to the assigned weight. The solid
line represents the border of the field of view of the Southern Observatory. Coloured bands have equal integrated exposure, and darker background colours indicate larger
relative exposure. Right: density map derived from the map to the left, smoothed with an angular scale r = 5!. The 69 arrival directions of CRs with energy E P 55 EeV
detected with the Pierre Auger Observatory are plotted as black dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Cosmic ray density map for the flux-weighted 2MRS galaxies, smoothed
with an angular scale r = 5!. The black dots are the arrival directions of the CRs with
energy E P 55 EeV detected with the Pierre Auger Observatory. Galactic latitudes
are restricted to jbj > 10!, both for galaxies and CR events.

Fig. 6. Confidence intervals for the parameters (r, fiso) derived from the likelihood
function using the arrival directions of CRs with E P 55 EeV for the two models
considered: 2MRS galaxies (left) and Swift-BAT AGNs (right). The pair of parameters
that maximize the likelihood is indicated by a black dot. The plots in the top panels
use all data. The plots in the bottom panels exclude data collected during period I in
Table 1, that were used to choose the energy threshold that maximized the
correlation with VCV objects in that period. In the case of 2MRS galactic latitudes
(both of galaxies and CRs) are restricted to jbj > 10!.

322 P. Abreu et al. / Astroparticle Physics 34 (2010) 314–326

Figure 2.6 Skymap with the arrival directions of 69 Auger events with energy above 55 EeV
(filled circles) and with the expected cosmic ray density, smoothed over an angular scale of 5°,
derived from a model based on the AGNs in the 58-months Swift-BAT catalog, weighted by
their X-ray flux and by the GZK attenuation factor for an energy threshold of 6 ⇥ 1019 eV,
and by the relative exposure of the observatory. From [124].

The arrival directions of ultra-high energy cosmic rays were also scrutinized in di↵erent
energy ranges in search for potential large scale patterns. The search for a signature of the
escape of galactic cosmic rays is of particular interest, since di↵usion and drift motions could
imprint dipolar anisotropies at the level of a few percent in the energy range around 1018 eV.
If instead ultra-high energy cosmic rays at these energies were predominantly of extragalactic
origin their arrival directions would be expected to be highly isotropic. Also extragalactic
cosmic rays may show a small dipole pattern due to our motion with respect to the frame in
which they are isotropic. This has been observed at lower energies, but it is expected to be
below the 1% level. A dipole pattern may also be expected at higher energies around and
above 1019 eV due to the inhomogenous distribution of nearby galaxies.

A powerful tool for the search of large scale patterns is the harmonic analysis in right
ascension, that benefits from the almost uniform exposure of any observatory operating with
full duty cycle due to the Earth rotation. Subtle detector e↵ects must be under control to
perform searches for large scale anisotropies at the percent level, such as the time-dependence
of the array exposure, zenithal dependence of the detection e�ciency, and atmospheric and
geomagnetic e↵ects on energy assignment. This first-harmonic was analysed in right ascension
as a function of energy. Upper limits on the amplitudes were obtained, which provided the
most stringent bounds at the moment, being below 2% at 99% confidence level (CL) for EeV
energies [125, 126].

The search for large scale anisotropies in the distribution of arrival directions of cosmic rays
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detected above 1018 eV has been carried out also as a function of both the right ascension
and the declination [127]. Within the systematic uncertainties, no significant deviation from
isotropy is revealed, only updating the upper limits previously established.

The upper limits provided constraint the production of cosmic rays above 1018 eV, since they
allow to challenge an origin from stationary galactic sources densely distributed in the galactic
disk and emitting predominantly light particles in all directions.

At present there is no statistically significant evidence for anisotropy in the distribution of
arrival directions at the highest energies that could point to the place of origin of ultra-high
energy cosmic rays. There are hints for a dipole pattern in the distribution of arrival directions
at energies around 1018 eV, and also at higher energies. Upper bounds on dipolar anisotropies
at 99% CL were established, that are stringent enough to severely constrain models of galactic
origin. It will be important to further scrutinize these hints for a large scale pattern in the
distribution of arrival directions with independent data.

Hadronic interaction models

The measurements of extensive air showers in the Pierre Auger Observatory not only can put
light in the knowledge of the ultra-high energy cosmic rays, but also can be useful to constrain
the hadronic interactions models at these highest energies. As introduced in section 1.1, at
the highest energies, the models are a source of uncertainty, as they can only extrapolate from
lower energies. This is at the same time an opportunity to test them. The proton-air and
proton-proton cross section and the muon content measured at Auger are presented in the
following.

The idea of using the tail of the X
max

distribution to measure the proton-air cross section
was first exploited by Fly’s Eye [128, 129]. Auger has also applied this technique by using the
hybrid events [130]. Since the major source of systematic uncertainty is the unknown mass
composition of cosmic rays, the analysis has been restricted to the energy region between
1018 eV to 1018.5 eV, where the composition found is compatible with a high fraction of protons
(see section 3.2). The selection is done by extracting, from the X

max

distribution, the most
penetrating showers. The average energy of the selected events corresponds to a center of
mass energy of

p
s = 57 TeV in proton-proton collisions. Two steps are followed in this

analysis. First, the measurement of an air shower observable with high sensitivity to the cross
section. Second, this measurement is converted to a value of the proton-air cross section for
particle production. The chosen observable is ⇤

⌘

, defined via the exponential shape of the
tail of the X

max

distribution, dN/dX
max

/ exp(�X
max

/⇤
⌘

), where ⌘ denotes the fraction of
most deeply penetrating air showers used. For the analysis, ⌘ = 0.2 is used. The lower
this value, the higher the contribution of protons in the sample, but the lower number of
events are available. Simulations with the four main hadronic interaction models (QGSJet01,
QGSJet-II-03, Sybill 2.1 and EPOS 1.99) are conducted. The cross sections in the simulation
have been tuned to match the ⇤

⌘

found in the data, finding a value for the proton-air cross
section. To compare with accelerator data, the calculation of the inelastic and total proton-
proton cross section is done using the Glauber model[131, 132]. The values found by the
Auger Collaboration for the proton-air cross section and the inelastic proton-proton cross
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section are represented in the left panel of figure 2.7 and detailed below:

�prod

p�air

= [505 ± 22(stat)+28

�36

(syst)] mb

�inel

p-p = [92 ± 7(stat)+9

�11

(syst) ± 7(Glauber)] mb
(2.6)

From the result shown in figure 2.7 (left), it is concluded that the evolution of the cross
section with the energy of the centre of mass is flatter than the general predictions of the
hadronic interaction models.

the single-diffractive cross section, as well as from proton-
carbon cross-section data at lower energies.

This Glauber calculation is model-dependent since nei-
ther the parameters nor the physical processes involved are
known accurately at cosmic-ray energies. In particular, this
applies to the elastic slope parameter, Bel (defined by
d!el=dt / expð"jtjBelÞ for very small t), the correlation
of Bel to the cross section, and the cross section for dif-
fractive dissociation. For the example of !inel

pp , the correla-
tion of Bel with the cross section is shown in Fig. 3 for
" ¼ 0:5. We have used the same four hadronic interaction
models to determine the uncertainty band of the Bel-!

inel
pp

correlation. Recent cross-section models such as [23] fall
within this band. We find that in the Glauber framework the
inelastic cross section is less dependent on model assump-
tions than the total cross section. The result for the inelastic
proton-proton cross section is

!inel
pp ¼ ½92& 7ðstatÞþ9

"11ðsystÞ & 7ðGlauberÞ( mb;

and the total proton-proton cross section is

!tot
pp ¼ ½133& 13ðstatÞþ17

"20ðsystÞ & 16ðGlauberÞ( mb:

The systematic uncertainties for the inelastic and total
cross sections include contributions from the elastic slope
parameter, from ", from the description of the nuclear
density profile, and from cross-checking these effects
using QGSJETII [9,24]. For the inelastic case, these three
independent contributions are 1, 3, 5, and 4 mb, respec-
tively. For the total cross section, they are 13, 6, 5, and
4 mb. We emphasize that the total theoretical uncertainty
of converting the proton-air to a proton-proton cross
section may be larger than estimated here within the
Glauber model. There are other extensions of the

Glauber model to account for inelastic screening [8,25]
or nucleon-nucleon correlations [26], and alternative
approaches that include, for example, parton saturation
or other effects [11,24,27,28].
In Fig. 4 we compare our inelastic cross-section result to

accelerator data and to the cross sections used in the
hadronic interaction models.
Summary.—We have presented the measurement of the

cross section for the production of particles in proton-air
collisions from data collected at the Pierre Auger
Observatory. We have studied in detail the effects of as-
sumptions on the primary cosmic-ray mass composition,
hadronic interaction models, simulation settings, and the
fiducial volume limits of the telescopes on the final result.
By analyzing only the most deeply penetrating events, we
selected a data sample enriched in protons. The results are
presented assuming a maximum contamination of 25% of
helium in the light cosmic-ray mass component. The lack
of knowledge of the helium component is the largest
source of systematic uncertainty. However, for helium
fractions up to 25% the induced bias remains below 6%.

To derive a value of !prod
p-air from the measured !#, we

assume a smooth extrapolation of hadronic cross sections
from accelerator measurements to the energy of the analy-
sis. This is achieved by modifying the model predictions of
hadronic cross sections above energies of 1015 eV during
the air-shower simulation process in a self-consistent
approach.
We convert the proton-air production cross section into

the total, and the inelastic, proton-proton cross section using
a Glauber calculation that includes intermediate inelastic
screening corrections. In this calculation, we use the corre-
lation between the elastic slope parameter and the proton-
proton cross sections taken from the interaction models as a
constraint. We find that the inelastic proton-proton cross
section depends less on the elastic slope parameter than

(proton-proton)  [mb]inelσ
30 40 50 60 70 80 90 100

]
-2

  [
G

eV
el

B

5

10

15

20

25

30

35

40

ISR

E710

TOTEM 2011

=0.5λAuger Result

Auger Stat.

Model Uncertainty

Unitarity Limit

Accelerator Data

FIG. 3 (color online). Correlation of elastic slope parameter,
Bel, and the inelastic proton-proton cross section in the Glauber
framework. The solid line indicates the parameter combinations
yielding the observed proton-air production cross section, and
the dotted lines are the statistical uncertainties. The hatched area
corresponds to the predictions by SIBYLL, QGSJET, QGSJETII, and
EPOS. See also Ref. [5].

 (P
ro

to
n-

P
ro

to
n)

   
 [m

b]
in

el
σ

30

40

50

60

70

80

90

100

110

    [GeV]s
310 410 510

ATLAS 2011
CMS 2011
ALICE 2011
TOTEM 2011
UA5
CDF/E710
This work (Glauber)

QGSJet01
QGSJetII.3
Sibyll2.1
Epos1.99
Pythia 6.115
Phojet

FIG. 4 (color online). Comparison of derived !inel
pp to model

predictions and accelerator data [29]. Here we also show the
cross sections of two typical high-energy models, PYTHIA6 [35]
and PHOJET [36]. The inner error bars are statistical, while the
outer include systematic uncertainties.

PRL 109, 062002 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

10 AUGUST 2012

062002-7

4
TABLE I. RE and Rµ with statistical and systematic uncer-
tainties, for QGSJET-II-04 and EPOS-LHC.

Model RE Rµ

QII-04 p 1.09 ± 0.08 ± 0.09 1.59 ± 0.17 ± 0.09
QII-04 Mixed 1.00 ± 0.08 ± 0.11 1.61 ± 0.18 ± 0.11

EPOS p 1.04 ± 0.08 ± 0.08 1.45 ± 0.16 ± 0.08
EPOS Mixed 1.00 ± 0.07 ± 0.08 1.33 ± 0.13 ± 0.09

Model RE(� = 0.00/0.02) Rµ(� = 0.00/0.02)
QII-04 Mixed 1.00/1.00 1.59/1.63
EPOS Mixed 1.01/1.00 1.30/1.37

tion cuts for this analysis. The variance in the Sresc of
each eye is compared to the model for the ensemble of
events. All the contributions to �i,j are present in this
comparison except for �shwr and the uncertainty in the
reconstructed S(1000). The variance of Sresc in multi-eye
events is well represented by the estimated uncertainties
using the model. In addition, the maximum-likelihood fit
is also performed where �shwr is a free parameter rather
than taken from the models; no significant di↵erence is
found between the value of �shwr from the models, and
that recovered when it is a fit parameter.

The results of the fit for RE and Rµ are given in the
upper portion of Table I taking � = 0.01 as the fiducial
value; the central values for � = 0 and 0.02 for the mixed
composition cases are shown in the lower portion of the
Table (errors are the same as for � = 0.01). As a bench-
mark, the results for a purely protonic composition are
given as well. Fig. 5 compares the di↵erent HEGs and
compositions; the ellipses show the one-sigma statistical
uncertainty region in the RE � Rµ plane. The system-
atic uncertainties in the event reconstruction of Xmax,
EFD and S(1000) are propagated through the analysis
by shifting the reconstructed central values by their one-
sigma systematic uncertainties; this is shown by the grey
rectangles.

The signal deficit is smallest (the best-fit Rµ is the clos-
est to unity) in the mixed composition case with EPOS.
As shown in Fig. 6, the primary di↵erence between the
ground signals predicted by the two models is the size of
the muonic signal, which is ⇡ 15 (20)% larger for EPOS-
LHC than QGSJET-II-04, in the pure proton (mixed
composition) cases respectively. EPOS benefits more
than QGSJET-II when using a mixed composition be-
cause the mean primary mass determined from the Xmax

data is larger in EPOS than in QGSJET-II [21], although
this advantage is diminished for the favored larger values
of �.

DISCUSSION AND SUMMARY

In this work, we have used hybrid showers of the
Pierre Auger Observatory to quantify the disparity be-
tween state-of-the-art hadronic interaction modeling and
observed atmospheric air showers of UHECRs. To give
the most basic characterization of the model discrepan-
cies, our analysis introduces only a possible overall en-
ergy recalibration (which proves not to be needed), a
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FIG. 5. The best-fit values of RE and Rµ for QGSJET-II-
04 and EPOS-LHC, for pure proton (solid circle/square) and
mixed composition with � = 0.01 (open circle/square). The
ellipses show the 1-� statistical uncertainties and grey boxes
the estimated systematic uncertainties.

simple overall rescaling Rµ of the hadronic shower rel-
ative to the EM shower for a 1019 eV proton primary,
and allows for an energy dependence of the hadronic
rescaling factor. We remark that Rµ is not directly
comparable to direct muon number determinations pro-
vided by Pierre Auger Observatory, obtained from the
FADC traces of the surface detector stations and from
inclined showers (for which the ground signal is entirely
muonic) [24–27] because the direct methods report a
purely experimental observable – the ground signal in
muons, for showers in some zenith angle range – whereas
Rµ characterizes the model discrepancy for the hadronic
component of the showers, athough all methods indicate
that present shower models do not correctly describe the
muonic ground signal.

The analysis presented here shows that the observed
hadronic signal in 1019 eV air showers (ECM = 137 TeV)
is a factor 1.3 to 1.6 larger than predicted by the leading
hadronic interaction models tuned to fit LHC and lower
energy accelerator data. The discrepancy is more than
twice the estimated systematic and statistical uncertain-
ties combined in quadrature, even for the best case of
EPOS-LHC with mixed composition.

Within the statistics currently available, there is no ev-
idence of a larger event-to-event variance in the ground
signal for fixed Xmax than predicted by the current mod-
els. This means that the muon shortfall cannot be at-
tributed to some exotic phenomenon which produces a
very large muon signal in only a fraction of events, such
as micro-black hole production.

[1] R. Ulrich et al, Phys. Rev. D 83 (2011) 054026.
[2] S. Ostapchenko, Nucl. Phys. B - Proc. Supp. 151 (2006)

143.
[3] K. Werner et al, Phys. Rev. C 74 (2006) 044902.

Figure 2.7 Left: proton-proton cross sections as measured by Auger compared with model
predictions. From [130]. Right: rescaling factors for the best fit for QGSJet-II-04 and
EPOS LHC for pure proton and mixed composition. The ellipses show the 1 � � statistical
uncertainties and grey boxes the estimated systematic uncertainties. From [133].

The Auger Collaboration has explored the possibility to subtract the electromagnetic compo-
nent from the total signal of the extensive air shower [133]. The former is estimated with the
FD, where only the electromagnetic component contributes to the signal in the fluorescence
telescopes, whereas the latter is estimated in the SD, where both components are mixed. A
set of 411 hybrid events in a narrow range of energy from 1018.8 to 1019.2 eV is selected with
several quality cuts. For each event in the set, MC simulated events are generated with the
same geometry and energy, until 12 of them have similar X

max

. Out of these 12, and based
on the �2-fit, the 3 which best reproduce the observed longitudinal profile are selected. For
these 3 simulated events the response of the detector is also simulated. This is carried out
for di↵erent hadronic interaction models (QGSJet-II-04 and EPOS LHC) and for di↵erent
primaries (proton, helium, nitrogen, and iron). The ground signal is modified in the simulated
events to fit the ground signal in the data. Two rescaling factors are introduced: R

E

and
R

µ

. R
E

acts as a rescaling of the energy of the primary particle, which rescales the total
ground signal of the event uniformly. R

µ

rescales only the muonic contribution to the ground
signal. A simulated S

1000

is calculated as function of R
E

, R
µ

and the primary particle type.
R

E

and R
µ

are fitted to minimize the discrepancy between data and simulation in S
1000

, for
each hadronic interaction model considered. The obtained fitted value for R

E

is compatible
with 1 for pure proton and mixed composition when considering the systematic uncertainties.
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Whereas the rescaling factor R
µ

, for the di↵erent models and primaries, suggests a deficit in
the muonic component in the predictions, as the observed muonic component of the signal
in air showers with 1019 eV (137 TeV as center of mass energy) is a factor 1.3 to 1.6 larger
than predicted by the leading hadronic interaction models tuned to fit LHC and lower energy
accelerator data.

This deficit has been also observed in other analyses aiming at determining the muon
component in the mass composition studies, that are described in chapter 3.

2.3 Summary

The ultra-high energy cosmic rays that arrive at Earth are defined by three main characteristics:
the energy, the arrival direction and the composition (see next chapter for this last item).
The results published by the Pierre Auger Observatory have shed some light on the three of
them. The confirmation of the suppression at 4 ⇥ 1019 eV and the precise measures of other
features of the spectrum like the energy of the ankle and the elongation rate have helped to a
better definition of the energy spectrum. Di↵erent studies have been carried out searching for
anisotropy in the arrival directions at di↵erent scales, but no statistically significant evidence
has been found.

These results can lead to a deeper understanding of the processes involved in the propagation
of the cosmic rays through the Universe, to disentangle between the di↵erent models proposed
for the transition region, or to establish the source of these particles. Besides, the data
collected in the Pierre Auger Observatory have been used to explore other topics like the
muon component of the extensive air showers or the proton-proton cross section.
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Chapter 3

Mass composition

Energy, arrival direction and mass composition of the primary particle are the three main
properties that describe an ultra-high energy cosmic ray. The most complicated of the three,
from the experimental point of view, is the third one. Two are the most important problems:
the large shower-to-shower fluctuations and the uncertainties about the hadronic interaction
models at such high energies. The observatories that have measured the composition at the
highest energies, until now, do not fully agree on their results.

The ultra-high energy cosmic rays that arrive at Earth are protons, nuclei and, in a very
small fraction, neutrons, photons and neutrinos. Extensive air showers induced by photons
and neutrinos have singular characteristics that ease their identification. Extensive air showers
induced by hadrons also have singular characteristics, and their identification is possible, but
assigning a mass to each hadronic primary particle is a very di�cult task. The superposition
model, applied to the results of the Heitler model extended for hadronic cascades, predicts
the dependence of the observables X

max

and N
µ

on the mass of the primary particle (see
section 1.1). Furthermore, to distinguish a neutron from a proton induced shower is simply
not possible, but excesses of the arrival directions in a set of events identified as hadrons with
light mass could spot a possible neutron source [134].

Regardless of the experimental di�culties, the mass composition is a key point to answer
several questions exposed in the precedent chapter. First, the transition models summarized
above can be reinforced or discarded with precise composition measurements. Second, the
detection (or confirmation of their absence) of cosmogenic photons and neutrinos can confirm
(or discard) the GZK interpretation for the observed cut-o↵. It is worthy to remember that the
limits imposed over the photon and neutrino fluxes have already discarded the so called top-
down models. And third, the composition at the highest energy events, where the suppression
in the spectrum has been measured, could disentangle if it is caused by the GZK e↵ect or the
exhaustion of sources.

The methodology to infer the mass of the primary particle in hadronic cascades, along with
its limitations, are described in section 3.1. The current observables and resolutions for their
identification, along with the last results published by Auger, are detailed in section 3.2. The
specific analysis for the searches of photons and neutrinos, and the identification of possible
neutron sources, are discussed in section 3.3. These results and their possible implications in
the general framework of the ultra-high energy cosmic rays are discussed in section 3.4.

35
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3.1 Methodology to infer the mass composition in hadronic
cascades

Proton and iron nuclei have been classically treated as the main candidates to dominate
the flux at the highest energies. The analyses, generally, consider them as the subjet to
be compared, and this approach will be used in this work. Two main arguments support
this choice. First, as pointed out, for example, by Kotera and Olinto [103], due to the GZK
e↵ect, protons and iron nuclei have more chances to arrive at Earth from long distances as
they can travel much longer than intermediate mass nuclei (see figure 3.1). And second,
supernovae sources are generally iron rich because the final stage of the fusion process produces
an iron core. Despite this, some studies have been carried out considering intermediate mass
candidates (see section 3.2 and [135]).

Figure 4:

Fraction of cosmic rays that survives propagation over a distance > D, for protons above 40, 60,

and 100 EeV and for He, CNO, and Fe above 60 EeV. Black solid line shows where 50% of a given

species can originate for a given atomic mass and energy. At trans-GZK energies (E � 60 EeV),

only protons and iron survive the propagation over D � 50 Mpc. Adapted from Allard et al.

(2007).

spectrum, ending the need for exotic alternatives designed to avoid the GZK feature. How-

ever, the possibility that the observed softening of the spectrum is mainly due to the maxi-

mum energy of acceleration at the source, E
max

, is not as easily dismissed. A confirmation

that the observed softening is the GZK feature, awaits supporting evidence from the spec-

tral shape, anisotropies, and composition at trans-GZK energies and the observation of

produced secondaries such as neutrinos and photons.

2.2 Anisotropies in the Sky Distribution

The landmark measurement of a flux suppression at the highest energies encourages the

search for sources in the nearby extragalactic universe using the arrival directions of trans-

GZK cosmic rays. Above GZK energies, observable sources must lie within about 100

Mpc, the so-called GZK horizon or GZK sphere (Harari et al. 2006; Allard et al. 2007

Astrophysics of UHECRs 7

Figure 3.1 Fraction of cosmic rays that survives propagation over a distance larger than D.
The di↵erent nuclei can travel very di↵erent distances in the cosmos. From [103].

Muon number and atmospheric depth of maximum

The two results from the extended Heitler model (chapter 1) concerning the number of muons
and the atmospheric depth of maximum can be retrieved here. In equation 1.9, an estimation
of the ratio of the muon number between primaries was carried out, obtaining an expression
dependent on the atomic number (A) and the pion multiplicity (�). The number of muons
for each particle does depend on the energy (see equation 1.8), so to estimate this number
in an absolute way, and to use it as a tracer for the mass A, the energy of the primary has
to be independently measured with a small systematic uncertainty. In equation 1.10, the
di↵erence in X

max

for di↵erent primaries was calculated, finding a dependence on the atomic
number exclusively. The model is applied to the case of proton and iron (A = 56). Assuming
� = 0.85 (for a pion multiplicity N

⇡

= 5), the ratio between the number of muons is ⇠ 1.8,
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that is, according to the model, extensive air showers induced by irons have about 80% more
muons that those produced by protons. For X

max

, being X
0

= 36.62 g/cm2, the di↵erence
between the two primaries calculated by the model is ⇠ 150 g/cm2. Even if these estimations
are based on a simplified model, the dependence of the observables X

max

and N
µ

on the
mass of the primary particle (A) is reliable. This reliability of the extended Heitler model
can be tested also through simulations. To deeper investigate the dependence of these two
observables on the mass of the primary particle, showers of protons and iron nuclei simulated
with EPOS LHC at fixed energy (10 EeV) and fixed zenith angle (38°) have been analyzed.
This zenith angle is a particular one because it is the average zenith angle of all the events
collected at Auger above a threshold in S

1000

[136].

The muon number can be expressed, in the case of Auger, as the average muon number at
1000 m (Nµ

1000

), an observable obtained from simulations that indicates the number of muons
entering in the WCD at that distance. N

µ

and the observable Nµ

1000

rise almost linearly with
the energy. This dependence is such that the resolution on the measure of the energy is
translated into the resolution of Nµ

1000

. Besides, the Poisson fluctuations limit the resolution
achievable, as the mean number of muons entering the tank at 1000 m is lower than 40 for an
extensive air shower with 10 EeV (from the MC analysis). The total number of muons itself
does not su↵er a fluctuation big enough to be taken into account. The Poisson fluctuations of
the number of muons arriving at the detector, the resolution on the measure of the energy,
and the measure of the observable itself are the limitations. In figure 3.2 (left) the distribution
of Nµ

1000

is shown for extensive air showers induced by 10 EeV protons and iron nuclei. A
fixed energy is simulated but an energy resolution of 12% (this value is an achievable value
for Auger and other observatories) is propagated to Nµ

1000

, spreading the distribution, to
account for a more realistic situation. No resolution on the measure of Nµ

1000

is considered. A
resolution of about 10 to 20% for the measure of Nµ

1000

would be acceptable, as lower values
would be masked by the Poisson fluctuations (15% calculated for 40 muons). It is seen from
the distributions that the ratio between the muon mean number for the two primaries is ⇠ 1.3
(for 1.8 predicted by the extended Heitler model).

In figure 3.2 (right) the distribution of X
max

is shown for the same set of showers. The
simulations show that the X

max

of the two primaries di↵ers by about 80 to 100 g/cm2 (for
150 g/cm2 predicted by the extended Heitler model). Because an iron nucleus produces an
extensive air shower which is basically a superposition of 56 lower energy proton showers, the
fluctuations of X

max

around the mean for iron are smaller than for protons. The distribution
of X

max

for iron primaries has a root mean square (rms) below 30 g/cm2 (18 g/cm2 for this
energy), whereas for protons goes up to near 70 g/cm2. The fluctuations are, thus, of the
same magnitude as the di↵erence in the mean X

max

of the distribution for both primaries.
A resolution of about 20 g/cm2 for X

max

would be acceptable, as lower values would be
masked by the shower-to-shower fluctuations. These shower-to-shower fluctuations are the
first main di�culty to infer the cosmic ray mass composition and they are expected for
any observable related with X

max

considered, essentially, because it is a consequence of the
intrinsic fluctuations in the shower development. In the represented X

max

no resolution from
the detector is considered, and as the dependence with the energy is not as strong as in the
case of Nµ

1000

, its uncertainty has not been propagated to the X
max

.

The merit factor (MF) measures the separation between two di↵erent distributions, and here
it indicates the maximum separation achievable. The MF between the two distributions is
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Figure 3.2 Distribution of Nµ

1000

(left) and X
max

(right) for protons and iron nuclei (10 EeV
and 38°). Showers have been simulated with EPOS LHC. The mean and the rms of the
distributions are between parenthesis. The merit factor (MF) is indicated (see text for the
definition).

calculated as:

MF =
|µ

Fe

� µ
p

|q
�2

Fe

+ �2

p

(3.1)

where µ is the mean of the distribution and � is its root mean square. For the cases exposed
in figure 3.2, the merit factor (separation) achieved is 1.22 for X

max

and 1.24 for Nµ

1000

.

Combination of muon number and atmospheric depth of maximum

Another aspect must be highlighted. The two observables, X
max

and Nµ

1000

, as long as their
measurements are derived from di↵erent methods, are statistically independent. Then, a
two-dimensional analysis would significantly improve the separation power. In figure 3.3 (left)
it is shown the distribution of X

max

versus Nµ

1000

in a two-dimensional plot. In this scattered
plot it can be seen that the correlation between the two parameters is not strong. Furthermore,
protons and iron nuclei are easily distinguishable. A linear discriminant analysis (LDA) can
be applied to this case. The basis of the analysis is to find a vector such that the projection
of the points of the space (Nµ

1000

,X
max

) onto the vector maximizes the separation. The
projection creates a new parameter that combines Nµ

1000

and X
max

. It is carried out onto
the vector normal to the discriminant hyperplane (~w), and based on this vector, the new
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multi-dimensional parameter (W
m

) can be defined as:

W
m

= ~w · ~P (3.2)

where ~P is the vector defined by the points in the (Nµ

1000

,X
max

) space. The separation
between the populations can be measured using the Fisher separation coe�cient (S

fisher

) [137],
defined as the ratio of the variance between the proton and iron primaries to the variance
within the two:

S
fisher

=
�2

between

�2

within

=
(~w · ~µ

p

� ~w · ~µ
Fe

)2

~wT ⌃
p

~w + ~wT ⌃
Fe

~w
=

(~w · (~µ
p

� ~µ
Fe

))2

~wT (⌃
p

+ ⌃
Fe

)~w
(3.3)

where ~µ
p

and ~µ
Fe

are the respective means for proton and iron, defined by the means of
the respectives variables. ⌃

p

and ⌃
Fe

are their respective covariances, always in the two-
dimensional space. Then ~w · ~µ

p

and ~w · ~µ
Fe

are the means of the projections of the observables
onto the direction of ~w. Applying this expression, the vector ~w that maximizes S

fisher

can be
found. The maximum separation occurs when:

~w = (⌃
p

+ ⌃
Fe

)�1(~µ
p

� ~µ
Fe

) (3.4)

The discriminant hyperplane is, in this particular case, the dashed line in the scattered plot
of figure 3.3 (left). This dashed line, perpendicular to the vector ~w, divides the plane into two
spaces, and it has been tuned with a y-intercept that leaves almost one kind of primary at
each side.

The distributions of W
m

for protons and iron nuclei are shown in the right panel of figure 3.3.
The projection of the points onto the direction of the vector ~w represents, essentially, the
algebraic distance from each point to the dashed line. This distance depends on both
observables, as indicated in the label of the X-axis of the histogram, where positive values
are iron-like events, and negative values indicate proton-like events. This positive/negative
separation is artificial. The discriminant hyperplane could be anywhere, but it has been
translated to the intermediate region between the populations. This translation is carried out
by choosing the correct y-intercept in the function that defines W

m

.

The MF between the two distributions of W
m

is calculated. Note that MF and S
fisher

represent
the same reality and they are related by MF ⇠

p
S

fisher

. The value found for MF (1.91), higher
than the MF of the observables alone (1.22 and 1.24), indicates that the combination of the
observables improves the power of the analysis. The first main di�culty introduced above
for the mass composition is the shower-to-shower fluctuation, but this result indicates that
despite this, a good separation is, in principle, possible, if both X

max

and Nµ

1000

are measured
with good enough resolution (10 to 20% for Nµ

1000

and 20 g/cm2 for X
max

), and independent
methods. Di↵erent energies, zenith angles and models give di↵erent separation values. This
value is the maximum separation, obtained from the simulated values of X

max

and Nµ

1000

. Any
analysis based on reconstructed parameters derived from X

max

or Nµ

1000

gives necessarily lower
separation values than those achieved with the simulated observables.
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Figure 3.3 Two-dimensional analysis for X
max

versus Nµ

1000

for protons and iron nuclei at
10 EeV and 38° zenith angle. Showers simulated with EPOS LHC. Left: distribution of X

max

versus Nµ

1000

in a two-dimensional plot. Right: combination of both parameters into the new
parameter W

m

. The Fisher separation coe�cient and the merit factor are indicated.

Extrapolation from hadronic interaction models

The second main di�culty to measure the mass composition of cosmic rays is derived from
the uncertainties in the hadronic interaction models. Electromagnetic showers can be modeled
without any significant uncertainty. However, for hadronic showers, already at 1018 eV, the
center of mass energies of the first nucleus-air interactions are beyond those achievable at
the LHC. The consequence of this is that the systematic uncertainty introduced by the
extrapolation of the hadronic interaction models tuned at much lower energies is extremely
di�cult to quantify. In addition, a significant discrepancy in the number of muons produced
in the extensive air shower development exists between models. This is a major problem,
because the number of muons produced in the shower is one of the characteristics that can
di↵erentiate a proton induced shower from an iron one. Due to shower-to-shower fluctuations
and uncertainties, an event-by-event analysis is not possible, but a statistical approach can
be followed. This statement is reinforced when considering that cosmic rays can also be
intermediate nuclei, merging the distributions even closer when they are included in the
analysis.

3.2 Measuring Nµ and Xmax at the Pierre Auger Observatory

In this section the di↵erent methods used in the Auger to obtain N
µ

and X
max

are discussed,
along with the most important findings.
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Muon number

The extraction of the muon number in Auger is a di�cult task. The current configuration of
the observatory does not allow the direct measure of the muon component. This has to be
inferred with di↵erent indirect methods. As already seen in section 2.2, hybrid events have
been exploited to that aim, that allowed the finding of a deficit of the muon content in the
hadronic interaction models.

Muon number in inclined events. The hybrid events are also used by the Pierre Auger
Collaboration to measure the average muon number in extensive air showers with zenith
angles between 62° and 80°, and the evolution of this number between 4 ⇥ 1018 eV and
5 ⇥ 1019 eV [138]. At this zenithal angles, the electromagnetic component of the cascade is
highly absorbed, and the unabsorbed muonic component is dominant.

The muon number is measured using a scale factor, N
19

, which relates the observed muon
densities at the ground to the average muon density profile of simulated extensive air showers
induced by a proton of fixed energy 1019 eV. With this parameter, the muon density ⇢

µ

at the
ground point ~r is modeled as:

⇢
µ

(~r) = N
19

⇢
µ,19

(~r; ✓,�) (3.5)

where ⇢
µ,19

is the parameterized ground density for a proton shower simulated at 1019 eV with
the hadronic interaction model QGSJet-II-03. The scale factor N

19

is inferred from measured
signals with a maximum-likelihood method based on a probabilistic model of the detector
response to muon hits obtained from simulations. A residual electromagnetic signal component
is taken into account based on model predictions (typically 20% of the muon signal).

Large sets of protons and irons are simulated with QGSJet01, QGSJet-II-04 and EPOS LHC.
For every event in the simulation, the total number of simulated muons N

µ

is divided by the
total number of muons N

µ,19

=
R

dy
R

⇢
µ,19

dx obtained by integrating the reference model.
This ratio (RMC

µ

) is compared with the value of N
19

obtained from the fit of equation 3.5.

The small deviation observed between N
19

and RMC

µ

indicates the universality of the chosen
reference profile and validates the reconstruction process. This allows the construction of an
unbiased estimator, R

µ

, of the total muon number at the ground.

Going back again to the Heitler model, from equation 1.8, it is expected that the average
number of muons (proportional to < R

µ

>) and the energy have a relation not far from a
power law. Therefore a parameterization with the shape < R

µ

>= a(E/1019 eV)b can be
applied to the data set. The fit is carried out with 174 selected hybrids events, returning
values for a and b. < R

µ

> can then be expressed as a function of the energy, and compared
with the predictions for the muon content for proton and iron for di↵erent models. The result
is shown in figure 3.4 (left), where the ratio < R

µ

> /(E/1019 eV) is shown versus energy: the
data suggest a composition heavier than iron. This is not in agreement with the studies based
on X

max

, exposed in the next subsection. Taking into account the Auger X
max

measurements,
it can be concluded that it exists a deficit of the muon content in simulations of 30 to 80% at
1019 eV, depending on the hadronic model.

Muon fraction from the timing information of the SD traces. A di↵erent approach
to measure the muon content consists in using the FADC traces in the WCDs, by applying
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subtraction of the detection uncertainties from the total466

spread. Its systematic uncertainty of ±0.033 is estimated467

from the variations just described (±0.014 (sys.) in total),468

and by varying the detection uncertainties within a plau-469

sible range (±0.030 (sys.)).470

At ✓ = 67�, the average zenith angle of the data set,471

Rµ = 1 corresponds to Nµ = 1.455 ⇥ 107 muons at the472

ground with energies above 0.3 GeV. For model compar-473

isons, it is su�cient to simulate showers at this zenith474

angle down to an altitude of 1425 m and count muons at475

the ground with energies above 0.3 GeV. Their number476

should then be divided by Nµ = 1.455 ⇥ 107 to obtain477

RMC
µ , which can be directly compared to our measure-478

ment.479

Our fit yields the average muon content �Rµ�. For480

model comparisons the average logarithmic muon con-481

tent, �lnRµ�, is also of interest, as we will see in the next482

section. The relationship between the two depends on483

shape and size of the intrinsic fluctuations. We compute484

�lnRµ� numerically based on our fitted model of the in-485

trinsic fluctuations:486

�lnRµ�(1019 eV) =

� �

0
lnRµ N (Rµ) dRµ

= 0.601 ± 0.016 +0.167
�0.201(sys.), (8)

where N (Rµ) is a Gaussian with mean �Rµ� and spread487

�[Rµ] as obtained from the fit. The deviation of �lnRµ�488

from ln�Rµ� is only 2% so that the conversion does not489

lead to a noticeable increase in the systematic uncer-490

tainty.491

Several consistency checks were performed on the data492

set. We found no indications for a seasonal variation, nor493

for a dependence on the zenith angle or the distance of494

the shower axis to the fluorescence telescopes.495

V. MODEL COMPARISON AND DISCUSSION496

A simple comparison of our data with air showers497

simulated at the mean zenith angle ✓ = 67� with the498

hadronic interaction models QGSJetII-04 and Epos499

LHC is shown in Fig. 4. The ratio �Rµ�/(E/1019 eV)500

cancels most of the energy scaling, and emphasizes the501

e↵ect of the cosmic-ray mass A on the muon number.502

We compute the ratio from Eq. (4) (line), and alterna-503

tively by a bin-wise averaging of the original data (data504

points). The two ways of computing the ratio are visually505

in good agreement, despite minor bin-to-bin migration506

e↵ects that bias the bin-by-bin method. The fitting ap-507

proach we used for the data analysis avoids the migration508

bias by design.509

Proton and iron showers are well separated, which il-510

lustrates the power of �Rµ� as a composition estimator.511

A caveat is the large systematic uncertainty on the abso-512

lute scale of the measurement, which is mainly inherited513

from the energy scale [40]. This limits its power as a mass514

composition estimator, but we will see that our measure-515

ment contributes valuable insights into the consistency of516
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FIG. 4. Average muon content �Rµ� per shower energy E
as a function of the shower energy E in double logarithmic
scale. Our data is shown bin-by-bin (circles) together with the
fit discussed in the previous section (line). Square brackets
indicate the systematic uncertainty of the measurement, the
diagonal o�sets represent the correlated e�ect of systematic
shifts in the energy scale. The grey band indicates the sta-
tistical uncertainty of the fitted line. Shown for comparison
are theoretical curves for proton and iron showers simulated
at � = 67� (dotted and dashed lines). Black triangles at the
bottom show the energy bin edges. The binning was adjusted
by an algorithm to obtain equal numbers of events per bin.

hadronic interaction models around and above energies517

of 1019 eV, where other sensitive data are sparse.518

A hint of a discrepancy between the models and the519

data is the high abundance of muons in the data. The520

measured muon number is higher than in pure iron show-521

ers, suggesting contributions of even heavier elements.522

This interpretation is not in agreement with studies based523

on the depth of shower maximum [39], which show an av-524

erage logarithmic mass �lnA� between proton and iron in525

this energy range. We note that our data points can be526

moved between the proton and iron predictions by shift-527

ing them within the systematic uncertainties, but we will528

demonstrate that this does not completely resolve the529

discrepancy. The logarithmic gain d�lnRµ�/d lnE of the530

data is also large compared to proton or iron showers.531

This suggests a transition from lighter to heavier ele-532

ments that is also seen in the evolution of the average533

depth of shower maximum.534

We will now quantify the disagreement between model535

predictions and our data with the help of the mass536

composition inferred from the average depth �Xmax�537

of the shower maximum. A valid hadronic interaction538

model has to describe all air shower observables consis-539

tently. We have recently published the mean logarith-540

mic mass �lnA� derived from the measured average depth541

of the shower maximum �Xmax� [39]. We can therefore542

make predictions for the mean logarithmic muon content543
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Figure 3: The measured muon signal rescaling at E = 1019 eV
and at 1000m from the shower axis vs. zenith angle, with respect

to QGSJETII.04 proton as baseline. The rectangles represent the

systematic uncertainties, and the error bars represent the statistical

uncertainties added to the systematic uncertainties. The points for

Auger data are artificially shifted by ±0.5� for visibility.

simulations and still exceeds somewhat that of iron-induced

showers simulated with QGSJETII.04. The discrepancy is

possible since the function that relates the ground signal
to the primary energy is not determined by Monte Carlo,
rather it is calibrated to the calorimetric energy measured
by the fluorescence detector [17].

4.3 Computing the muon signal rescaling
In the QGSJETII.04 proton simulation, taken as a reference,

we compute the muon fraction fµ from Eq. (1) for every
detector, and multiply it by the projected signal S19(1000)
from Eq. (9) to obtain the projected muon signal

Sµ19(1000) = fµ ⇥S19(1000). (10)

In the Auger data set, we compute the muon fraction
estimate f̂µ from Eqs. (2) or (7) for every detector and
multiply the fraction by the projected signal S19(1000) to
obtain the estimated projected muon signal

Ŝµ19(1000) = f̂µ ⇥S19(1000). (11)

Then we separate the detectors by the reconstructed
zenith angles �̂ of the corresponding showers into zenith
angle bins, and divide the mean estimated muon sig-
nal �Ŝµ19(1000)� in data by the mean muon signal
�Sµ19(1000)� in the baseline simulation, properly account-
ing for the small effects of the unequal mean angles and the

nonzero variance of the denominator.
The result of the analysis is shown in Fig. 3. The rect-

angles represent the systematic uncertainties, and the error
bars represent the statistical uncertainties added to the sys-
tematic uncertainties. We determine that the measured fac-
tor of the muon signal in data divided by the muon signal
in QGSJETII.04 proton showers at 1019 eV and at 1000m
in the full angular range of [0�,60�] is

1.33 ±0.02 (stat.) ±0.05 (sys.) (multivariate)
1.31 ±0.02 (stat.) ±0.09 (sys.) (smoothing)

5 Summary
The fraction of the muonic signal measured in the detectors

of the Pierre Auger Observatory has been estimated from

the time structure of the recorded signal for showers of
1019 eV in different zenith angle bins between 0� and 60�.
Two methods, a multivariate technique and a smoothing
technique, have been used to derive the fraction of the signal

due to muons. The results of the two methods are in very
good agreement. The measured fraction of the muonic to
total signal is bracketed by model predictions for proton and

iron primaries obtained with CORSIKA and QGSJETII.04
and EPOS LHC.

Combining the estimated muon signal fraction with
the measured total signal at 1000m from the shower core
allowed us to derive the part of the detector signal that can
be attributed to the muonic shower component. While the

measured angular dependence of the muonic signal is found

to be similar to the prediction obtained for proton showers
and QGSJETII.04, the magnitude of the muonic signal is

comparable to the predictions for iron showers.
Given that the observed distribution of the depth of

shower maximum at 1019 eV is not compatible with an
iron dominated composition [18] we conclude that the
overall detector signal and the muonic signal are not well
reproduced by the shower simulations. These results are
compatible with that of the independent study for in-
clined showers whose signal at ground is dominated by
muons [19, 20]. Comparing simultaneously the measured
longitudinal shower profile and the surface detector signal

to simulations provides further constraints on hadronic in-

teraction models [6, 21].
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Figure 3.4 Left: average muon content < R
µ

> per shower energy E as a function of the shower
energy in double logarithmic scale. The data (black points) are shown with the fit (black solid
line) carried out with the parameterization explained in the text. Square brackets indicate the
systematic uncertainty of the measurement. The curves for proton and iron showers simulated
at zenithal angle 67° (dotted and dashed lines) are also shown. From [138]. Right: the
measured muon signal rescaling at 1019 eV and at 1000 m from the shower axis versus zenith
angle, with respect to QGSJet-II-04 proton as baseline (denoted as SQp

µ,19

). The predictions of
the hadronic interaction models for proton and iron are also represented. From [139].

di↵erent filtering techniques to the temporal distribution of the signals [139]. With these
techniques it is possible to separate the electromagnetic and muonic components of air showers.
In this study, the muonic component is considered only as the signal in the station produced
by muons entering in the detector, leaving as part of the electromagnetic component the
electromagnetic halo produced by muon interactions and muon decay in the atmosphere.

The time response profile of individual particles in the WCD is the same for all of them:
a quick rise followed by an exponential fall with a decay time of about 60 ns. But other
two features can be used to separate traces coming from di↵erent particles. The first is the
amplitude distribution of the particle response. The amplitude of a muon is close to a Gaussian
of mean 1 VEM. The mean amplitude of a single electromagnetic particle is much smaller and
the number of them entering the detector is, on average, an order of magnitude larger than the
number of muons. The second feature to distinguish between the traces is the time-of-arrival
distributions. Muons typically arrive earlier than electromagnetic particles. Analysing both
features, it is concluded that muon signals are short and spiky, and the electromagnetic
signals are long and smooth. One main source of uncertainty is due to high energy photons
(> 300 MeV), as they produce a signal similar to that of a muon.

Two methods have been used. The first is a multivariate method. A large number (⇠ 50) of
FADC signal observables are extracted, and the muon fraction is estimated using a multivariate
regressor. The second method is the smoothing method. This consists in applying a low-pass
filter a few times on the signal to gradually separate the low-frequency smooth electromagnetic
component from the high-frequency component which is assigned to muons.
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All the stations in the range between 950 and 1050 m, in events with zenithal angle lower
than 60° and with energy between 1018.98 and 1019.02 eV are selected. In these stations the
muon fraction is estimated and averaged according to the zenithal angle. An increasing muon
fraction with increasing zenithal angle is found, as predicted by the models. Afterwards, the
total signal of each station can be multiplied by the measured muon fraction to obtain the
muon signal. As the station signal depends on the energy, a rescaling procedure is carried out
to translate the total signal in the station to the projected signal as if it would be in a 1019 eV
event. The results of the two methods are in very good agreement. The measured muon signal
is represented in figure 3.4 (right), along with the predictions of the models for proton and
iron. The measured fraction of the muonic to total signal is bracketed by model predictions
for proton and iron primaries obtained with CORSIKA and QGSJet-II-04 and EPOS LHC.

Besides these two analyses, the information that the muons carry is also explored from the
point of view of the arrival times to the ground. But this information does not return the
muon number, but the origin of the muon, and consequently, to the longitudinal development
of the shower. This will be seen in the next subsection.

Atmospheric depth of shower maximum

The correlation of X
max

with the mass of the primary has been exploited by the Pierre
Auger Collaboration to study the composition of cosmic rays at di↵erent energies. The FD
measures this observable with a resolution of about 20 g/cm2, although this value changes
with the energy (figure 3.5), going from 26 g/cm2 at 1017.8 eV down to about 15 g/cm2 above
1019.3 eV. Di↵erent individual contributions are responsible for this resolution. The detector
itself is the largest source of uncertainty. It accounts for the uncertainties derived from the
Poisson fluctuations of the number of photoelectrons detected for each shower. The number of
photoelectrons detected increases with energy and, correspondingly, the resolution improves.
The alignment of the telescopes and the relative timing between the FD and the SD also a↵ect
the resolution of the detector. The other contributions are the measurements of the aerosols
and the uncertainties in the atmosphere density profiles as a function of height.

Measurements of X
max

with the FD. The first results about the measurements of X
max

in Auger were published already in 2010 [108]. The measurements of < X
max

> versus energy
yielded di↵erent elongation rates for energies below and above 1018.24 eV. Although X

max

was
already used by other observatories [141, 142], the statistics achieved by these observatories
above 1019 eV was limited and the measurement of dispersion of the atmospheric depth of
maximum (�(X

max

)) was not included. The events collected by Auger until that date already
hinted for a change in the composition, pointing at a heavier composition above the cited
energy. A careful interpretation of the data, along with the description of the method used for
that interpretation was published in 2013 [143]. The two measured observables, X

max

and
�(X

max

), were parameterized as functions of the first two moments of the ln A distribution.

The most recent results for the measurements of X
max

and �(X
max

) are shown in fig-
ure 3.6 [140], compared with the predictions of the most recent hadronic interaction models.
It suggests that the flux of cosmic rays is composed of predominantly light nuclei at around
1018.3 eV and that the fraction of heavy nuclei is increasing up to energies of 1019.6 eV, the
maximum observed.
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Figure 6: Xmax resolution as a function of energy.
Bands denote the estimated systematic uncertainties.

detected photo-electrons increases with energy and, cor-
respondingly, the resolution improves. At 1017.8 eV, the
simulations predict a resolution of about 25 g/cm2 that
decreases to 12 g/cm2 towards the highest energies. The
systematic uncertainty of these numbers is of the order
of a few g/cm2 and has been estimated by shifting the
simulated energies by ±14% (as previously explained in
the acceptance section).

Another detector-related contribution to the resolu-
tion originates from the uncertainties in the alignment
of the telescopes. These are estimated by comparing
the Xmax values from two reconstructions of the data set
with di↵erent alignment constants. One set of constants
has been obtained using the traditional technique of ob-
serving tracks of UV stars (see, e.g., [82]) and the other
one used shower geometries from events reconstructed
with the surface detector for a cross-calibration. The
latter are the default constants in the standard recon-
struction. Averaged over all 24 telescopes, the �Xmax

values between events from the two reconstructions are
found to be compatible, but systematic alignment di↵er-
ences are present on a telescope-by-telescope basis giving
rise to a standard deviation of �Xmax that amounts to
s = (5 + 1.1 lg(E/EeV)) g/cm2. This is used as an esti-
mate of the contribution of the telescope alignment to the
Xmax resolution by adding s/2 ± s/2 (sys.) to the previ-
ously discussed statistical part of the detector resolution
in quadrature.

Finally, uncertainties in the relative timing between
the FD and the SD can introduce additional Xmax un-
certainties, but even for GPS jitters as large as 100 ns
the e↵ect on the Xmax resolution is � 3 g/cm2 and can
thus be neglected.

The estimated overall contribution of the detector-
related uncertainties to the Xmax resolution is shown as
a back-slashed band in Fig. 6.

B. Aerosols

Two sources of statistical uncertainty of the aerosol
measurements contribute to the Xmax resolution. Firstly,
the measurement itself is a↵ected by fluctuations of the
night sky background and the number of photons re-
ceived from the laser as well as by the time-variability
of the aerosol content within the one-hour averages. The
sum of both contributions is estimated using the standard
deviation of the quarter-hourly measurements [48, 83]
of the VAOD and propagated to the Xmax uncertainty
during reconstruction. Secondly, non-uniformities of the
aerosol layers across the array are estimated using the dif-
ferences of the VAOD measurements from di↵erent FD
sites and propagated to an Xmax uncertainty [46].

The quadratic sum of both sources is shown as the
lowest of the dashed bands in Fig. 6, where the systematic
uncertainty given by the width of the band is due to the
uncertainty of the contribution from the horizontal non-
uniformity.

C. Molecular Atmosphere

Finally, the precision to which the density profiles as a
function of height are known gives another contribution
to the Xmax resolution. It is estimated from the spread
of di↵erences between shower reconstructions using the
density profile from GDAS and shower reconstructions
using actual balloon soundings, which are available for
parts of the data (see Fig. 14 in [45]). This contribution
is shown as a dashed line in Fig. 6.

D. Parameterization of the Resolution

The statistical part of the detector resolution arises
from the statistical uncertainty in the determination of
Xmax and from the statistical uncertainty caused by the
conversion from the height of the maximum in the at-
mosphere to the corresponding depth of Xmax. Simula-
tions of these two contributions show that they are well-
described by the sum of two Gaussian distributions. The
remaining component to the resolution term of Eq. (4) is
also Gaussian and describes the contributions from the
calibration of the detector and from the influence of the
atmosphere. The overall resolution of Xmax can therefore
be parameterized as

R(Xrec
max � Xmax) = f G(�1) + (1 � f) G(�2) (8)

were G(�) denotes a Gaussian distribution with mean
zero and width �. The three parameters f , �1 and �2

are listed in Tab. III as a function of energy together
with their systematic uncertainties.

Figure 3.5 Resolution of X
max

measured with the FD as a function of the energy. The bands
denote the estimated systematic uncertainties. From [140].

Other primaries in the analysis. At the beginning of this chapter a justification was
given for the consideration of proton and iron in the analysis. In figure 3.6 the predictions of
the models are shown for this two primaries. But as the values of the measured X

max

and
�(X

max

) are between both primaries, it is natural to wonder if this is because there is a mix
of the two primaries, or because there are other primaries with intermediate masses. The
distribution of X

max

are compared with the simulated distributions due to mixtures of di↵erent
primaries, including not only proton and iron, but also helium and nitrogen, as representatives
of the intermediate range of nuclear masses [135]. When only proton and iron are included
in the mixture, none of the hadronic models can describe the data. However, if intermediate
primaries are also included, the models give acceptable fit qualities. The quality of the fit is
measured by the p-value, which is defined as the probability of obtaining a worse fit than that
obtained with the data, assuming that the distribution predicted by the fit results is correct.
Results (see figure 3.7) from EPOS LHC simulations favour a mixture dominated by nitrogen
nuclei, whereas the QGSJet-II-04 simulations favour helium nuclei. Sybill 2.1 modeling leads
to a mixture of the two. For all models, the observed proton fraction goes from a value of
about 60% in the region of the ankle (⇠ 1018.2 eV) to near zero just above 1019 eV and a
possible resurgence at higher energies. None of these models supports a large contribution
from iron nuclei.

Muon production depth (MPD) analysis. Other parameters related with X
max

can
be measured using the SD. The muonic atmospheric depth of maximum (Xµ

max

) can be
reconstructed from the information in the MPD [144]. The arrival times of the muons,
measured using the FADC traces of stations located far from the shower core, allow the
reconstruction of their geometrical production heights along the shower axis. This is only
possible for showers where the electromagnetic component is highly absorbed before reaching
the ground, mostly horizontal air showers (showers with ✓ > 60°), although the analysis has
been extended down to 50°. Xµ

max

is defined as the point along the shower axis where the
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Figure 3.6 X
max

and �(X
max

) measured in the FD of the Pierre Auger Observatory for
di↵erent energies compared with di↵erent hadronic interaction models. From [140].

production of muons reaches its maximum as the shower develops through the atmosphere.
This parameter is closely related to X

max

(see left panel in figure 3.8). The measured Xµ

max

is
shown in the right panel of figure 3.8, for events with zenith angle between 55° and 65°. The
current level of systematic uncertainties associated with its determination renders di�cult
any conclusive statement on mass composition. The possibility of its usage for constraining
hadronic interaction analysis is also discussed in the cited publication.

Other parameters, related with the shape of the shower front, are also derived from
the SD. The resolution achieved with them is not enough to be useful in the analysis for
hadronic composition. They are used in the searches for photons and neutrinos, as detailed in
the next section.

3.3 Photons, neutrinos and neutrons

The identification of neutral cosmic ray primaries, like photons, neutrinos or neutrons, is
of great interest because their arrival directions point directly to the sources. Galactic and
extragalactic magnetic fields do not a↵ect their respective paths to the Earth.

Showers induced by photons and neutrinos have singular characteristics and their identification
relies on specific analyses. A sketch of the main di↵erences is proposed in figure 3.9, where
extensive air showers induced by protons, iron nuclei, photons and neutrinos are schematically
represented. In this figure they are summarized the main characteristics of the di↵erent
showers, that, at this point, are worthy to be listed together. First, the interaction point
of protons and photons is about 45 g/cm2, being a bit shallower for iron nuclei and really
deeper for neutrinos. Although the first interaction point of photons is at the grammage level
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.Figure 3.7 Fitted fraction and quality for the scenario of a complex mixture of protons, helium

nuclei, nitrogen nuclei, and iron nuclei. The upper panels show the species fractions and the
lower panel shows the p-values. From [135].

of protons, they develop much slower, being the maximum deeper than in the proton case.
Second, the number of generated muons changes, being really small for photons, higher for
protons, and a bit higher for iron nuclei.

Although neither photons or neutrinos have been detected in the Pierre Auger Observatory,
the possibility of their detection allows the establishment of upper limits to their respective
fluxes.

Photons

Extensive air showers induced by photons have two main characteristics. First, their interaction
length is longer than in the hadronic case and the development of the shower is slower because
they essentially interact by pair production (electron-positron) and Bremsstrahlung. Both
factors favour a very deep X

max

, distinguishable from the one expected for hadrons. And
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Table II: Evaluation of the main sources of systematic uncer-
tainties in Xµ

max.

Source Sys. uncertainty [g/cm2]
Reconstruction, 10

hadronic model and primary
Seasonal effect 12

Time variance model 5

Total 17

array, completely uncorrelated with the genuine
primary shower signal. Random accidental sig-
nals can have a damaging effect on the data qual-
ity since they can trigger some stations of the ar-
ray, distorting the reconstruction of the showers.
In our analysis, the main impact comes from a
possible underestimation of the start time of the
traces due to an accidental signal prior to the true
one. Using an unbiased sample of random acci-
dental signals extracted from data events collected
in the SD stations, we have studied the influence
of accidental signals in the Monte Carlo recon-
structions. Regardless of the energy and primary
mass, we have found a systematic underestima-
tion by ⇠4.5 g/cm2 in the determination of Xµ

max.
We have corrected for this bias in our data.

Atmospheric profile. For the reconstruction of the
MPD profiles, the atmospheric conditions at the
Auger site, mainly height-dependent atmospheric
profiles, have to be well known. To quantify the
influence of the uncertainty in the reconstructed
atmospheric profiles on the value of Xµ

max, a di-
rect comparison of GDAS data3 with local atmo-
spheric measurements4 has been performed on an
event-by-event basis. We have obtained a distribu-
tion with a small shift of 2.0 g/cm2 in Xµ

max and a
RMS of 8.6 g/cm2.

Selection efficiency. The selection efficiency for heavy
primaries is larger than for protons since the for-
mer have a muon-richer signal at the ground. The
analysis was conceived to keep this difference be-
low 10% for the whole energy range. This differ-
ence in efficiency, although small, may introduce
a systematic effect in the determination of Xµ

max.
We have determined it by running our analysis
over a 50/50 mixture of protons and irons, result-

3 GDAS is a publicly available data set containing all main state vari-
ables dependent on altitude with a validity of 3 hours for each data
set [34, 35].

4 Intermittent meteorological radio soundings with permanent
ground-based weather stations.
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Figure 8: �Xµ
max� as a function of energy. The prediction of dif-

ferent hadronic models for proton and iron are shown. Num-
bers indicate the number of events in each energy bin and
brackets represent the systematic uncertainty.

ing in a negligible contribution to the systematic
uncertainty of  2 g/cm2.

Table II summarizes the sources contributing to the
systematic uncertainty. The overall systematic uncer-
tainty in �Xµ

max� amounts to ⇠17 g/cm2. This repre-
sents approximately 25% of the proton-iron separation.

VI. RESULTS

The data set used in this analysis comprises events
recorded between 1 January 2004 and 31 December
2012. We compute the MPD distributions on an event-
by-event basis. To guarantee an accurate reconstruction
of the longitudinal profile we impose the selection crite-
ria described in Section V B. For the angular range and
energy threshold set in this analysis, our initial sample
contains 500 events. After our quality cuts it is reduced
to 481 events.

The evolution of the measured �Xµ
max� as a function of

the energy is shown in Figure 8. The data are grouped
in five energy bins of width 0.1 in log10(E/eV), except
for the last bin which contains all events with energy
above log10(E/eV) = 19.7 (E = 50 EeV). The sizes of
error bars represent the standard deviation of the mean.

VII. DISCUSSION

Under the assumption that air-shower simulations
are a fair representation of reality, we can compare
them to data in order to infer the mass composition
of UHECR. For interaction models (like those used
for Figure 8) that assume that no new physics ef-
fects appear in hadronic interactions at the energy
scales probed by Auger, the evolution of the mean

Figure 3.8 Left: Xµ

max

versus X
max

for simulated proton and iron. Right: the measured
Xµ

max

presented for di↵erent energies compared with di↵erent hadronic interaction models.
From [144].

second, the cross section expected for processes involving the creation of muons is very low.
Then, a smaller number of muons is expected in comparison with the hadronic case [145].

The identification of a photon with the FD is very easy, as the di↵erence in X
max

between
photon and proton is larger than 100 g/cm2. However, due to this large di↵erence, some
derived methods to extract X

max

with SD measurements can also be also exploited. A few
characteristics are indicative of the nature of the primary particle.

The curvature of the shower front is due to the delay of the particles far from the shower
axis, with respect to those travelling close to it. The particles, while they travel through the
atmosphere, form a shower front that, with an oversimplification, can be described as spherical.
A relatively planar shower front (large radius of curvature) indicates that the particles were
generated high in the atmosphere, whereas particles generated deeper generate a front with a
small radius. A large radius of curvature thus indicates a small X

max

.

The width of the shower front can be measured using the rise time of a single station. The
rise time is defined as the time that it takes to increase from 10% to 50% of the total signal
deposited in the station. The rise time, evaluated at a fixed distance from the axis, can be
calculated, and gives information about the width of the shower front. The width is larger if
the shower has a large electromagnetic component compared with the muonic one, as they
su↵er a bigger scatter in their path through the atmosphere. From a geometrical point of
view, particles with origins deep in the atmosphere produce a longer rise time than those that
come from the earliest stages of the shower. Small values of the rise time indicate small values
for X

max

[146]. The rise time is a characteristic of the time structure of the arrival muons
(related then with Xµ

max

, and consequently with X
max

), but a small and secondary influence
of N

µ

can be appreciated.

Using these observables, the Auger Collaboration has presented upper limits to the fraction
of photons [147, 148] and to the flux [146]. An updated photon flux is shown in figure 3.10,
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Figure 3.9 Sketch of the evolution of the extensive air showers induced by di↵erent primaries:
proton, iron, photon and neutrino, represented by the thick arrows. The scattered red lines
represent the electromagnetic component, absorbed in a few hundreds of g/cm2. The straight
blue thin arrows represent the muonic component, that can traverse the whole atmosphere.
Neither the detector or the components of the extensive air shower are scaled.

with the limits calculated with the hybrid data set and the SD. The photon limit imposed by
Auger has discarded the so-called top-down models.

The capacity to discriminate photons has also been used by the Collaboration to search for
point sources of EeV photons [150]. No photon point source has been detected and an upper
limit on the photon flux has been derived for every direction.

Neutrinos

Two analyses have been performed in Auger to search for neutrinos. The first one searches for
extensive air showers induced by downward-going neutrinos of all flavours as they interact
with the atmosphere. The second one searches for upward-going ⌧ neutrinos as they interact
with the rock of the Earth. This is called the Earth-skimming mechanism.

As neutrinos interact very weakly, the search for downward-going neutrinos assumes that
extensive air showers with a deep X

max

are, with high certitude, not a proton or heavier
particle, as they interact very early in the atmosphere. This search is focused on arrival
zenithal angles higher than 60°, where MC simulations show that the search is more e�cient.
A precise measure of X

max

or Xµ

max

is not needed, because a very horizontal air shower with
electromagnetic component still not extinguished would be su�cient to identify it as a neutrino
shower. Down-going neutrinos can be detected with SD, as they are easily distinguishable
from regular hadronic cosmic rays by the broad time structure of their shower signals in the
WCDs [151].

The neutrino, indeed, is more likely that interact in the rock of the Earth a few degrees
below the horizon (Earth-skimming mechanism). The possible interaction with the rock of the
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Figure 6: Left: Upper limits on the integral photon flux derived by Auger with the hybrid [28] and SD [25]
detectors, compared to the results of AGASA (A) [32] and Yakutsk (Y) [33]. The shaded region and the lines
give the predictions for the GZK photon flux and for top-down models, respectively (TD, Z-Burst, SHDM
from [7] and SHDM’ from [34]). Right: the same plot but including also the estimates of the sensitivity
with data until 2015, as derived by scaling the current limits to account for the relative expected increase
of the exposure, and assuming that the number of background events remains constant. The shaded regions
are the predictions from [7] assuming protons at the source (gray band), from [35] (red and blue, under the
assumption of proton and iron acceleration), and for the case of a single source as Centaurus A [36] (green).

Applying the method described above to the data collected between January 2005 and Septem-
ber 2010, we found 6, 0, 0, 0 and 0 photon candidates for energies above 1, 2, 3, 5 and 10 EeV,
respectively. We checked with simulations that the observed number of photon candidates is con-
sistent with the expectation from nuclear primaries, within the assumption of a mixed composition.
In addition, for each of the photon candidates, the background contamination was individually
checked by simulating 1000 dedicated CORSIKA proton showers with the same energy, arrival
direction and core position as reconstructed for the real events. The actual SD and FD configura-
tions at the detection time are also considered. For each of the analysed candidates we found that
a fraction of proton induced showers between 1% and 2% can be wrongly selected as photon-like
events.

Given this result, upper limits (φ 95CL
γ ) have been obtained at the 95% confidence level on the

photon flux integrated above an energy threshold E0:

φ 95CL
γ =

N95CL
γ (Eγ > E0)

Eγ,min
. (3.3)

where Eγ is the reconstructed energy assuming that the primary particle is a photon (i.e., the calori-
metric energy measured by FD plus a correction of about 1% due to the invisible energy [31]),
N95CL
γ is the number of photon candidates above E0 at the 95% confidence level and Eγ,min is the
exposure of the hybrid detector [3]. To be conservative, the minimum value of the exposure above
E0 is used in equation (3.3) and a possible nuclear background is not subtracted for the calculation
of N95CL

γ .

4. Discussion and Outlook

No photon events have been identified so far with either the SD or the hybrid analysis. Upper

8

Figure 3.10 Upper limits to the integral photon flux derived by Auger with the hybrid
measurements (Hyb 2011, red) and SD alone (SD, black). The Auger results are compared
with those by AGASA (A, blue), Yakutsk (Y, grey) and Telescope Array (TA, green). The
shaded region and the lines give the predictions for the GZK photon flux and for top-down
models. From [149].

Earth is used to search for ⌧ neutrinos. They are rarely produced in particle interactions, but
they might be the result of oscillations in the propagation to Earth. While at production the
neutrino flavour ratio (⌫

e

:⌫
µ

:⌫
⌧

) is close to 1:2:0, after propagation it is close to 1:1:1. The ⌧
neutrino may interact with the rock of the Earth and produce a very penetrating ⌧ lepton.
This ⌧ lepton, after a few kilometres, may decay producing a very horizontal air shower.

Finally, considering both mechanisms, three di↵erent sets of identification criteria were estab-
lished to maximise the discrimination power. The selections exploit the di↵erent characteristics
of the showers in each angular bin as determined from MC simulations. The three selection
cuts are the Earth-skimming (ES), for ✓ > 90°, the downward-going high angle (DGH), for
75° < ✓ < 90°, and the downward-going low angle (DGL), for 60° < ✓ < 75°. The analysis in
the three sets begin with a trace cleaning to remove, mainly, atmospheric muons. After the
inclined showers are identified, and a selection based on the shower shape is done. The MC
calculations show that there is no chance for a nucleus or a photon to generate a shower with
a length(L)/width(W ) ratio higher than 5, for the ES, or 3, for the DGH. The speed of the
shower through the array is also used to select event in the ES and DGH. The arrival times
at the stations are requested to be compatible with the time that the light takes to go from
one station to the next, selecting showers that move through the array at roughly the speed of
light. Selection criteria based on the ToT and area over peak (AoP) of the signals are also
carried out in the three sets.

The absence of candidates in these searches is used to place an upper limit to the di↵use flux
of the neutrinos at EeV energies [152–154]. The most recent neutrino limit published from
Auger data is shown in figure 3.11.
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Figure 11: Thick lines represent differential and integrated upper
limits (at 90% C.L.) to the diffuse flux of UHE neutrinos (single
flavour assuming equipartition) from the Pierre Auger Observatory
for downward-going ! (equivalent search period = 2 yr of full
Auger) and Earth-skimming !! (equivalent search period = 3.5 yr
of full Auger). Limits from other experiments are also plotted [46–
48]. All limits have been scaled to single flavour. The IceCube
differential limit is scaled by a factor 1/2 due to the different
binning in energy with respect to the Auger differential limits.Thin
lines: Expected fluxes for three theoretical models of cosmogenic
neutrinos (scaled to single flavour when necessary). “p, Fermi-LAT”
[43] corresponds to the best fit to UHECR spectrum incorporating
the Fermi-LAT bound assuming that the transition fromGalactic to
extragalactic CRs takes place at 1019 eV. “p, evol-FRII” [12] assumes
the FRII strong source evolution with a pure proton composition,
dip transition model and maximum energy of UHECRs at the
sources "",max = 1021.5 eV. “Fe, uniform” [12] represents an extreme
model assuming an iron rich composition, low "",max, uniform
evolution of the UHECR sources.

cosmogenic neutrino production [12, 43]. Predictions for
cosmogenic neutrino fluxes depend on several unknown
parameters including the evolution with redshift of the
sources and the injected UHECR composition. Given the
uncertainties in these parameters, and in particular the pos-
sible presence of heavy primaries in the UHECR spectrum
[49], we have plotted a range of models to illustrate the wide
range of predictions available [12].

7.2. Event Rate Predictions. In Table 4 we give the expected
number of events from a diffuse flux of cosmogenic neutrinos
(produced in the interaction of cosmic ray protons with
background radiation fields) [43], from a model of neutrino
production through the bottom-up mechanism in Active
Galactic Nuclei (AGN) [44], and from a theoretical model
[45] in which neutrinos are the product of the decay of super-
heavy relic particles of the early stages of the Universe. Opti-
mistic theoretical flux predictions for cosmogenic neutrinos

are within reach of our present sensitivity and somemodels of
neutrinos produced in accelerating sources are already being
constrained. Exotic models are severely disfavored. Note that
all such top-down models are also tightly constrained by the
limits of the Pierre AugerObservatory on the photon fraction
in UHECR [50].

8. Summary and Prospects

In this paper we have reviewed the searches for astrophysical
sources of ultrahigh energy neutrinos at the Pierre Auger
Observatory [31–33].

The neutrino detection technique is based on the obser-
vation of extensive air showers induced by downward-
going neutrinos of all flavours as they interact with the
atmosphere, and by upward-going !!’s through the Earth-
skimming mechanism. These !-induced showers display
characteristic features that allow us their identification in
the overwhelming background of regular UHE hadronic
showers. At ground level, high zenith angle neutrino events
would have a significant electromagnetic component leading
to a broad time structure of detected signals in the surface
detector array, in contrast to nucleonic-induced showers.

We have shown that, using Monte Carlo simulations
and training data samples, identification criteria for UHE
neutrinos can be defined and used to perform a blind search
on the remaining data sample. The analysis of the collected
data at the PierreAugerObservatory until 31May 2010 reveals
no candidate events for either downward-going or Earth-
skimming neutrinos. Based on this negative result, stringent
limits have been placed on the diffuse flux of UHE neutrinos.
Even though theAugerObservatorywas designed tomeasure
properties of UHECRs, the limits reported in Table 2 provide
at present one of the most sensitive bounds on neutrinos at
EeV energies, which is the most relevant energy to explore
the predicted fluxes of cosmogenic neutrinos.

There are several lines of work in progress inside the
Auger Collaboration related to the neutrino search which
will be the subject of future reports. Some of the efforts
concentrate on the combination of the downward-going and
Earth-skimming channels into a single analysis. This will
simplify the search procedure and will obviously translate
into an improvement of the diffuse neutrino limit. The
extension of the downward-going neutrino search to lower
zenith angles (# < 75∘) is also very promising. Exploring
the sky down to # ∼ 60∘ implies a sizeable increase on
the exposure and hence on the limit in case no candidates
are found. The main drawback of decreasing # is that
the atmosphere slant depth reduces and nucleonic-induced
showers look “younger” when arriving at ground, making
their separation from !-induced showers more challenging.
On the other hand, the sensitivity to neutrino detection could
also be extended to lower energies by reducing the separation
between SD stations. Monte Carlo studies indicate that using
a configuration of stations similar to the currently existing
“infill” array (∼60 stations spaced by 750m) would lead to
a significant increase of the neutrino detection probability at
lower energies (below 0.3EeV) with respect to the standard

Figure 3.11 The neutrino integrated limits scaled to single flavour published by Auger and
other ultra-high energy cosmic ray experiments compared with di↵erent cosmogenic models.
From [154].

As for the photons, a search for point-like sources of ultra-high energy neutrinos has been
performed. Upper limits at 90% CL have been established [155].

Neutrons

Although the neutrons search is more a search for point sources than a composition problem, it is
still worthy to be mentioned. Extensive air showers induced by neutrons are not distinguishable
from those induced by protons. The only di↵erence does not reside in the development, but
in its way from the source to Earth. Whereas protons and other charged nuclei are a↵ected
by the Galactic and extragalactic magnetic fields, neutrons are not. An excess of cosmic ray
air showers arriving from a specific astrophysical source could spot a neutron source. Since
free neutrons undergo beta decay with a mean lifetime of about 886 s at rest [27], the mean
travel distance for relativistic neutrons is 9.2 ⇥ Ekpc, where E is the energy of the neutron in
EeV. The distance from Earth to the Galactic center is about 8.3 kpc [156], and the radius
of the Galaxy is approximately 15 kpc. Sources in part of the Galactic disk, including the
Galactic center, should be detectable via neutrons above 1 EeV. Above 2 EeV, the volume for
detectable neutron emitters includes most of the Galaxy. The search for these spots has been
performed focusing on the Galactic center and the Galactic plane. Each candidate source is
weighted in proportion to its electromagnetic flux, its exposure to the observatory, and its flux
attenuation factor due to neutron decay. The search has not found evidence for a neutron flux
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from any class of candidate sources, establishing only upper limits to the fluxes. These limits
on fluxes of neutrons significantly constrain models of EeV proton emission from non-transient
discrete sources in the Galaxy [157].

3.4 Implications of the composition measurements

Astrophysical implications

Several results have been presented in this chapter. Any interpretation derived from the data
at ultra-high energies needs a caveat: the mass can only be inferred under assumptions on
the models, being these only extrapolations from measurements at lower energies. Regarding
the mass determination of the hadronic primaries, this can be summarized in two important
items. First, the proton fraction has been determined for di↵erent energies, rising to over
60% around the ankle, dropping to near zero above and showing a possible resurgence at
higher energies. And second, the interpretation of Auger X

max

data in terms of fractions of
di↵erent primary nuclei suggests the presence of other di↵erent primaries with intermediate
masses heavier than proton and lighter than iron, even if the models do not agree on the
suggested primary. Whereas the light composition observed around 1018 eV is in agreement
with the results published by HiRes and Telescope Array, at higher energies the suggested
heavier composition cannot either be confirmed or disproved by the other observatories. It is
important to remark that the level of agreement depends on the interaction model used to
interpret the results [109].

The ankle transition models predict a heavy Galactic component and a proton extragalactic
component, being the ankle the transition between them. The dip model predicts pure proton
composition for the extragalactic component, and it extends their dominance to energies below
the ankle (see section 2.1). The predictions of these two models do not agree with the high
proton fraction in the energies of the ankle and the heavier composition in energies above, as
suggested by Auger. An important implication of the heavier composition for the extragalactic
cosmic rays is that the possibility to identify the sources is reduced as the magnetic deviation
is stronger.

The limits established for photons and neutrinos have already ruled out most of the top-down
models, but they are not yet at the level to elucidate the existence of the GZK by-products.
Nevertheless, the flux limit has been set so close to that expected by the GZK e↵ect, that a
confirmation or discard of their existence will be possible in the near future.

Implications on the methodology

There are not many observables available for the determination of the composition of cosmic
rays. The FD estimation of X

max

is, until now, the one with the best resolution, but it is limited
in the duty cycle, and hence in the number of events. The observables extracted from the SD
analysis do not have a resolution good enough to distinguish proton from iron. The Xµ

max

,
extracted in horizontal air showers, has a relatively good resolution, but the condition on the
zenith angle also limits the number of events, and the current level of systematic uncertainties
associated with its determination also limits possible conclusions on the composition. Besides,
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possible estimations for N
µ

have been shown to be a promising opportunity. The combination
of a measure of the muon number with X

max

-related parameters would improve significantly
the mass determination. To develop a combined analysis, the measure of N

µ

and X
max

has to
be carried out by independent methods, and to increase the statistics, with a 100% duty cycle.

The importance of the mass determination has been shown along the last two chapters. The
current methods to infer the mass of the hadronic primaries are, despite the e↵orts done in
di↵erent approaches, insu�cient to clarify the questions discussed above. This thesis proposes
three approaches to improve the measurements of the mass composition in the cosmic rays
observatories in general, and in the Pierre Auger Observatory in particular. The first approach
is to propose the magnetic deflection of secondary particles in horizontal air showers as an
alternative method to extract Xµ

max

. The second approach is to explore the potential of the
radio detection to access the longitudinal profile of the extensive air shower with a 100% duty
cycle. And the third one is to propose a new kind of WCD with sensitiveness to the muonic
component of the shower. These three approaches are conveniently expounded in chapters 4, 5
and 6, respectively.



Chapter 4

Magnetic deviation in horizontal air
showers

As seen in chapter 3, the muonic atmospheric depth of maximum (Xµ

max

) is a parameter with
sensitiveness to the mass of the primary particle. The Pierre Auger Collaboration has published
a study of Xµ

max

(figure 3.8), by analysing the arrival times of muons in horizontal air showers.
The current level of uncertainties in the extraction of Xµ

max

prevents the Collaboration from
making conclusive statements on mass composition. The extraction of this parameter by
alternative methods could reduce this uncertainty level, and allow for a statistically based
analysis of the mass composition with the muonic atmospheric depth of maximum.

The first approach in this thesis to determine the mass composition is to propose an alternative
method to extract the Xµ

max

from horizontal air showers. This new analysis can be applied to
the data already collected by the Observatory. The magnetic deviations that muons su↵er in
horizontal air showers are the basis of this alternative method.

The physical e↵ect of the Earth magnetic field on the muons of the extensive air shower
is detailed in section 4.1. The indicators proposed to measure this e↵ect are described in
section 4.2. The details of the simulations and the data set are explained in section 4.3.
The dependencies of these indicators on di↵erent observables (', ✓, energy) are exposed in
section 4.4. The dependence of the deflection on the muon profile and the construction of an
estimator for the Xµ

max

are detailed in section 4.5. The dependence of the deflection on the
transverse momentum is studied in section 4.6. Finally, the conclusions and open questions
derived from this study are exposed in section 4.7.

4.1 Earth magnetic field and extensive air showers

Nearly horizontal extensive air showers (here they will be considered as those with ✓ > 63°)
have to travel a long path through the atmosphere. The electromagnetic component of
the extensive air shower is extinguished in a few hundreds of g/cm2, so only high energy
muons arrive at the detector. The muons are deflected by the transverse component of the
Earth magnetic field. In a first approximation, neglecting the energy loss, the transverse
displacement (�) is proportional to the magnetic field perpendicular to the shower axis (B?),

53
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to the inverse of the muon energy (E
µ

) and to the square of the path from production to the
ground (L

µ

):

� / B?
E

µ

L2

µ

(4.1)

An evidence for the magnetic distortion in data was first shown inside the Pierre Auger
Collaboration [158], and more recently the same analysis was applied to a larger sample of
events [159]. In the left panel of figure 4.1 the transverse magnetic field seen by a particle
parallel to the shower axis is represented. Muons with opposite charges are deviated in
opposite directions, deforming the shape of the shower front. This is the physics principle
of the deflection and the basis of the study carried out in this chapter. The shower frame
is defined by a polar axis along the shower axis. In the shower plane (perpendicular to the
axis) the distance to the axis (r) and the azimuthal angle in the shower plane (⇣) are used.
The magnetic North at the Auger site is at ' = 86.5° and ✓ = 54.8°, and the value ' = 0°
corresponds to the East direction. In the right panel of figure 4.1 it is shown the intensity of
B? as a function of the arrival direction of the shower. The intensity of B? changes with both
the arrival zenithal angle (✓) and the arrival azimuthal angle ('). This is important because
the deflection su↵ered by the muons is proportional to the intensity of the magnetic field.
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Figure 4.1 Left: deflection due to the geomagnetic field su↵ered by muons travelling along
the shower axis. Right: intensity of the transverse magnetic field as a function of the arrival
direction: ✓ is the zenith angle, ' is the azimuthal angle. The magnetic North at the Auger
site is at ' = 86.5° and ✓ = 54.8°, and the value ' = 0° corresponds to the East direction.

For horizontal air showers, the distance between the production point of the muons and the
ground is large, so the transverse deviation may be large. In fact, it is expectable that the
larger the path the muons have to traverse, the larger the deviation they su↵er. This deviation
is related, then, with the muon production depth, therefore with the Xµ

max

.
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4.2 Indicators of the deflection

The deflections indicated can be measured with the SD. As the showers to be analysed
are inclined, the whole signal in the stations is attributed to the muon component. The
methods explored to extract indicators of the deflections are two: the shower shape and the
parameterization of the lateral distribution.

Shower shape

The first method to measure the deformation of the ground spot is the determination of
the shower shape. This parameter has already been introduced in the previous chapter in
section 3.3, used for the neutrino searches. The shower shape is defined by the width (W )
and the length (L). To obtain this parameter it is necessary to determine the main axes of
the matrix of inertia of the detectors hit in the event, weighted by the integrated signals S

i

produced in each one:
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where x and y are the barycentres of the stations weighted by S
i

. The eigenvalues of this
matrix are:
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The largest eigenvalue is L2, whereas the smallest is W 2. The angle � of the main axis with
the x-axis is such that 2� is the direction of the vector (2I

xy

, I
xx

� I
yy

). It should be noted
that � does not coincide with the arrival azimuthal angle (') of the shower: the tilt � - ' is
one of the manifestations of the magnetic distortion.

The matrix of inertia in projection onto the shower plane (perpendicular to the shower axis)
is computed to notice the relation between the distortion and the transverse magnetic field. In
the absence of magnetic deviation, the projected footprint is practically isotropic around the
shower core, except for a slight forward/backward asymmetry which is compensated, at first
order, by a translation of the core. In these conditions, the magnetic distortion is characterized
by the deviation from 1 of the ratio L/W , and by the value of the direction � of the axis of
the ellipse with respect to B?.

These quantities are highly sensitive to missing stations, either because the footprint extends
beyond the array, or because some stations are missing or not working at the time of the event.
This occurs frequently because the horizontal events have a large longitudinal extension, which
is not negligible compared to the size of the array. Losing a part of the footprint as indicated
in figure 4.2 (right) makes the evaluation of W and L di�cult to recover.
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Figure 4.2 Footprints of inclined events detected in the SD. Left: extensive air shower
footprint inside the array with 20 triggered stations. Right: extensive air shower footprint
in the edge of the array with the shape compromised by the limitation of the latter. The
black line in both panels marks the ' angle obtained from the arrival times of particles in the
station.

Parameterization of the lateral distribution

To be less sensitive to an incomplete coverage of the hit stations, a second method is proposed.
This method is based on a fit of a LDF of the station signals, mostly muonic component.
Two parameters to describe both the spread of the muons and the magnetic distortion have
been included in the function. Billoir, Deligny and Letessier-Selvon [160] showed that, for
horizontal air showers, the dependence of the station signal on the distance to the axis is well
approximated by an empirical exponential function of

p
r. Besides, the angular distribution

is essentially modified by a quadrupolar term, with a main axis perpendicular to B?. The
following parameterization in a station of coordinates (r, ⇣) in the shower frame is proposed:

S(r, ⇣) = S
1000

e��(
p

r
1000

�1)
⇣
1 + ↵ cos

�
2(⇣ � ⇣

B

)
�⌘

(4.4)

where ⇣
B

represents the direction of the magnetic field. The direction is properly determined
by the geometrical fit of a front on the start times, so the parameters in the LDF fit are the
core position (X

c

, Y
c

), the average signal at 1000 m (S
1000

), the lateral extension parameter
(�) and the angular distortion parameter (↵). � and ↵ are the key of this analysis. They
represent the change in the size of the footprint (�) and the change in its form (↵). Note that,
with the definition in equation 4.4, these parameters are lower for higher deviations of the
particles. The selected events must have then at least 5 stations to allow these parameters to
be fitted; in practice, at least 6 stations are requested.
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4.3 Simulation details and data set

Tools for a fast simulation

For this study there is no need to follow the development of the showers down to low energies.
Only muons and their by-products can reach the ground. Besides, photons and electrons of
energy below 500 MeV have practically no chance to produce an interaction generating a muon.
Moreover, the electromagnetic by-products (decay or radiative interactions) follow closely the
direction of the generating muons and have a relatively short range. The contribution of the
electromagnetic by-products to the signal does not modify significantly the lateral distribution
of the muonic signal. In this study only the trajectory of the muons is followed, assuming
that the electromagnetic halo results just in a constant multiplicative factor in the average
signal (between 1.15 and 1.20 according to simulations). The code of the air shower simulator
AIRES has been modified to extract the muons at their production point, where the magnetic
e↵ect on the shower is still negligible.

This sample of muons is then propagated to the ground, taking into account the magnetic
deviation, energy loss, multiple scattering and decay in flight. Instead of simulating the traces
in the WCD, a di↵erent procedure is followed: muons hitting the station are sampled, and the
resulting signal is obtained by summing FADC traces extracted from a library generated from
a simulation of single muons injected in the detector in various directions.

Simulation set

Di↵erent sets of proton and iron showers with di↵erent energies (6 EeV, 10 EeV, 30 EeV)
have been simulated at di↵erent arrival zenithal angles (70°, 74°, 80°). The azimuthal arrival
direction, without importance in other analyses, is fundamental in this study, as the intensity
of the magnetic field seen by the particles in the shower depends on it. Showers with
' = 10°, 30°, ..., 350° have been simulated, and a detailed range between 170° and 190° has
been covered with showers at every 1°. The analysis is focused in this region, because it is
one of the two regions where the influence of the magnetic field is larger (see right panel of
figure 4.1). The hadronic interaction models used are QGSJet01 and Sybill 2.1. Each shower
has been injected 10 times at random positions, to smooth the influence of the array.

Data set

The data set is composed by the inclined events (✓ > 63°) collected at the Pierre Auger
Observatory between January 1st, 2007 and August 31st, 2013. The number of collected
events (N

data

) is 116065. However, for this study only fixed values of the three observables
(E,✓,') have been used, with the corresponding selection cut for each one. The necessity to
meet 3 selection cuts implies that the final number of available events for the study after the
cuts be very reduced. Nevertheless, the selection criteria were flexible enough to guarantee
the maximum number of events without polluting the data sets.

As the reconstruction of the energy implies more incertitude, the energy is not reconstructed
in the data set. Instead, to compare the data against the simulations, a match in S

1000

(see
section 1.4) is requested, as S

1000

is an estimator for the energy. For every fixed energy in the
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simulation set, a range in S
1000

is defined as S
1000

± 1.5 ⇥ �(S
1000

). The selection ranges and
their respective number of events are described in table 4.1 and represented in figure 4.3.

Table 4.1 Intervals of S
1000

[log(VEM)] for di↵erent energies (E
sim

) [EeV]. Based on the mean
and the rms of the distributions in figure 4.3.

E
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�(S
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Smax
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N
data

6 2.58 0.21 2.26 2.89 6816
10 2.92 0.22 2.59 3.25 3892
30 4.07 0.16 3.83 4.31 336
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Figure 4.3 Distributions of the S
1000

for simulated events with di↵erent energies (6, 10 and
30 EeV) and for the whole data set. Intervals of S

1000

(see table 4.1) for di↵erent energies are
derived from these distributions.

The number of events decreases with ✓. The selection has been carried out in ranges of
±2° around the simulated ✓. The number of events available (N

data

) for the lowest (70°),
intermediate (74°) and highest (80°) zenith angles are 27549, 24820 and 14239, respectively.

A flat distribution is found in the ' angle of the data set. For the analysis in ', the whole
range (0°,360°) has been divided in 12 bins. For other analyses, the selection criterion for the
azimuthal arrival direction is based on the magnetic field, selecting the directions for which
B? is higher than 0.9.

4.4 Characterization of the deflections for ↵ and �

The angular distortion parameter ↵ (see equation 4.4) plays a role similar to W/L, as both
measure the angular distortion of the shower produced by the e↵ect of the magnetic field. The
study of the characterization of the deflection is focused, then, only on parameters ↵ and �.
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To characterize them, di↵erent dependencies are studied: the modulation over ', the influence
of the energy and ✓, and the possible dependence on a non-perfect array.

Dependence on the arrival azimuthal angle (')

From figure 4.1 (right) a dependence of the deflection parameters on the arrival azimuthal
angle is expected. This dependence is expected as a modulation and it is interpreted as
originated exclusively by the change in the intensity of the magnetic field seen by the particles
in the shower for di↵erent arrival azimuthal angles. This e↵ect of a ' modulation is shown
in figure 4.4 for simulated proton and iron nuclei primaries using the QGSJet01 hadronic
interaction model. The simulated energy is 10 EeV and the arrival zenithal angle is 74°. The
parameters reconstructed for the Auger data are also shown. Data are selected within the
ranges detailed in the previous section (cuts for energy and ✓). A quality cut excluding events
with relative uncertainty on � and ↵ larger than 40% is also applied. In the end, a few
hundreds of events are available in the whole range of ', leaving a few tens of events in each
bin.

Both ↵ and � parameters are shown in figure 4.4. It is important to remember that lower
values of ↵ and � indicate a stronger deflection. The angular distortion parameter ↵ (figure 4.4,
left) shows a clear modulation in the simulation for both primaries, with small di↵erences
between the primaries in the arrival azimuthal angle regions where the deflection is higher.
The data are, in the majority of the bins, in agreement with the modulation shown in the
simulation, if the error bars are taken into account. This error bars represent the dispersion of
the value divided by the square root of the number of events in the bin, because the aim is
a statistical analysis. The lateral extension parameter � (figure 4.4, right) shows the same
clear modulation in the simulation for both primaries, but the di↵erence between them is
not appreciable except for the ' regions where the deflection is lower. Regarding the data, a
general shift can be observed when comparing the selected events with the simulated ones.
The lateral extension observed in the data is broader (lower value of the parameter) than the
lateral extension predicted by the simulation, and this shift for the case of E = 10 EeV and
✓ = 74° will be also seen in next analyses in the next subsections. It will also be seen that this
shift is not found in all the energies or arrival zenithal angless. The expected modulation is
not clearly observed in the data.

As the sensitivity to ' consists in a modulation, and di↵erent values of ' return the same
deflection, the dependence on this angle, for the following analyses, is considered as the
dependence on the perpendicular magnetic field, real source of the studied feature. Thanks to
this consideration, it is possible to include in the analyses di↵erent ranges of ' corresponding
to the same deflection, increasing the statistical power. Besides, for the following analyses, the
attention is focused only on the region where the deflection is higher. This region is around
both ' = 180° and around ' = 0°, and the selection is carried out by requesting for a B?
higher than 90% of the maximum.

Dependence on the arrival zenithal angle (✓)

The dependence of the deflection parameters on the arrival zenithal angle is expected in two
senses. First, the perpendicular magnetic field, for a fixed ', variates according to ✓. This



60 Chapter 4. Magnetic deviation in horizontal air showers

] °  [ϕ 
0 90 180 270 360

 >
α

 <
 

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

Data (462 evts)
p ° < 76θ< °72
Fe  < 3.25

1000
2.59 < S

] °  [ϕ 
0 90 180 270 360

 >λ
 <

 
4.0

4.2

4.4

4.6

4.8

5.0

Data (557 evts)
p ° < 76θ< °72
Fe  < 3.25

1000
2.59 < S

Figure 4.4 Angular distortion parameter ↵ (left) and lateral extension parameter � (right) for
di↵erent values of the arrival azimuthal angle, for extensive air showers induced by proton
(red curve) and iron nuclei (blue curve) primaries with 10 EeV energy and zenith angle 74°
(simulations performed with QGSJet01). A range in energy and ✓ is chosen (see text) to select
the events in the data (black squares). A quality cut in the uncertainty of the parameter is
introduced excluding those events with a relative uncertainty larger than 40%. The error bars
represent the dispersion of the value divided by the square root of the number of events in the
bin.

variation with ✓ also changes for the di↵erent selected '. For some ', B? increases with ✓, for
other it decreases, and for some regions, as the region selected for this study (B? > 0.9|B|), it
is stable (see figure 4.1, right). Second, and even more important, air showers with higher
arrival zenithal angles traverse a longer path through the atmosphere, increasing the exposure
to the deflection.

The histograms for the three values of ✓ (✓ = 70°, 74°, 80°) are shown in figure 4.5, where the
simulations are compared to data. In the three cases, proton showers have been simulated
with QGSJet01, at 10 EeV of energy and B? > 0.9|B|. The scarcity of the available events is
evident for the largest ✓.

A strong dependence of the deflection on ✓ is clearly appreciated in both parameters, where
higher values of ✓ correspond to lower values of ↵ and �, and consequently, to higher deflection.
The dispersion of the parameter ↵ is clearly smaller for the largest ✓, when considering the
simulations. This improvement in the resolution with ✓ is very slightly appreciated for the
other two angles, and it is not appreciated in the data, so a general conclusion is di�cult
to achieve. The data return the values predicted by the simulations for both parameters,
with the exceptions of the cases of � at 74°, where the deflection shown in the data is higher
than the prediction, and ↵ at 80°, with a deflection lower than the predicted one. This was
also observed in the previous figure. However, this needs to be interpreted carefully, as the
statistics available are small.
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Figure 4.5 Angular distortion parameter ↵ (left) and lateral extension parameter � (right).
Histograms for di↵erent zenith angles and same energy (10 EeV) and B? > 0.9|B| for protons
generated with QGSJet01 and for the Auger data. The sizes of the distributions are normalized
to facilitate the comparison, but the decreasing of the available events with higher ✓ is clear:
the numbers between parenthesis indicate the statistics.

As the changes in the parameters with ✓ are a↵ected not only by the changes in perpendicular
magnetic field, but also by the changes in the traversed atmospheric path, the selection in
✓ can not be carried out by the selection in B?, like it is done for the ' dependence, so the
selection is carried out in ✓. A selection carried out in B? instead of ✓ would allow to reduce
the number of cuts, as both ✓ and � would be selected at once.

Dependence on the energy

To study the dependence of the deflection parameters on the energy, three values of energy
have been selected (6, 10 and 30 EeV). The primaries are protons simulated with QGSJet01.
The mean ✓ is 74° with the cited width of ±2°. The condition on B? > 0.9|B| is also requested.

The distributions of the corresponding parameters are shown in figure 4.6 for data and
simulations. The mean of the angular distortion parameter ↵ (left) remains una↵ected if the
energy of the primary is changed, but the dispersion is reduced for higher energies. This
prediction by the simulation is confirmed in the data. On the contrary, the lateral extension
parameter � (right) reveals a small dependence on the energy of the primary particle. This
dependence with the energy may be related to the fact that the range in r for triggered stations
increases with energy, so a small deviation from the LDF shape results in a r-dependent
e↵ective slope of the exponential, hence a bias on the fitted value �. When comparing data
to simulations with the same lateral extension, this bias is not a real problem. It may also
be sensitive to the handling of non-triggered stations in the fit; these technical problems are
beyond the scope of this analysis. At the same time, with higher energies the resolution
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improves, due to the availability of more stations in the fit. A relatively good agreement
between the data and the simulation is also found, except for the bias in �.
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Figure 4.6 Angular distortion parameter ↵ (left) and lateral extension parameter � (right).
Normalized histograms for di↵erent energies and same zenith angle (74°) and B? > 0.9|B|.
The data are normalized and the lack of large statistics is clear for higher energies, as it is for
larger ✓. The number of events is shown between parenthesis. The simulated primaries are
protons generated with QGSJet01.

Dependence on a limited surface detector array

The shower shape expressed with W and L was discarded for the clear dependence on a limited
array. Horizontal events are long spots hitting a large number of stations and the chance to hit
a border station is larger than in vertical showers. Moreover, the possibility of having one or
several stations non functioning in the event, is not negligible. The proposed parameterization
(equation 4.4), a priori, does not depend on the array. However, the possible bias on the fitted
values of the parameters ↵ and � with the array imperfections needs to be investigated.

A study has been conducted to account for the imperfections of the array in two senses. First,
forcing the spot of the shower to be at the border: a line is drawn with a random position
(from 0 to 1000 m from the core) and random orientation (from 0° to 360°) inside the spot.
The stations above the line are discarded. And second, removing 20% of the stations randomly
from the list, even if the expected missing station rate in Auger is not that high. Finally, after
the two introduced imperfections, four configurations of simulations are carried out: perfect
array; array with borders; array with holes; array with borders and holes. The same conditions
established for previous analyses have been requested: E = 10 EeV, ✓ = 74° and B? > 0.9|B|,
with the corresponding ranges for the data. In figure 4.7 it is shown how the parameters ↵
and � are stable against the imperfections of the array, but their distributions are broadening.
The mean of the di↵erent cases remains mostly identical, even if the number of fitted stations
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changes in all the cases.
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Figure 4.7 Parameters ↵ (left) and � (right) for di↵erent array assumptions. Perfect array
(solid red line), events at the border (dashed blue line), events with missing stations (dotted
green line) and events at the border and with missing stations (dotted and dashed pink line).
The Auger data are also shown (solid black line). QGSJet01 simulated proton at E = 10 EeV,
✓ = 74° and B? > 0.9|B|.

4.5 Dependence on the muon production profile

A relation between the angular distortion ↵ and the muon path is expected, allowing the access
to Xµ

max

through an observable measured with SD. However, as exposed above, this distortion
also depends on the arrival direction (✓,'), whereas it has been found to be independent of
the energy of the primary particle. If ✓ and ' are precisely measured using the arrival times
of the particles at the detector, the sensitivity on Xµ

max

for the angular distortion can be
exploited. In this analysis, the value of Xµ

max

for the simulation set is taken directly from the
MC simulation. Using this analysis, an estimator for Xµ

max

will be constructed, and it will be
applied to both simulation and data.

Even if the independence of ↵ on the energy is shown in figure 4.6, the study of the possible
dependence of ↵ on the muon profile is carried out for di↵erent energies (by the mentioned
selection in S

1000

), evaluating the energy with the LDF analysis. In the left panel of figure 4.8,
the distortion for events with di↵erent Xµ

max

is shown, for protons, irons and a mix simulated
with QGSJet01 at 10 EeV. The arrival zenithal angle is 74° and the condition of a perpendicular
magnetic field higher than the 90% of the maximum is also requested. The correlation between
the distortion and the observable Xµ

max

is clear. The di↵erence (for the same Xµ

max

) between
proton and iron is small enough to observe this correlation with any other proportion chosen
in the mix. However, as the error bars in ↵ (for data) are larger (for single events) than the
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di↵erence between proton an iron (see figure 4.4), an event-by-event analysis is not possible.
But a statistical analysis of the average values of ↵, and consequently, Xµ

max

, is still possible.
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Figure 4.8 Left: correlation between the angular distortion ↵ and Xµ

max

for showers at
E = 10 EeV, ✓ = 74° and B? > 0.9|B|, simulated with QGSJet01. Protons (empty red
squares), iron (empty blue squares) and a mix of the two (solid pink circles; 2/3 protons
1/3 irons). The line is the fit of the points of the mix. Note that both primaries are not
equally distributed along Xµ

max

, and for the simulation set for irons, the maximum Xµ

max

is
about 480 g/cm2, so above this value (last four bins) the mix represents only protons. Right:
parameter ↵ for di↵erent intensities of the magnetic field for a fixed energy and ✓. A mix
(2/3 protons 1/3 irons) simulated with QGSJet01 at E = 10 EeV and ✓ = 74°. The points are
fitted to a line, fixing the second parameter (y-intercept) to zero. The slope resulting from the
fit is indicated in the legend. The data for the indicated energy and ✓ are also represented.

For given values of E, ✓, B?, the variation over the mean ↵ (�↵ = ↵ � ↵̄) is expected to
depend on Xµ

max

. Besides, as the relation between ↵ and Xµ

max

has been found to be linear,
the relation between this deviation from the mean (�↵) and Xµ

max

is also expected to be linear.
By fixing (E,✓) to certain values, it is possible to study the evolution of the mean of ↵ over all
possible B?. This is represented in the right panel of figure 4.8, focusing the attention in the
region with more deflection. The points are fitted to a line (↵̄ = a

1

B?) with the y-intercept
equal to zero. The absence of a second parameter is due to the fact that ↵ should be equal
to zero in absence of magnetic field. This fitted line, and the calculated parameter a

1

, allow
the calculation of a mean expected distortion (↵̄), dependent on B?, for every combination of
values of (E,✓). Finally, the di↵erence between the measured value of ↵ and the calculated
mean (�↵ = ↵ � ↵̄) is expected to be correlated with Xµ

max

(see left panel of figure 4.9).

This relation can be parameterized. The values of �↵ versus Xµ

max

are in figure 4.9 (left) for
the case of E = 10 EeV and ✓ = 74°. These points are fitted to a line (�↵ = a

2

⇥ Xµ

max

+ b
2

).
The parameters obtained (in addition to a

1

already known) allow the construction of an
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Figure 4.9 Left: correlation between the proposed parameter �↵ against Xµ

max

. The shape is
fitted to a line, with the parameters indicated in the legend, for a mix of 2/3 protons and 1/3
irons. Right: estimated Xµ

max

(with estimator in equation 4.5) for di↵erent values of the B?.
Estimated value for proton (red circles), iron (blue circles), and data (small black squares).
An average value for the data is also shown (big black circles). The horizontal lines indicate
the simulated Xµ

max

for proton (red) and iron (blue), where the solid lines indicate the mean
and the dashed lines indicate the mean ± rms. Simulated with QGSJet01 for E = 10 EeV,
✓ = 74°.

estimator for Xµ

max

, based on ↵ and B?, with the following shape:

Xµ

max

= a ↵ + b B? + c (4.5)

where the parameters a, b and c are specific for every combination of E,✓.

a =
1

a
2

; b = �a
1

a
2

; c = � b
2

a
2

(4.6)

The application of this estimator to the Auger events with E = 10 EeV and ✓ = 74° is
shown in the right panel of figure 4.9, with the parameters obtained as explained above. The
estimation of Xµ

max

carried out with the distortion of the simulations is in the range expected
for both primaries. Regarding the estimated Xµ

max

for the Auger data, the mean is in the
middle of the proton distribution, and a bit too deep with respect to the iron case, but inside
the distribution if the error bar is considered.
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4.6 Dependence on the transverse momentum

If ↵ measures the angular distortion, � measures the lateral extension. It is expected that this
parameter bring to the ground information about the development of the shower. To study
the possible influence of hadronic processes in the lateral extension parameter, di↵erent tests
have been performed.

With the same initial conditions for the primary particle (protons with E = 10 EeV, ✓ = 74°
and B? > 0.9|B|), some changes in the development assumptions have been simulated. First,
two di↵erent models, Sybill 2.1 and QGSJet01, were used to simulate the showers. And second,
two di↵erent transverse momentum (P

T

) were assigned: the nominal one, or a factor 1.1 on
the P

T

of all muons (without changing the energy).

In figure 4.10, the deflection parameters for the four combinations of the model and the P
T

factor are shown. The Auger data are also shown. Even if a priori only � was expected to
show an appreciable change, the means of the distributions for the di↵erent combinations
change either for ↵ (left) as for � (right). This proves the dependence on the models of the
analysed parameter. In QGSJet01 larger values of � and smaller values of ↵ are found than in
Sybill 2.1, while di↵erent P

T

provokes a change in both models.
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Figure 4.10 Distributions of the parameter ↵ (left) and parameter � (right) for di↵erent
models (red and blue lines). Dashed lines indicate a 10% incremented P

T

factor. Simulations
have been done for protons at E = 10 EeV, ✓ = 74° and B? > 0.9|B|. Auger data are also
shown (black histogram).

To quantify this change, in a first approximation, it is possible to use the Kolmogorov-
Smirnov (KS) test [161]. This test is based on the maximum distance of the empirical
cumulative distribution function (ECDF) of the two compared distributions. This test takes
into account in the comparison the mean, the rms and the type of distribution. Several
comparisons are of interest: between the two models, between the two di↵erent P

T

, and how
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similar all the simulated distributions are to the data. In table 4.2 the di↵erent values for the
maximum KS distance (D

KS

) are shown. For completeness, the means and the rms are also
shown (see table 4.3).

Table 4.2 Maximum KS distance between distributions of ↵ and � from di↵erent assumptions
in the development of the shower, two hadronic interaction models and di↵erent P

T

. The
results of the KS tests are shown also after comparing the four simulated distributions with
that given by the data.

Case Comparison D
KS

(↵) D
KS

(�)
1 QGSJet01 Vs Sybill 2.1 0.20 0.10
2 QGSJet01 Vs QGSJet01 high P

T

0.14 0.14
3 Sybill 2.1 Vs Sybill 2.1 high P

T

0.11 0.12
4 Data Vs QGSJet01 0.15 0.20
5 Data Vs Sybill 2.1 0.13 0.10
6 Data Vs QGSJet01 high P

T

0.10 0.11
7 Data Vs Sybill 2.1 high P

T

0.22 0.06

Table 4.3 Mean and rms for ↵ and � for di↵erent assumptions in the models.
↵ �

mean rms mean rms
QGSJet01 -0.34 0.15 4.53 0.36
Sybill 2.1 -0.28 0.15 4.44 0.39
QGSJet01 high P

T

-0.30 0.14 4.42 0.35
Sybill 2.1 high P

T

-0.24 0.15 4.33 0.38
Data -0.30 0.22 4.37 0.47

By analysing the angular distortion, the distributions due to di↵erent hadronic interaction
models have a D

KS

between them of 0.20 (see case 1 in table 4.2), deflections being higher
for QGSJet01. A higher P

T

slightly decreases the deflection (cases 2 and 3). This e↵ect is
observed in both hadronic interaction models. Furthermore, out of the 4 combinations, the
data distributions are more similar to that based on QGSJet01 with increased P

T

(0.10, case
6). Sybill 2.1 with increased P

T

shows a D
KS

of 0.22 (case 7) far from the data, whereas the
other two combinations yield in intermediate values of D

KS

.

By analysing the lateral extension, the di↵erence between the models is found lower than
in the ↵ case. Muons in the simulations performed with QGSJet01 su↵er a lower deflection
quantified in a D

KS

of 0.10 (case 1 in table 4.2) when comparing with those simulated with
Sybill 2.1. In both hadronic interaction models, a higher deflection is observed when P

T

is
increased (cases 2 and 3). The data are more likely to be represented by the Sybill 2.1 model
with increased P

T

(case 7), according to D
KS

, whereas QGSJet01 (case 4) is the one with a
larger distance between the distributions.

All these quantifications have to be considered very carefully, as the uncertainties in the
presented method are large. However, the influence of the changes in the model assumptions
in both deflection parameters is proven. The sense of this influence (either increasing or
decreasing the deflection) is also characterized.
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4.7 Conclusions

The shape of the shower spot at ground, measured by two di↵erent parameters (↵ and �)
has been proven to be dependent on di↵erent extensive air shower observables. The angular
distortion parameter ↵ is dependent on the azimuth angle ' and the zenith angle ✓, but not on
the energy (see figures 4.4, 4.5 and 4.6, left). In contrast, the lateral extension � is dependent
on the azimuth angle ', the zenith angle ✓, and also on the energy (see figures 4.4, 4.5 and 4.6,
right).

However, the dependence of these parameters on more interesting shower properties is more
relevant. The parameter ↵ is correlated with Xµ

max

, an observable used for composition analyses
(see figure 4.8, left), that has been proven di�cult to extract. Using this dependence, an
estimator of Xµ

max

for a statistical analysis has been constructed (see equation 4.5), providing
an alternative approach to composition analyses (see figure 4.9, right). This approach is
complementary to other MPD approaches (see section 3.2 or [144]). The zenith angle used for
this analysis (74°) is larger than those used in the other approaches (55° < ✓ < 65°), having
access to a di↵erent set of data. The larger zenith angle also implies that the muons arriving
to the ground are those with higher energies, accessing to earlier stages of the development of
the hadronic cascade.

Furthermore, ↵ and � are sensitive to the simulation model and to other di↵erent assumptions
taken in the cascade process, like the P

T

distribution of the muons. The study of these
dependences could lead to an improvement of the knowledge about the cascade development
(see figure 4.10).

The deflections observed are stronger for larger zenith angles. However, for this inclination,
the Auger events available are very reduced, and a compromise has to be found between the
size of the data sample and the studied deflection. ✓ = 74° has been chosen as a valid middle
point.

In general, data and simulations are in an acceptable agreement for the deflection parameters.
The parameter � is a↵ected by the chosen model and by the P

T

distribution, so the models
have to be adjusted to find the best representation of real events. As a future perspective,
di↵erent parameterizations of the signal (see equation 4.4) can be tried to improve the method.



Chapter 5

Radio detection

The second approach to improve the mass composition identification capabilities of Auger is
the use of new detection techniques with access to the longitudinal development of the shower
in a full duty cycle operation. The radio emission in extensive air showers is the physical
e↵ect to be explored in this chapter. Di↵erent emission processes are examined, particularly
focusing on the Molecular Bremsstrahlung Radiation (MBR). The MBR represents the most
promising emission to be used as a new technique in ultra-high energy cosmic rays detection.

The proper understanding of the radio emission processes in extensive air showers is a
gigantic task. Several research groups are currently working on this subject from very di↵erent
perspectives. The research lines followed by the Extensive Air Shower Identification using
Electron Radiometer (EASIER) group and the author are described in this chapter, along
with other experiences that can help the reader to contextualize the whole subject of radio
detection in extensive air showers.

The di↵erent emissions at radio frequencies and their characteristics are described in section 5.1.
The initiatives of the Pierre Auger Collaboration on this topic are summarized in section 5.2.
The section 5.3 briefly describes the instrumentation to equip a WCD with an antenna for
radio detection. The di↵erent e↵orts done are detailed in sections 5.4, 5.5 and 5.6. Finally,
the conclusions are presented in section 5.7.

5.1 Radio emission

The physical e↵ect to be explored in this chapter is the radio emissions by secondary particles in
the extensive air showers. The measurement of the radio signal is a calorimetric measurement
of the electromagnetic profile, that contributes to the mass composition analysis in two senses.
First, the maximum of the radio trace is directly related with the depth of shower maximum.
And second, the muonic signal can be deduced by the subtraction of the estimated radio signal
from the SD signal. These measurements would have similar characteristics to those of the
FD, without the limitations in the duty cycle.

In the 1950s, the detection of Cherenkov emissions in the optical frequencies in extensive air
showers was discovered and found to be concentrated in the forward direction [17]. After this
discovery, the question was opened about the possibility to detect this radiation also in the
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microwave region of the spectrum [18]. A coherent Cherenkov emission at lower frequencies
was pointed out by Askaryan [162] in 1962, as result of a negative charge excess arising
from the accumulation of Compton scattered electrons and positron annihilation. The first
radio pulses detected from extensive air showers were reported by Jelley and collaborators
in 1965 [19, 163]. In this first detection, the frequency was 44 MHz, but frequencies from a
few MHz to 3 GHz were explored in the next years. A geomagnetic e↵ect as origin of the
radio emission was pointed out by Askaryan and further developed by Kahn and Lerche [164].
Despite these successful detections, the development of the detection techniques based on
radio signals produced by extensive air shower was left aside in favour of detections based on
particle detectors and fluorescence observations.

More recently, the problems with the FD duty cycle and the little longitudinal profile
information in extensive air showers provided by the particle detector arrays renewed the
interest of the community in the radio detection, in particular along three research lines.

Geosynchrotron emission

The first research line was open after the successful experiences of CODALEMA [62], a
radio array working in coincidence with scintillators, and those of LOPES [63], also working
in coincidence with the KArlsruhe Shower Core and Array DEtector (KASCADE) array.
Both experiments explored the mentioned geosynchrotron emission proposed by Kahn and
Lerche [164].

The geosynchrotron emission (white arrows in figure 5.1) is the dominant contribution to
the radio emission in the atmosphere. It is caused by the acceleration of electrons and other
charged particles in the geomagnetic field. The geomagnetic field contributes to separate the
charged components in the shower. This electric dipole, and its transverse current, provide an
additional emission mechanism. Particles of opposite charge emit a radiation in opposition of
phase that cancels out. However, if the charges are spaced at a distance d, the phase di↵erence
is shifted by a factor of d/�, where � is the wavelength of observation. A wavelength greater
than the physical dimensions of the emitting region would lead to a coherent emission. The
longitudinal dispersion of the shower particles is considered as the thickness of the shower
disk (< 3 m), so frequencies lower than 100 MHz are required to have a coherent emission.
Besides, the constant deflection of the charged particles generates a transverse current, source
of magnetic field. When this element of current is moving faster than the speed of light in the
medium, a shock wave is produced and the radiation is amplified.

In this first research line, the radio detection is focused on the MHz range. The experiences
of CODALEMA and LOPES have been more recently followed by AERA [165], measuring
geosynchrotron emission at Auger. The e↵orts made by the EASIER group and the author
about this topic are detailed in section 5.4.

Askaryan e↵ect

The second research line was opened after the verification in accelerator experiments of the
mentioned Askaryan e↵ect, predicted in 1962 [166].

Askaryan suggested that the extensive air showers in dense media could not be electrically
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0 g/cm2

870 g/cm2

Figure 5.1 Sketch of the di↵erent kind of radio emissions in the extensive air shower. Geosyn-
chrotron and Askaryan are beamed emissions (white arrows), whereas the MBR is an isotropic
emission (black arrows). Note that for the MBR only the emissions that arrive to the antenna
are represented, but they are emitted in all directions. The electromagnetic component of the
shower (red scattered lines) and the muonic one (blue arrows) are also represented. The big
red arrow represents the primary particle. The sketch is not scaled.

neutral, as Compton scattering could knock electrons from the material into the shower.
Besides, positrons in the shower could annihilate in flight. The number of moving electrons in
the shower can exceed the number of positrons by some ten percent. This excess should lead
to a strong coherent radio and microwave Cherenkov emission (white arrows in figure 5.1) for
showers that propagate within a dielectric.

Although the dominant source of radio emission is due to the geomagnetic separation of
charges, rather than to the Askaryan e↵ect, the fact that this e↵ect is more intense in dense
media (like ice) has triggered experiments at the South Pole like RICE [65], ANITA [66],
ARIANNA [67] and ARA [68].

Molecular Bremsstrahlung Radiation (MBR)

The third research line was triggered by the observations of microwave continuum emission
in the GHz band [1-10 GHz] from the free charges in the air shower, due to MBR, in the
experiments at Argonne Wakefield Accelerator Facility (AWA) and SLAC National Accelerator
Laboratory (SLAC) [82].

The ionization process is the main mechanism of the atmosphere to absorb the energy of the
extensive air shower, resulting in numerous low energy electrons. The MBR is a continuous
Bremsstrahlung emission (black arrows in figure 5.1) produced in weakly ionized air, and
created by these free secondary electrons through quasi-elastic scattering in the fields of neutral
molecules of the atmosphere, mainly with nitrogen, and to a lesser extent, oxygen [167]. This
emission in the GHz range is expected to be isotropic and unpolarized, allowing extensive air
showers to be detected, in theory, far from the shower core. MBR emission can be compared,
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in terms of experimental measures, with fluorescence emission. The MBR emission intensity
is expected to be proportional to the extensive air shower ionization rate, consequently to
the total number of charged particles in the shower, and therefore to the shower energy. The
intensity of this emission is still not very well established, although several e↵orts have been
carried out by di↵erent research groups [82, 167–170].

In addition to the AWA and SLAC experiments, Air Microwave Yield (AMY) [169] and
Microwave Air Yield Beam Experiment (MAYBE) [168] were also set up to confirm and
characterize the MBR emission. Besides, AMBER, Cosmic Ray Observation via Microwave
Emission (CROME), MIDAS and EASIER have been exploiting this detection option. The
di↵erent e↵orts done by the author in the AMY experiment and, mostly, with the EASIER
group, are detailed in sections 5.5 and 5.6.

Detection of radio signals

As a summary of the di↵erent physical e↵ects described above and their characteristics, it is
worthy to focus on how these di↵erent e↵ects can be detected. The geosynchrotron emission is
searched in the MHz range and the MBR in the GHz range, whereas the Askaryan e↵ect is
searched in a wide range between the two.

Both geosynchrotron and Askaryan emission are beamed, so the usage of these methods
to detect extensive air showers is very limited around the shower core, discouraging their
application to detect ultra-high energy cosmic rays. On the contrary, the MBR emission, being
isotropic and unpolarized, would provide a relatively cheap detector analog to the FD with
the added benefits of having nearly 100% duty cycle and being una↵ected by atmospheric
attenuation (less than 0.05 dB/km) or clouds. The consolidation of this detection technique
would be a great step to determine the mass composition of cosmic rays.

The disadvantages of a beamed emission are two. First and most evident, the antenna need
to be close to the core, reducing a lot the spacing between antennae, needing a large number of
them to cover large surfaces like the one in Auger. Second, from a geometrical point of view,
the antennae close to the core have a limited perspective of the profile of the shower (see white
arrows in figure 5.1). The radio emissions produced all along the development of the shower
arrive to the detector in a very short window of time, since their velocity is c/n, and from very
similar directions. Actually, they arrive after the shower, as the particles of the shower travel
at ultra-relativistic speed. This disadvantage does not completely prevent the reconstruction
of the X

max

, but it makes it more di�cult, needing several measures in a very small region,
increasing even more the needed density of detectors. As a result, the number of antennae
needed for the detection of ultra-high energy cosmic rays based on beamed radio emissions is
too high, being unfeasible. On the contrary, antennae far from the shower detecting MBR
emission (see black arrows in figure 5.1) have a better perspective that allow a more precise
reconstruction of the X

max

of the shower, and they can detect showers at, in principle, several
kilometres.

The possibility of an extension of the emission due to geomagnetic e↵ect (normally associated
with the MHz range) to higher frequencies has been suggested by the analysis of simulations
[171]. The detection of this e↵ect in the GHz range is possible at short distance from the
shower axis. MBR emission is expected to be isotropic and unpolarized, while the possible



5.2. Radio e↵orts at Auger 73

geomagnetic emission is beamed and polarized, as pointed above. These two parameters,
the distance of detection and the polarization, are the key to understand the mechanism
responsible for the detected emission.

5.2 Radio e↵orts at Auger

As described in section 1.4, four di↵erent R&D projects are being developed inside the Pierre
Auger Collaboration, to improve the capabilities of the Observatory to measure the radio
emissions of extensive air showers (see figure 5.2).

FIGURE 1. Locations of the three microwave prototypes at the Pierre Auger Observatory. The field of view (FOV) of AMBER
is delimited by the black lines, the FOV of MIDAS is delimited by the red lines. The EASIER array is shown in green dots.

few nanoseconds, and a signal level that scales quadratically with the particle content of the beam. These characteristics
make MBR in the GHz band a very promising channel for the study of UHECRs. Moreover, the routine use of
different sub-bands of the GHz spectrum for satellite TV emission and wireless telecommunication make commercial
instrumentation widely available at modest costs.
AMBER and MIDAS share the concept of radio-fluorescence detectors, instrumenting an array of feed horn antennas
at the focus of a parabolic dish. Just as the fluorescence detectors, they aim at imaging the longitudinal development of
the showers. AMBER is designed to be triggered by the SD, while MIDAS uses its own trigger, closely following the
trigger design of the Auger FD [4]. EASIER is an alternative design; it is embedded in the SD, thus the radio detector
is integrated with the tank electronics and data acquisition. EASIER relies on the observation of the shower from the
ground with a wide angle antenna pointing to the zenith. The locations of the three prototypes at the Pierre Auger
Observatory are depicted in figure 1. Besides the fact that all three detectors share the benefit from the commissioning
at the Pierre Auger Observatory, thanks to the quite radio environment, possible coincident detection with the SD
and/or the FD can be an important asset in determining the signal origin.

All the experiments work in the extended C-band, between 3.4 and 4.2 GHz, that is reserved to the reception of direct
broadcast satellite television. Ku-band receivers (10.95-14.5 GHz) are also implemented in the case of the AMBER
detector. The sensitive elements of AMBER are antenna horns coupled to a low-noise block amplifier and a down-
converter unit (LNB). EASIER and MIDAS use LNBFs that integrate the active antenna element and the amplifier
into a single compact unit. In both cases, the amplifiers have a gain of ⇠70 dB and the down-converted signal has
a frequency of ⇠1 GHz. The RF signal is then fed to a logarithmic power detector whose output is a DC voltage
proportional to the logarithm of the input signal.

1.1. AMBER

AMBER (Air Shower Microwave Bremsstrahlung Experimental Radiometer) is a radio telescope of a 2.4 m
diameter off-axis parabolic dish, that images a sky section of 14� by 14� at 30� elevation angle onto a camera
segmented in 16 pixels. The twelve outer pixels are single-polarized C-band feed-horns, while the four inner ones are
dual-polarized and dual-band (C-band and Ku-band). A picture of the dish and the receivers is shown in the left panel
of figure 2. The power detector output of each channel is sampled at a rate of 100 MHz with FADCs. Upon reception
of an SD trigger, a fast geometrical reconstruction of the SD event using a modified version of the SD trigger [5] is
done giving the time at which the shower crossed the AMBER field of view (FOV). Due to the uncertainties on this
real-time reconstruction, a data readout window as large as 100 µs is retrieved from a large circular buffer of 5 s from
each channel and stored for further analysis.

Figure 5.2 Map with the di↵erent experiments measuring radio emissions of extensive air
showers at Auger.

The AERA final configuration consists in 160 antennae over a surface larger than 15 km2. Up
to now 124 have been installed. The radio detection is focused on the MHz range (from 30 to
80 MHz), benefiting from the geosynchrotron emission of the extensive air showers. The initial
idea of AERA was to operate with an independent trigger based on the radio detection, but
finally an external trigger based on the SD trigger will be implemented. The first important
result of this R&D is the characterization of the radio emission in the explored range, where
the emission is normally attributed to geomagnetic e↵ect. The measurements done by AERA
suggest the existence of another component that cannot be described by the geomagnetic
emission process. This measured component is polarized radially with respect to the shower
axis, in agreement with the Askaryan e↵ect. This Askaryan component is established and
represents a fraction of 14% of the measured emission [165].

AMBER and MIDAS focus their attention on the GHz range, and they search the detection
of the MBR emission. These R&D projects are designed replicating the techniques of the
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fluorescence detectors [172]. AMBER is a radio telescope of a 2.4 m diameter parabolic dish.
In the focus of the dish parabole there are 16 antennae functioning as a camera. The twelve
outer pixels are single-polarized C-band feed-horns, while the four inner ones are dual-polarized
and dual-band (C-band and Ku-band). The field of view (FoV) is 14° ⇥ 14° at 30° of elevation.
AMBER operates with a SD dependent trigger. The AMBER prototype was tested at the
University of Hawaii during 2010, and finally installed in the Auger site in 2011. MIDAS has
a bigger parabolic dish (4.5 m) and a camera with 53 pixels. Each pixel is a C-band LNBF
covering ⇠ 1.3° ⇥ 1.3° of the sky, for a total FoV of 20° ⇥ 10°, and it has an autonomous
trigger. Initially installed at the University of Chicago, it was re-commissioned in September
2012 at the Auger site, where its performances are expected to improve in this radio quiet
environment, and profiting from measurements in coincidence with the FD and SD.

The EASIER project is the fourth Auger R&D project. EASIER is an alternative approach, as
it is designed with the purpose of detecting extensive air shower radio signals in a complementary
way to the Auger SD. Two frequency regions are chosen as possible ranges to detect the radio
emissions of the extensive air showers: the MHz range and the GHz range. The EASIER
project was already started at the beginning of this thesis in 2012, and the results regarding the
activities previous to this work are well described in the Ph.D. thesis of Romain Gäıor [69] and
other publications [172, 173]. The last attempts to measure the radio emissions in extensive
air showers with the EASIER project are described in the following sections. Brief details on
the general state of the art regarding the MBR emissions are also included.

5.3 Instruments for the radio detection

The radio emission search in EASIER is developed in di↵erent frequency bands and with
di↵erent devices and configurations, but the strategy for the implementation of the testing
prototype is very similar in all the cases. In this section, the basic elements used in the
installation of the antennae for the radio detection are briefly described.

In all the di↵erent EASIER configurations, the radio detection system is integrated in the
WCD. The main reasons for the integration of the antenna in the WCD are the triggering of
the radio detection (the WCD is the one that detects the presence of cosmic ray events), and
the possible combination of the signals to have multicomponent information of the shower. But
there are also technical reasons as powering the antenna or registering the signal, among others.
The powering of the antenna is carried out with a power supply adapter. The consumption of
the antenna and the added electronics is acceptable by the station power system. The data
collected with the radio system are transmitted by one of the channels of the station. To
minimize the impact, the radio signal uses the low gain channel, used only when the high gain
channel is saturated. A study has been conducted to find out if the reconstruction parameters
are a↵ected with this modification. The study shows that the main reconstruction parameters
remain mostly una↵ected if one of the low gain channels is not available [174].

The di↵erent antennae (see figure 5.3) are installed, in all the cases, at the top of the station.
In the first step after the antenna there is a low noise amplifier (LNA), as the amplitude at
the output of the antenna is expected to be very low. This is followed by a filter. The signal
is then integrated over the whole band and no o✏ine filtering is possible. The selection of the
frequency band is important to avoid the contributions coming from local emitters. It is also
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Figure 5.3 Left: fat dipole antenna installed in the hexagon in 2011 for MHz measurements.
Middle: feed horn LNBF GI-301SC antenna installed (7 in 2011 and 54 more in 2012) for
the GHz measurements. Right: one of the butterfly antennae installed in 2013 for MHz
measurements.

important to know with precision the working range when performing the signal integration.
The radio frequency (RF) signal needs to be transformed from the frequency range in which
it is detected to a shape that can be acquired by the Auger system. A logarithmic amplifier
returns in the output a voltage proportional to the logarithm of the input power. After this
logarithmic amplifier, an electronic board adjusts the signal to the final dynamic range of
Auger through a linear transformation. The gain and the o↵set for this transformation have
to be calibrated for each equipment at the laboratory previously to the installation in the
field, and set up to a configuration that gives, at the end of the chain, a voltage between -2
and 0 V. Once the signal is transformed as described, it is integrated in the standard Auger
chain of data acquisition.

Regarding the inclusion of the antennae in the actual array, the strategy followed in all the
cases is to first install an hexagon test. If this experiment is successful, it is followed by a
larger configuration. An hexagon is formed by seven detectors (6+1 in the center) in the
standard array, with WCDs spaced 1500 m, covering ⇠ 5.8 km2. This configuration allows for
the detection of the event with di↵erent antennae and, potentially, the reconstruction of the
event with the observables derived from the testing instrument.

5.4 Radio emission in the MHz band

In the MHz range, the first attempt was focused on the frequency range between 30 and
80 MHz, by filtering the signal with an electronic board. The receiver chosen was a fat dipole
antenna (see figure 5.3, left) as the one tested and used in the CODALEMA experiment. An
hexagon with seven of these antennae was installed in 2011 and the data collection lasted 8
months: 36 radio events were recorded in coincidence with extensive air showers detected by
the SD. The energy of these events was from a few 1017 eV to more than 3 ⇥ 1019 eV. The
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detection was proven to be possible and e�cient, but the prototype had several deficiencies.
First, the electronic connections were fragile. Second, the wind load of the antenna was too
high in the Auger site for the position of the antenna. Third, the position of the antenna on
the tank influenced the power pattern, making the e�ciency of the detection anisotropic. The
recorded signal was always very close to the shower axis in events with large zenith angle and
the detection for vertical events at distances larger than 200m was not achieved [69].

After the decommissioning of the seven fat dipole antennae, new e↵orts have been done
to measure an extensive air shower emission in the MHz range, after the evaluation of the
first test. The antenna design was changed to a butterfly antenna, following the evolution
of CODALEMA (see figure 5.3, right), chosen to optimize the sensitivity between 30 and
80 MHz [175]. Other improvements were also included. First, the cable transporting the
RF signal from the antenna to the electronic board was shielded to avoid its radiation and
amplification, as it happened in the first installation. Second, a customized filter was ordered
with a steep cut at 30 MHz and 60 MHz (see figure 5.4, right), as in the the first installation
the band was found too large and several peaks were observed. A loss of 40 dB is reached at
3 MHz out of the selected frequency band. And third, the electronics was separated into two
boards, to insure that no electronic noise from the power supply (in an independent box in
the new configuration) can a↵ect the data acquisition. The two boxes are connected with a
cable equipped with ferrite to filter low frequency modulation from the power supply board to
the EASIER board.

Calibration

During the fall of 2012 and the beginning of 2013, the calibration work of the EASIER electronic
boards in the laboratories of the LPNHE was developed. The calibration was performed with
sine waves simulating the detected radio emission. Eight boards were calibrated with two
procedures. In the first procedure (figure 5.4, left panel), the output power, that it is tuned to
be between -2 and 0 V, was measured in function of the power input (in dBm). A dBm is the
power ratio in decibels (dB) of the measured power referenced to one milliwatt (mW). The
linear relation between the input and the output in the studied range is clearly shown. Besides,
it was observed that the output is identical for the di↵erent studied frequencies. In the second
calibration procedure (figure 5.4, right panel), the output power was measured as a function
of the frequency of the simulated sine wave. The chosen input power was �40 dBm. The
sweep in frequency shows the e↵ect of the filter reducing signals lower than 30 MHz and higher
than 60MHz. The mean of the output values inside the frequencies of the filter is in evident
agreement with the output value measured in the first procedure. These two procedures allow
the determination of the gain and o↵set described in section 5.3.

Installation and maintenance

In February 2013, five butterfly antennae were installed and in the next 6 months several
events were registered. Several signal noises were observed in part of the traces. A dedicated
work in the field was developed in November 2013 to understand the origin of the noises
and to complete the installation of the initially proposed hexagon. Regarding the noises,
their identification was found to be a very di�cult task. Di↵erent kind of noises were found,
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Figure 5.4 Example of one of the calibrated boards. Left: output voltage as a function of the
input power for 3 frequencies: 35, 45 and 55 MHz. Right: voltage output as a function of the
frequency for an input power of �40 dBm.

repetitive and at di↵erent locations (see figure 5.5). Several test were carried out at the station,
far from the station, near the high voltage wires for the local usage and in an isolated room.
The repetitive noises have a period shorter than the trace length, being found in every trace,
so their identification and elimination is crucial. Not only the noises were di�cult to identify,
but other electronic problems appeared: several LNA boards were malfunctioning and the
reparation on site was not possible. The static electricity generated by the wind in the tank of
the WCD was identified as a possible source of the LNA problems, but this was not confirmed.
As a summary, only two of the five installed antennae were able to properly register signals at
the end of the mission, in November 2013.

Decommissioning

In March 2014 the MHz hexagon was decommissioned. The noise problems of the frequency
band and the electronic failures discouraged the continuity of the project. These problems
were added to the fact that AERA planned to also use the WCD trigger, so the di↵erences
between the MHz mission of EASIER and AERA become smaller. But the main reason was
the constatation by the events registered, that the detection is not feasible far from the shower
axis. The fact that the signal is beamed leads to focus the attention on the GHz band, where
a detection of the isotropic MBR is expected.

5.5 Radio emission in the GHz band

The possibilities of using the radio detection to measure ultra-high energy cosmic rays are
based on an isotropic emission that allows the detection of the extensive air shower from large
distances. The expected isotropic emission in MBR process is the key of the concentration
of e↵orts in the GHz band. Although some emissions have been detected in this band, their
MBR origin is not well proven.
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Figure 5.5 Above: map of an event with ✓ = 74.3°, ' = 196.6° and E = 6.21 ⇥ 1018 eV
measured with the MHz antennae. Centre: raw FADC trace of the event above in the station
with ID 266, close to the shower axis. Below: raw FADC trace (from a di↵erent event) with a
repetitive noise every 4 µs. Each FADC bin corresponds to 25 ns.
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In the publication by Gorham et al. [82], which motivated the opening of the MBR detection
search, the received intensity reported was F

ref

= 4 ⇥ 10�16 W/m2/Hz. This intensity cor-
responds to a reference distance d = 0.5 m, from the showers produced by an electron beam
of 2.8 ⇥ 1010 eV. The measured flux integrated for the used frequency band [1.5-6 GHz] is
shown in figure 5.6. The signal is measured using a cross-polarized antenna which is insensi-
tive to radiation polarized with the electron beam. The intensity of the electron beam was
1.2 ⇥ 107 e/pulse, so the equivalent energy in an extensive air shower was E

ref

= 3.36 ⇥ 1017 eV.
To compute the corresponding flux for an air shower (F

shower

), the following expression can
be used [69]:

F (t) = F
ref

�
⇢

⇢
ref

✓
d

r(t)

◆
2

✓
N(t)

N
ref

◆
↵

(5.1)

where ⇢/⇢
ref

, d/r(t) and N(t)/N
ref

account for the di↵erent air densities, distances and
number of particles in the observed shower and the reference laboratory experiment, respectively.
↵ is a measure of the coherence of the emission, equal to 1 for a non coherent emission and
equal to 2 for full coherence. In the case of the MBR emission, the emission is expected
to be isotropic, so no coherence is expected (↵ = 1), as no direction is favoured in the
emission. � = 4.62 [82] accounts for the ratio between the shower lengths in both cases. The
flux estimated at 0.5 m can be scaled to an equivalent flux in an extensive air shower at a
distance of 10 km. The flux predicted at this distance, using the reference flux measured in
this experience, is F

shower

= 2.77 ⇥ 10�24 W/m2/Hz.

This experiment was coordinated to be operated just down-
stream of the E165 FLASH experiment, which was used to
do precise calibration of air fluorescence for the HiRes
Collaboration [32]. The SLAC T471/E165 experiments
also used a precisely controlled, 28 GeV electron beam
which was collided with a target consisting of 90% Al2O3

and 10% SiO2 to make showers with varying particle
number, from 0 to 14 radiation lengths of material. In
T471/E165, the 28.5 GeV electron bunches were used
directly to create the showers with no intermediate conver-
sion to photons via a bremsstrahlung radiator, as this was
unnecessary given the high electron energy. Bunches with
a typical charge of!2" 107 electrons were used, giving a
total shower energy of typically 6" 1017 eV, very similar
to those used at AWA.

Figure 6 shows results from measurements of the emis-
sion over the 1.5–6 GHz band, using an antenna that was
copolarized with the electron shower momentum. Here the
square of the average signal voltage is plotted vs the time
after beam entry into the Faraday chamber. The transit time
for the chamber is about 3.3 ns for the beam. An initial
strong impulse is observed at the first causal point in time
after beam entry. This impulse is found to be highly
polarized with the plane of polarization aligned with the

beam axis and Poynting vector, characteristic of transition
and radio Cherenkov radiation. Such emission was antici-
pated and is damped almost immediately due to the mi-
crowave absorber ( # 30 dB per reflection even at angles
of order 55$ from normal incidence) that covers the inte-
rior of the Faraday chamber (the implied average time
constant for quasiexponential decay of reflections is of
order 1.3 ns for this absorber in this geometry). The noise
level in this plot is dominated by digitization noise, since
the sensitivity had to be reduced in order to achieve enough
dynamic range to see the strong initial impulse.
In Fig. 7 we plot the same measurements made with a

cross-polarized antenna, which was therefore insensitive to
the relativistic shower emission, with a 20 dB cross-
polarization rejection factor. In this case the strong initial
impulse is not prevalent though in fact the leading edge is
likely to be slightly influenced by the %20 dB leakage
from the other polarization. The exponentially decaying
tail of emission extends out to 60 ns or more, with noise

FIG. 7 (color online). A plot similar to the previous figure, but
now using a cross-polarized antenna which was insensitive to
radiation polarized with the electron beam. The dynamic range
of the system was now improved so that the noise level is
determined by thermal noise, and the detected microwave emis-
sion extends out to 60 ns or more, with an exponential decay
time constant of about 7 ns. The upper and lower dashed red
horizontal lines indicate the minimum detectable intensity, as
given by Eq. (8), for the single-shot case, and the 100-shot
average. The diagonal dot-dashed lines are the two extreme-
case estimates for MBR emission: the upper case for no net
collisional suppression and the lower case for maximal colli-
sional suppression of the emission, both for the case where the
electron thermalization time constant is the source of the 7 ns
exponential decay observed.

FIG. 6 (color online). Average microwave emission amplitude
from 100 beam shots taken near shower maximum in the 2004
SLAC T471 experiment, using a broadband antenna that was
polarized along the electron beam axis, and was thus sensitive to
partially coherent radiation directly from the relativistic electron
shower as it transited the Faraday chamber. A strong initial pulse
is seen, with rapid decay, followed by a second exponential tail
with a longer decay. The noise level is in this case determined by
the limited dynamic range of the oscilloscope used, rather than
the thermal noise level.

P.W. GORHAM et al. PHYSICAL REVIEW D 78, 032007 (2008)

032007-10

Figure 5.6 Integrated flux measured at the SLAC experiment with a cross-polarized antenna,
from the showers produced by an electron beam of 2.8 ⇥ 1010 eV. The frequency band is
[1.5-6 GHz]. From [82].

The development of an instrument to measure the radio emissions of the extensive air showers
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in this frequency range is the key to either the detection of the MBR emission, or the imposition
of a superior limit to the intensity of the emission. Nevertheless, other approaches to this
emission are also possible. In the following subsection, an estimation of the limit, a laboratory
experiment to measure MBR emission, and an extensive air shower detection experiment are
described.

Estimation of the MBR spectral intensity

In the line of the establishment of a superior limit for the MBR flux, the estimation conducted
by Al Samarai et al. [167] is noteworthy, as the calculation taking into account the e↵ects in
the whole process has not been done before. A detailed calculation of the spectral intensity
of photons at ground level, for a vertical shower with energy 1017.5 eV, was conducted. The
calculated spectral intensity at ground at 10 km from the shower axis is lower than that
expected by Gorham et al. [82]. At this distance, the flux calculated by the authors is
F

shower

= 4.8 ⇥ 10�26 W/m2/Hz (see figure 5.7), concluding that microwave detectors with
good sensitivity should detect the expected MBR emission.
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Figure 4: Spectral intensity as a function of time expected at different distances from the shower
core at ground level, for a vertical shower with energy 1017.5 eV.
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Figure 5: Spectral intensity as a function of time expected at 10 km from the shower core at ground
level, for a vertical shower with energy 1017.5 eV.

emission as long as �c (Te , t ) > �. At 10 km from the shower axis, the signal is found to be
� 4.8 10�26 W m�2 Hz�1, not significantly different from the spectral intensity value ob-

12

Figure 5.7 Estimated intensity of the MBR emission as a function of time expected at 10 km
from the shower core at ground level, for a vertical shower with energy 1017.5 eV. From [167].

To compare with the reference flux at 0.5 m, again the equation 5.1 can be used. The same
considerations as those assumed by Gorham et al. [82] are considered here. The distance (from
10 km to 0.5 m), the energy (from 3.16 ⇥ 1017 eV to 3.36 ⇥ 1017 eV), the lower density expected
for a typical 5 km air shower altitude (a ratio of 0.6), and the factor � = 4.62 accounting
for the ratio between the shower lengths in both cases. The result is a calculated flux of
F

ref

= 7.36 ⇥ 10�18 W/m2/Hz.
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AMY

Laboratory experiments have also been conducted to measure the radio emission in the GHz
range in accelerator facilities. In this frame, the AMY experiment [84, 169, 176, 177], whose
collaboration includes the author of this thesis, is designed to characterize the process of
emission of MBR. In the AMY experiment, this was carried out by measuring radio emissions
produced by an electromagnetic air shower in the wide band from 2 to 20 GHz, by using
a beam of 510 MeV electrons at the Beam Test Facility (BTF) at Laboratori Nazionali di
Frascati, Italy.

target e- beam 
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Anechoic Faraday  
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SKETCH OF THE EXPERIMENT 
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Figure 5.8 Sketch of the AMY experiment. The chamber is a copper anechoic chamber
(2 m ⇥ 2 m ⇥ 4 m) whose interior was covered with pyramidal RF absorbers. From [177].

The beam was deviated to a copper anechoic chamber (2 m ⇥ 2 m ⇥ 4 m) whose interior was
covered with pyramidal RF absorbers, and can hold up to 5 antennae (see figure 5.8). The
kind of antennae used was Rohde&Schwarz (R&S) HL050 log-periodic antennae and RF Spin
Double Ridged Waveguide Horn DRH20. The beam particles were colliding with an alumina
target of variable thickness placed between the beam pipe exit and the chamber, varying the
target thickness from 2.5 cm to 45 cm, corresponding from less than 1 to 7 interaction lengths.
Di↵erent data taking periods have taken place with di↵erent bunch lengths in December 2011
(10 ns), May 2012 (3 ns) and December 2012 (1.5 ns).

The AMY experiment has not found evidence of MBR emission, concluding that the MBR
might not be useful for cosmic rays detection. The data analysed until the writing of this
work (more data collection is booked for the end of 2014) show a density flux (at 4.7 radiation
lengths) of approximately F

ref

= 5 ⇥ 10�17 W/m2/Hz, as transformed from the conditions
at the AMY experiment to those at SLAC by Gorham et al. [82], and to make possible the
comparison.

GHz array at Auger

The final and direct method to evaluate the MBR emission is the development of a ultra-high
energy cosmic rays radio detector. To search for this emission in the GHz band, according to
the atmospheric transparency and the availability of low cost commercial equipement, the
chosen band was the C-band, between 3.4 and 4.2 GHz. In the MHz band, the ground a↵ects
the radio measurements because it reflects the emission coming from the source, and the
radiation length is comparable to the distance between the antena and the ground (typically
3 m). In the GHz band, the distance from the antenna to the ground is large enough to
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make that the direct signal and the reflection are not in phase anymore, so the reflection is
not an issue. On the contrary, the antenna is sensitive to the emission of the ground at the
temperature of the site. In the GHz range, the ground is a source at T ⇡ 270 K.

Regarding the previous e↵orts carried out by the EASIER group, another hexagon with feed
horn antennae was installed in april 2011, and it was completed with 54 more a year later,
covering a surface of 91 km2. This array is located in the south west part of the Observatory,
in the field of view of one of the four fluorescence detectors (Los Leones), and in the field of
view of the MIDAS telescope (see section 5.2). In June 2011, the first evidence of radiation
emitted in the GHz range by an extensive air shower was observed. The calibration was
conducted using an external source carried by an octocopter flying above the station. Three
clear candidates were analysed at distances to axis smaller than 300 m, although more events
have been registered after this analysis. The comparison with simulation for these specific
cases was done to infer the emission process responsible. Some of the parameters, taken alone,
could be compatible with an isotropic emission, like the amplitude. However, the amplitude
of the signal, time length and distance to the axis, analysed together, favoured a beamed
emission as dominant emission process. Also the orientation of the antenna that detected the
radio signals (East-West) favours a geomagnetic origin.

Several conditions were requested to reject possible geomagnetic e↵ects in the detected
signal. Besides, a minimum energy of 1019 eV was also a requirement. In the absence of MBR
candidates, an upper limit was calculated simulating proton and iron showers with a scan in
F

ref

and ↵. The limits on the reference flux F
ref

as a function of the coherence index ↵ (see
equation 5.1) are given in figure 5.9. It was found that F

ref

 8 ⇥ 10�16 W/m2/Hz for ↵ = 1
and 95% CL [69].

5.4 Comparison data/simulation and interpretation Data analysis in microwave band
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Figure 5.24: Limit set on the parameters Fref and ↵. The blue dashed line represents the flux measured
in [73]. The red line represents the upper limits set with MIDAS detector [105]. The right axis shows
Iref = Fref ⇥ 4.62.

The reference flux observed in the beam experiment is also depicted with the dashed blue
line. This reference flux is excluded for ↵ � 1.2. The limits found with MIDAS detector are
represented with the red line. The limits found with EASIER are comparable for ↵ close to
1 and exclude a wider range of flux at ↵ � 1.3.

Discussion on the limits on MBR

The limits presented above constrain the parameters the MBR emission F
ref

and ↵. The
simulations presented include the microwave signal simulation, its propagation and the main
detector e↵ects. The results quoted here are found under the assumptions exposed in
section 5.3. The number of events may be overestimated mainly because of the following
reasons:

� the time compression may be overestimated because the lateral extension of the shower
front is not accounted for.

� there remains some uncertainties on the system temperature measurements, they may
be larger than the one assumed in the simulations.

The limits found are in agreement with the results of other experiments aiming at the MBR
detection from EAS (like AMBER, MIDAS, CROME) or in laboratory (AMY and MAYBE).
AMBER is a telescope like experiment instrumented with feed horns antenna in C-band

126

Figure 5.9 Limits set on the MBR flux with EASIER GHz array as a function of the coherence
parameter ↵. The dashed blue line represents the flux measured by Gorham et al. [82]. The
solid red line represents the upper limits set with MIDAS detector. The right axis shows
I
ref

= F
ref

⇥ 4.62. From [69].

The GHz array is still collecting data, and small changes have been conducted to improve the
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noise reduction and the data acquisition. Nevertheless, the absence of clear MBR candidates
leads to a new configuration of the detector to optimize the detection at large distances from
the shower axis. This ongoing work is detailed in the next section.

5.6 The Giga Duck array

The EASIER experiment is currently focused on the study of the detection of the MBR
emission. Several modifications over the GHz configuration are conducted in the search of
larger statistics, resulting in the new Giga Duck configuration. The two major changes are
the lowering of the operating frequency and the new configuration in the orientation of the
antennae.

New antenna and operating frequency

The former central frequency was 3.8 GHz, in a band from 3.4 to 4.2 GHz, with a LNBF
GI-301SC antenna. This range is also studied in the Giga Duck, but with a new sensor, a
Pyramidal 15 dB Horn antenna coupled with a Norsat antenna.

In a second hexagon test, a new range is added around the central frequency of 1.2 GHz. The
reason for this change in frequency is that the e↵ective area increases for larger wavelengths.
The final working frequency range is [1.05 � 1.45 GHz], selected with a band-pass filter. In
this second range the antenna used is a High Gain Directional Helix antenna [178], and it will
be referred as helix antenna (see figure 5.10, left). To improve the sensitiveness of the system,
a parabolic dish has been attached to the antenna. This dish is designed to be light and to
present a minimal wind resistance. The simulated radiation pattern of the antenna (without
the parabolic dish) is represented in the right panel of figure 5.10. The forward direction (0 in
the polar diagram) shows a maximum in the pattern.

Change in the array configuration

To maximize probability to detect the MBR emission, the antennae will no longer be in the
vertical position, but pointing to the center of an hexagon, as described in figure 5.11 (left).
The chosen zenith angle for this configuration is ✓ = 20°, except for the central antenna,
in vertical position. This configuration is favoured by the higher directionality of the helix
antenna. Although the benefit in the Horn+Norsat antenna is not that big, the configuration
is maintained for the two hexagons.

To find the optimal position of the antenna, high frequency structural simulator (HFSS)
simulations have been conducted, with di↵erent inclinations, in order to obtain the received
signal at di↵erent distances from the shower axis. The simulations show that an inclination of
✓ = 20° gives a gain factor of 2.5 with respect to the vertical position (see figure 5.11, right).
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Figure 5.10 Left: High Gain Directional Helix antenna [178] (helix antenna) used in the Giga
Duck configuration, attached to a parabolic dish. Right: simulated radiation pattern of the
helix antenna. The azimuth of the polar diagram represents the angle with respect to the
axis of the antenna. The radius in the polar diagram represents the gain. The di↵erent lines
represent the angle around the axis of the antenna. Simulations by C. Bérat and P. Stassi.

Background noise

Background noise rejection is a key step in radio detection. There are several possible sources
of noise. The first possibility is a noise coming from the normal functioning of the WCD during
the trigger. To know if the electronics of the station could provoke the radio signal, a study
was conducted by the EASIER group in 2011, by inducing fake signals in the WCD [179]. The
result was negative, discarding this source as noise. Despite this, one of the main problems in
the MHz attempt was the non identified background noise. Facing the Giga Duck project, one
of the first steps has been to be sure that the frequency band is clean.

A campaign of background measurements was performed in february 2014 at Auger. The
chosen helix antenna, with a detection maximum in the range between 1.0 and 1.6 GHz,
was used to this purpose. In the set up of the measurement (see figure 5.12), an amplifier
between the antenna an the spectra analyser amplifies the signal with a gain of 25 dBm. The
spectrum analyser (Anritsu Spectrum Master MS2723B [180]) records the amplified signal
detected by the Helix antena. The chosen range is between 800 MHz and 2200 MHz. Two
di↵erent locations were studied. The first was at a few metres from Lina SD station (ID
266, GPS location 35.407 627°S 69.254 665°W), where the MHz hexagon had been installed.
The background noise was measured in the four cardinal directions (NSEW) and at di↵erent
zenith angles. The second location was on the roof of Los Leones FD building (GPS location
35.495 818°S 69.449 746°W, FoV direction: 30°, between NNE and NE). Measurements were
performed for four di↵erent zenith angles, pointing always to the direction of the array, that is
to the center of the field of view of the FD station.

As shown in figure 5.13, a wide range from 1000 MHz to 1900 MHz is clean of disturbing
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Fig 17. SNR of Helix antennas in gigaduck 

→ SNR is multiplied by a factor 7 @ 2km comparing to LPSC antenna independently from the 

angle. 

→ The effect of inclining the antennas becomes advantageous even at shorter distances

→ If we incline these antennas at 70°, we would gain a factor 2.5 than keeping “them” vertical.

• Using horn antennas

Horn antennas have a high gain (Gmax= 18 dB) and are very directional (27°). From the 

experience of the antennas simulated above, one can expect that these antennas would be of 

the best fit to the giga-duck design.

Fig 18. Horn <S
max

 >as a function          Fig 19. Ratio of <S
max

  >using inclined antennas 

of the distance from a central shower      over <S
max

 >vertical

In Figure 18, it is noteworthy that the verticality of these antennas leads to a premature 

suppression of the signal as the shower distance grows. Figure 19 shows that the gigaduck 

configuration optimizes the capabilities of this antenna as the signal @ 2 km is multiplied by 

a factor 10 comparing to a vertical disposition. 

Moreover, the antenna temperature is the lowest among the antennas tested as shown in table 

4...bref, c'est génial.

10 20 30 40 50 60 70 90

213.0 K 89.2 K 43.41 K 29.15 K 18.4 K 11.6 K 9.2 K 7.8 K

Table 4. Ground temperature in horn antennas 

Figure 5.11 Left: configuration of the Giga Duck hexagon, with the exterior antennae pointing
to the center at 20° of zenith angle. Right: signal-to-noise ratio (SNR) for the helix antennae
for di↵erent zenith angles. In the figure is represented 90 � ✓. Simulations by Al Samarai.

background noise that could spoil the data. Then, a detection project in this range is possible.
However, some characteristics of these background measurements are worthy to be explained.
First, the signals in both panels of figure 5.13 detected at 900 MHz (only seen for ✓ = 90° in
the left panel) are caused by the communication system of the SD. The stations send pulses
every time a T2 event is detected. Second, the peaks registered around 1950 MHz in the right
panel of figure 5.13 are also caused by the communication system, more complex in the case
of the FD station. Finally, the noise floor found in the whole range of frequency with value
between -65 and �70 dBm, could be due to noise induced by the detection system.

Final configuration and future installation

The Giga Duck hexagon is planned to be installed during the first months of 2015. Seven SD
stations will be equipped with a High Gain Directional Helix antenna, six of them oriented
to the center of the hexagon at 20° of zenith angle, and one of them, in the centre, at
vertical position. The signal will be filtered by a pass band filter in the frequency range of
[1.05 � 1.45 GHz].

The fluxes already measured in other experiments suggest that this technique is very limited
for extensive air shower measurements. Aware of this limitation, the main purpose of this
project is to better describe the process, by, mainly, establishing a limit in the MBR emission.

5.7 Conclusions

The access to the longitudinal profile of the extensive air shower is a key step to infer the mass
of the primary particle. The study of the radio emission of the shower has been proposed as an
alternative with full duty cycle to the fluorescence technique. The processes of radio emission
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Figure 5.12 Background noise measurements: High Gain Directional Helix antenna, amplifier
box (25 dBm) and Anritsu spectrum analyser.

investigated in this thesis are two: the geosynchrotron emission and the MBR emission. The
former is a beamed emission and the latter is isotropic.

The di↵erent trials at Auger did not reveal any detection far from the shower axis, favouring,
along with other analysis, a geosynchrotron interpretation of the emissions detected. This
emission process has been proven to be detectable in the MHz frequency range, but limited
in the application to infer the mass in ultra-high energy cosmic rays, as it requires a large
sample of radio detectors to cover the large surface that it is needed.

The MBR emission, being isotropic, is much more interesting to help in the identification
of the mass of the primary particle. This topic has been attacked from di↵erent points of
view. Analytical calculations of the expected flux have been carried out and the intensity has
been measured in accelerator experiments, whereas limits on this flux have been established in
extensive air showers detection experiments at the Auger site. All these results are summarized
in figure 5.14 and in table 5.1. A correct determination of the MBR flux will put light on the
feasibility or not of this technique to be used in the detection of ultra-high energy cosmic rays,
as the detection experiences do not reveal, up to now, a significant flux that could confirm
this emission as a future technique.

The Giga Duck project is also presented, where the MBR emission is aimed to be detected
with radio antennas in the GHz frequency range. The antenna, the orientation and the general
configuration of the testing array have been optimized to maximize the number of detected
showers. The principal objective of this ongoing project is to properly characterize the MBR
emission.
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Table 5.1 Di↵erent fluxes measured or estimated by di↵erent publications or experiences. For
a reference distance of d

ref

= 0.5 m, an energy of E
ref

= 3.36 ⇥ 1017 eV and ↵ = 1.
Experience or author F

ref

at d
ref

= 0.5 m
SLAC [82] 4 ⇥ 10�16 W/m2/Hz Measured in accelerator experiment
AMY [169] 5 ⇥ 10�17 W/m2/Hz Measured in accelerator experiment
Al Samarai et al. [167] 7.36 ⇥ 10�18 W/m2/Hz Estimation
EASIER [69] 8 ⇥ 10�16 W/m2/Hz Upper limit (95% CL) measured at Auger
MIDAS [181] 10�15 W/m2/Hz Upper limit (95% CL) measured at Auger
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Figure 5.13 Above: background noise in the Lina SD station for 12 di↵erent arrival directions.
Below: background noise in Los Leones FD station for 4 di↵erent arrival directions.
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Figure 5.14 Di↵erent fluxes measured or estimated by di↵erent publications or experiences.
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Chapter 6

Layered Surface Detector

The third approach to attack the mass composition problem is the proposal of a new kind of
detector with sensitiveness to the muon component of the extensive air shower. As shown in
figures 3.2 and 3.3, the separation between primaries can be achieved by the knowledge of N

µ

-
or X

max

-related parameters.

As described in chapter 1, the WCDs currently used in cosmic ray observatories as HAWC
or Auger do not distinguish between the di↵erent components of the extensive air shower,
measuring a unique signal. A novel design for future WCDs is proposed here. This design
will allow the future cosmic ray observatories to measure the muonic and electromagnetic
components independently. This measurement will allow for composition analyses without
su↵ering from the duty cycle limitations of the fluorescence detectors.

The design concept of the proposed detector, the Layered Surface Detector (LSD) [182],
along with the application to the WCDs of the Pierre Auger Observatory, is described in
section 6.1. The properties and performances for mass composition studies are discussed
in section 6.2. The calibration strategies are detailed in section 6.3. The construction and
installation of several prototypes and the data collected with them are detailed in sections 6.4
and 6.5, respectively. The design concept, the simulation studies and the prototypes data
analysis are included in a recent publication [182].

6.1 Design principles

Physical Principle

Two parameters are needed to have sensitiveness to the two di↵erent components of the
extensive air shower (muonic and electromagnetic). The basis of the idea is to separate the
WCD in two di↵erent volumes, each of them responding di↵erently to the incoming particles.

The physics principle that allow to distinguish between di↵erent particles is the energy
absorption in the WCDs. Muons deposit their energy in a long or deep path inside the WCD,
whereas the electromagnetic particles (electrons, positrons and photons) are absorbed in the
first part of the water volume.

89
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Muons of a few GeV energy (figure 1.4) deposit 2 MeV/g/cm2 in the water of the detector.
The muons are minimum ionizing particles and they pass through the water leaving an amount
of energy proportional to their track length. A vertical muon leaves on average 240 MeV (see
section 1.4 for the definition of the VEM unit).

Electrons and positrons deposit much more energy in water than muons, due to the di↵erent
ratio between mass and charge. The energy they carry when arriving at the surface (⇠ 10 MeV,
figure 1.4) is deposited in less than 5 cm.

Photons deposit their energy over a radiation length (⇠ 36 cm in water). Other components
of the extensive air shower are negligible.

Figure 2: Distribution of the Cherenkov photons production point in a 1.2 m height and

1.8 m radius WCD. From left to right the contribution from the photons, e

+

e

�
and muon

component of a 30 EeV EAS with 45

o
zenith angle is shown.

for each EAS, the muonic and electromagnetic components. One remarkable
property is that the shielding of the muon sensitive volume does not need to
be very large: in practice a single radiation length is enough to achieve good
performance. This is due to the fact that WCD have a distinct response to the
EM and muonic component of EAS. Indeed, whereas EM particles of the EAS
are absorbed in the water volume in a calorimetric way, muons are minimum
ionizing particles and deposit an amount of energy proportional to their track
length (i.e., several hundreds of MeV for a meter depth detector).

In its simplest form, a LSD is composed of two independent and light-tight
volumes that are created by inserting a horizontal reflective layer in a water
volume. Other implementations with more than two layers and/or shielding
on the side can also be imagined. However the simple design described here is
enough to show the main properties of such a detector. In the next section, a
modification of the WCD design from the Auger surface array [13] is presented
based on this design.

2.3. A LSD design from the Auger WCDs

The Auger WCD [14] have a 1.8 m radius by 1.2 m height water volume,
overlooked by three 9 inch photomultiplier tubes. In figure 2 we show the
production point of Cherenkov photons in such detectors, for a 30 EeV shower
with 45� zenith angle. As expected the EM component dominantly deposits its
energy on the top and side of the station.

The two water volumes of the LSD can be created by inserting a horizontal
reflective layer at a height of 80 cm from the WCD bottom1. This is represented
as a dashed line in figure 2. The three PMTs that equip the Auger WCD are left
in place. In the upper layer, the EM component of an EAS will deposit most of
its energy, while the 80 cm bottom layer will detect the much more penetrating
muons (and to a lesser degree the surviving EM particles).

A central cylinder of about 10 inch diameter provides the mechanical struc-
ture as well as the enclosure for the additional 9 inch photo-tube that collects

1

This choice is justified in the next paragraph

4

Figure 6.1 Distribution of the production points of Cherenkov photons in an Auger WCD
(1.2 m height, 1.8 m radius). h represents the height of the detector and r the radius. Di↵erent
incoming particles are represented: (left) photons, (center) electrons and positrons and (right)
muons. Those secondary particles come from a 30 EeV extensive air shower with 45° zenith
angle.

To support this first approximation analysis, the production points of Cherenkov photons
produced by di↵erent incoming particles in a water volume equivalent to that of an Auger
detector is shown in figure 6.1. For photons (left), electrons and positrons (center) and muons
(right). The incoming particles are the secondary particles produced by a 30 EeV extensive
air shower with 45° zenith angle. As predicted, the muons deposit the energy all along the
volume, while electromagnetic particles deposit it in the top and side.

Layered design

Based on the physical principle of the di↵erent absorptions, a new WCD can be designed. If
the water volume of the WCD is split horizontally in two parts, the two volumes will respond
di↵erently to the same extensive air shower. The muonic component will produce Cherenkov
light in both volumes whereas the electromagnetic one will do it, essentially, in the first one.

A LSD can access to both the electromagnetic and the muonic component of an extensive air
shower. The simplest design for a LSD is a cylindrical WCD split in two volumes separated
horizontally, but extra shielding for the volume below (more sensitive to the muonic component)
can be imagined.

A modification of an Auger WCD has been done to illustrate the performances based on this
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design. As described in section 1.4, the Auger WCD has a water volume with 1.2 m height and
1.8 m radius. The detector can be converted into a LSD by inserting a horizontal reflective
layer at an appropriate distance (this will be defined in next subsections) from the bottom.

Figure 3: Schematic and artistic view of a LSD build from an Auger WCD design.

the light from the bottom layer. Some simplified schematics and an artistic view
of this LSD is shown in figure 3.

2.4. Signal extraction

The reconstruction of the EM and muonic component of EAS relies on the
fraction of the signal deposited by each component in each of the two layers.
These fractions define a 2 ⇥ 2 matrix M that gives the measured top and
bottom signal (Stop and Sbot respectively) as a linear superposition of the EM
(SEM) and muon (Sµ) contributions (the column sums of the matrix are one by
construction),

✓
Stop

Sbot

◆
= M

✓
SEM

Sµ

◆
=

✓
a b

1 � a 1 � b

◆ ✓
SEM

Sµ

◆
(1)

Hence, if the matrix M can be inverted, the muonic and EM signal deposition
in the LSD can be retrieved as :

✓
SEM

Sµ

◆
= M�1

✓
Stop

Sbot

◆
(2)

The determinant D of the M matrix is a�b and maximises when M is equal
to the identity (a = 1 and b = 0). In a realistic situation a is always less than
one while b is always larger than zero, hence |D| will be less than one. This is
important as the statistical uncertainty in the reconstructed muonic and EM
signals from measurements in the top and bottom layer are driven by 1/D, the
determinant of M�1.

The coe�cients a and b depend on the geometry of the two water volumes
and on the e�ciency of the light collection. They can be obtained from well
established simulations of the tank response. A rough estimate of a and b can be
derived for a vertical incidence, when neglecting the signal produced by particles
entering through the side of the detector. In fact, modelling the absorption of the
electromagnetic component by an exponential decay according to the radiation
length X0 and for a tank of height H with a layer interface located at a distance
H � h from the bottom we have :

a = 1 � e�h/X0 and b =
h

H
with h 2 [0, H] (3)

5

Figure 6.2 Sketch with di↵erent perspectives of the proposed design of the LSD built from a
standard Auger WCD.

The proposed design is composed by two liners one above the other. The bottom liner has
a single PMT (identical to the current Auger PMTs) at the top center. The top liner has a
10 inches cylindrical hole in the middle, to ensure the access to the bottom PMT. The three
current PMTs remain in the same position for the top liner (figure 6.2).

Signals of the muonic and electromagnetic components

In the LSD two di↵erent signals are registered: the signal in the top liner (S
top

) and the signal
in the bottom liner (S

bot

). The signal in both liners is given by the muonic and electromagnetic
component. Each component contributes to the total signal with the muonic signal (S

µ

) and
the electromagnetic signal (S

em

), respectively. The system relies on the fact that the two
components deposit di↵erent amount of energy in each liner. The signal in the top liner is:

S
top

= a S
em

+ b S
µ

(6.1)

leaving the rest of the energy of each component to the signal in the bottom liner:

S
bot

= (1 � a) S
em

+ (1 � b) S
µ

(6.2)

In the two equations a is the fraction (over the total in the LSD) of energy that the
electromagnetic component deposits in the top liner and b is the fraction of energy that the
muonic component deposits in the top liner too. Neglecting the influence of other components
of the extensive air shower, the total signal of the station is obtained equally by summing
the signal in the two liners (top + bottom) or the signal of the two components (muonic +
electromagnetic).

S
station

= S
top

+ S
bot

= S
µ

+ S
em

(6.3)
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The equations above can be expressed in one single 2 ⇥ 2 matrix:

✓
S

top

S
bot

◆
= M

✓
S

em

S
µ

◆
=

✓
a b

1 � a 1 � b

◆ ✓
S

em

S
µ

◆
(6.4)

If the matrix can be inverted, the muonic and electromagnetic signal can be retrieved as:

✓
S

em

S
µ

◆
= M�1

✓
S

top

S
bot

◆
(6.5)

The determinant (D) of the matrix is D = a � b, and it is maximum for a = 1 and b = 0. At
this maximum all the electromagnetic component would be deposited in the top liner and all
the muonic component in the bottom one. This would be the ideal case, but in a realistic
situation a is always less than one and b is always larger than zero. The statistical uncertainty
in the reconstructed signal for the two components is driven by 1/D.

Optimal separation height

A first theoretical approach, based on the case of a vertical extensive air shower, can be done
to determine the optimal separation height. Modeling the absorption of the electromagnetic
component by an exponential decay according to the radiation length X

0

, and for a station of
height H with a layer interface located at a distance H � h from the bottom, the coe�cients
a and b, for a vertical case, are:

a = 1 � e�h/X

0

b =
h

H

(6.6)

with h 2 [0, H] .The determinant D is maximum for h = X
0

ln(H/X
0

). If H is large
enough (with a radius su�ciently large to avoid side contributions) a tends to 1 whereas b
tends to 0. This is the ideal case with a determinant D = 1. For the particular case of the
Auger WCDs, with H = 120 cm the determinant is maximum for h = 43 cm (see figure 6.3).

The dashed line in figure 6.3 indicates the region where the determinant is higher than 95%
of its maximum value. A wide range in h is found over the dashed line, so the layer can be
placed at any point between 35 and 50 cm. The value chosen for h is 40 cm. That leaves a
bottom liner 80 cm high (2/3 of the total height) and top liner 40 cm high (1/3 of the total
height).

However, even if this theoretical approach gives already values for the matrix coe�cients
a and b, the final values have to be determined by simulation analysis in a more realistic
approach. The calculation of the coe�cients and the characterization of the performances of
the detector by simulation analysis is detailed in the next section.
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Figure 6.3 The maximum value of the determinant indicates where to split the water volume.
A compromise between a high a and a low b is searched. The pointed line marks the 95% of
the maximum value of the determinant. The example is done for the particular case of the
Auger WCD, where H = 120 cm. X

0

= 36 cm.

6.2 Performances

Simulations

To characterize the performances of the LSD, simulations of the detector response have been
performed. A set of extensive air showers has been simulated with the CORSIKA code, using
EPOS LHC and QGSJet-II-04 as high energy interaction models and FLUKA at low energies.
Various libraries have been generated with a uniform distribution in cos2 ✓ for di↵erent primary
types (proton, helium, nitrogen and iron) and in two energy intervals (from 8 to 13 EeV and
from 40 to 60 EeV, uniformly distributed in the logarithm of energy). The first energy range
is the a energy taken as reference in Auger due to the spacing between stations. The second
energy range is were the suppression of the energy spectrum takes place.

Matrix universality

The matrix coe�cients are derived from simulations as the ratio between the photoelectrons
collected in the top liner over the total number produced in both volumes for the electromagnetic
(a) and the muonic component (b). In figure 6.4, the ratio for the electromagnetic and muonic
components is shown for di↵erent primaries and hadronic models represented as a function of
zenith angle and distance to the axis. A remarkable property is that the values of the matrix
coe�cients are essentially independent of the primary type, the primary energy, the particular
simulation model used to describe the extensive air shower and the distance of the station
to the axis. Due to the geometry (ratio between the height and the radius) of the WCDs of
Auger, the coe�cients are also independent of the zenith angle of the extensive air shower in
the range [0°, 60°].
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distance to core3 serves as an energy estimator but other char-
acteristics such as its slope also reflect EAS properties, for instance
its age. Using the LSD, it is possible to derive two independent
LDFs, one for the muonic and one for EM component, by means of
the corresponding signals reconstructed in each station. This offers
the additional possibility to perform an energy reconstruction that
takes into account the muon size and shower age and to produce a
calibration based only on the electromagnetic component. Such a
procedure would be less sensitive to the shower to shower
fluctuation and to the interaction models than the one that uses
the mixed EM and muonic signals.

Inverting the matrix M, it is possible to construct for each
detector FADC traces for the two components separately. An
example is shown in Fig. 5 for an 11 EeV shower at 461 zenith
angle. This graph alone demonstrates the power of the LSD to
accurately determine the muonic and electromagnetic compo-
nents of the EAS, for both the integrated signals and their time
distribution. The muonic and electromagnetic LDFs can easily be
reconstructed from these individual measurements, as shown in
Fig. 6 (left).

3.3. Mass separation

With the LSD one can reconstruct the muon signals from
distances to the core of nearly 200 m to more than 2 km for the
highest energy showers. As shown in Fig. 6 (right), the signal
resolution in each detector is better than 25% when more than 20
muons enter the detector while the Poisson fluctuations dominate
for smaller signals. These resolutions are given for 10 EeV and they
improve significantly above 40 EeV, e.g. becoming o14% for the
muon size.

By following the usual approach for the shower size recon-
struction with surface array detectors, a measurement of the muon
size of EAS can be obtained from the muonic LDF, at a reference
distance.4 The global resolution on the EAS muon size parameter is
20% (16%) for proton (iron) at 10 EeV, improving to about 10% for
both at 70 EeV (see Fig. 7, left).

The muon size can be combined with Xmax or with other age
sensitive parameters to produce a two or multi-dimensional plot
as discussed in the Introduction, improving the mass composition
separation capabilities. An Xmax sensitive parameter can also be
retrieved following the universality principle of EAS description,
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Fig. 5. Simulation of the signal collected in the top (bottom) part of a 10 m2 LSD for a 11 EeV shower with 461 zenith angle and 491 m away from the core. The M
reconstruction of the muon and EM traces compared to the generated ones is shown in the right panel. The agreement is striking both in shape (timing information of the
two components) and amplitude. This hints at the excellent performances that can be expected from this design for the multi-component study of EAS.

3 The reference distance is chosen as the one which minimizes the fluctuations
of the expected signal, due to the lack of knowledge on the LDF. It is a function of
the array grid spacing and the EAS energy range studied. It is 1000 m for Auger
[20].

4 We adopt here the same reference distance as in Auger (1000 m), but optimal
values can be derived in the future.
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Figure 6.4 Fraction of photoelectrons created by the electromagnetic component in the top
liner (a) and fraction of photoelectrons created by the muonic component in the top liner for
proton and iron nuclei showers at (b) at di↵erent zenith angles (left) and at di↵erent distances
from the axis (right).

For the particular case of the LSD from the modified Auger WCD the parameter a is nearly
0.6 while b is about 0.4. This leads to a determinant D = 1/5.

Signal reconstruction

A well defined matrix gives the possibility to extract the signals due to the two components
from each station, by applying the transformation in equation 6.5. An example is shown
in figure 6.5 for a 11 EeV shower at 46° zenith angle. The shown agreement between the
reconstructed traces of the two components and the generated ones demonstrates the separation
power of the LSD.

The muon signal in the LSD can be reconstructed in a wide range of distances from 200 m to
more than 2 km for the highest energies (see figure 6.6, left). As shown in figure 6.6 (right),
the signal resolution in each detector is better than 25% when more than 20 muons enter the
detector. For lower signals the Poisson fluctuations dominate.

Once the electromagnetic and muonic signals are extracted, they can be used for the shower
reconstruction. The LDF (see section 1.4) can be reconstructed separately for the two
components. Figure 6.6 (left) shows the two reconstructed LDFs, compared with the true
signals. The agreement between the true and the reconstructed signal is good at very di↵erent
distances from the axis. The independent LDFs have several benefits. First, the energy
estimator S

1000

can be calculated using the electromagnetic component, less sensitive to
uncertainties derived from interaction models that use mixed electromagnetic and muonic
signals. Second, the average muonic signal at 1000 m (Sµ

1000

) can be obtained from the muonic
LDF, directly related to Nµ

1000

, and this to N
µ

, a mass sensitive parameter (see section 3.1).
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Figure 5: Simulation of the signal collected in the top (bottom) part of a 10 m

2

LSD for a 11

EeV shower with 46

�
zenith angle and 491 meters away from the core. The M reconstruction

of the muon and EM traces compared to the generated ones are shown in the right panel.

The agreement is striking both in shape (timing information of the two components) and

amplitude. This hints at the excellent performances that can be expected from this design for

the multi-component study of EAS.

where the coe�cient a and b have been evaluated for di↵erent primaries and
hadronic models and are shown as a function of zenith angle and distance to
core. It is notable that for the Auger WCD geometry, a and b are also essen-
tially independent of the shower zenith angle in the range [0, 60�]. This is due
to a compensation between the top and side wall contributions coming from the
particular geometry of the Auger WCD which have an height over radius ratio
of 2/3.

For the particular case of the LSD from the modified Auger WCD the param-
eter a is nearly 0.6 while b is about 0.4 (see figure 4), leading to a determinant
D=1/5.

3.2. Signal reconstruction

For ground arrays the reconstruction of the primary UHECR properties
relies on the adjustment of a lateral distribution function (LDF) that describes
the detector signals as a function of their distance from the core. The value
of the LDF at a reference distance to core2 serves as an energy estimator but
other characteristics such as its slope also reflect EAS properties, for instance
its age. Using the LSD, it is possible to derive two independent LDFs, one for
the muonic and one for EM component, by means of the corresponding signals
reconstructed in each station. This o↵ers the additional possibility to perform
an energy reconstruction that takes into account the muon size and shower age
and to produce a calibration based only on the electromagnetic component.
Such a procedure would be less sensitive to the shower to shower fluctuation

2

The reference distance is chosen as the one which minimizes the fluctuations of the ex-

pected signal, due to the lack of knowledge on the LDF. It is a function of the array grid

spacing and the EAS energy range studied. It is 1000 m for Auger [19].

7

Figure 6.5 Left: simulation of the signal collected in the top and bottom volume of a
10 m2 LSD for a 11 EeV shower with 46° zenith angle and 491 m away from the axis. Right:
the reconstructed muon and electromagnetic traces compared to the generated ones. The
agreement is striking both in shape (timing information of the two components) and amplitude.

Observables for composition

The composition analysis relies on two main observables: X
max

and N
µ

(see chapter 3). The
latter can be derived by applying to the muonic LDF the usual approach for shower size in
the SD in Auger: the S

1000

estimator. The reference distance is adopted as that adopted
in Auger for the total signal, but optimal values can be derived in the future. This method
returns Sµ

1000

, as an estimator for the number of muons, N
µ

. In the left panel of figure 6.7
it is shown the distribution of Sµ

1000

for protons and iron nuclei showers. The resolutions of
the distributions are 24% for proton and 13% for iron at 30 EeV. This value improves to
about 10% for both primaries at energies above 70 EeV. The calculated MF (see its definition
in equation 3.1) between the distributions for the reconstructed proton and iron muon size
changes with energy and zenith angle. In the case shown in figure 6.7, the value of MF = 1.74,
indicates a good separation power.

As an X
max

-related parameter, the signal start-time at 1400 m (T
1400

) is used, which measures
the delay of the shower particles with respect to the arrival time of an imaginary planar front.
This parameter is sensitive to the shower front curvature and correlates with X

max

. In this
particular example we have used a timing resolution of 8 ns, which can be easily achieved with
the help of modern GPS receivers. This corresponds to an X

max

resolution between 40 and
60 g/cm2, depending on zenith angle. In the right panel of figure 6.7, the distributions of the
estimated T

1400

are shown. The resolutions of the distributions and the MF are also indicated.
The parameter T

1400

, used in figures 6.7 and 6.8, is given as an example and it is not meant to
be considered as the optimal variable for the analysis. Other parameters related with X

max

or
the age of the shower can be considered, and they can be retrieved following the universality
principle of extensive air showers description, using, for example, the approach proposed by
Ave et al. [183] or by Maurel et al. [184]. The universality principle says that it is expectable
that the cascade description can be modeled from a reduced set of universal functions that
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as for example using the approach proposed in [12,21]. An
example of the separation power for a 50% proton 50% iron mixed
composition at 30 EeV is given in Fig. 7 (right). The muon signal
reconstructed with the LSD is plotted against the signal start time
at 1400 m (T1400) which measures the delay of the shower
particles with respect to the arrival time of an imaginary planar
front. This parameter is sensitive to the shower front curvature
and correlates to Xmax. In this particular example we have used a
timing resolution of 8 ns which can be easily achieved with the
help of modern GPS receivers. This correspond to an Xmax resolu-
tion of 40–60 g/cm2 depending on zenith angle. The Fisher
separation coefficient for this particular case is larger than 2 indi-
cating that excellent separation power can be achieved. It is
worthwhile noting that this Fisher factor is obtained for a fixed
energy in the simulation. In a realistic scenario both, the energy
and Sμ, need to be estimated from the LSD data. It is to be expected
that this will diminish the proton-iron separation, but since we
can experimentally estimate the energy by combining the Xmax (or
T1400) with the shower size of the electromagnetic component at

ground, a Fisher value better than 2 will be possible. The parameter
T1400 is given as example and it is not meant to be considered as the
optimal variable for the analysis. A detailed study of Xmax (or age)
sensitive parameters and of the mass separation is in progress and is
however out of the scope of this paper.

4. Calibration strategy

An important aspect of surface array detectors for UHECR
studies is to have a calibration strategy that allows to monitor
the conversion of the electronic signals into an equivalent energy
deposit (or particle count).

4.1. Muon peak

In the Auger surface array, the calibration of the WCD is based
on the energy deposited by a vertical muon traversing the WCD
volume at its center [22,23]. The energy deposited by such muons
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Figure 6.6 Left: example of muonic and electromagnetic independent LDFs reconstructed
using the individual signals in each of the detectors. Right: individual LSD muon signal
reconstruction as a function of the distance to axis for a shower with 10 EeV of energy. The
error bars represent the signal resolution.

will depend on the shower age and whose relative amplitudes will carry the information on
the primary type and energy. This concept has been extensively studied and validated with
MC simulations and the arrival direction, the X

max

and the muon size at ground, along with
the energy, contain the essential information about the primary particle.

As indicated in chapter 3 (see figure 3.3), N
µ

and X
max

are parameters that can be combined.
The combination of both of them increases the mass separation capability and it allows
the construction of a new variable. In this case, even if the orthogonal observable to Sµ

1000

,
the T

1400

, is not optimal, the procedure can be followed. The combined analysis is done
for a 50% proton 50% iron mixed composition at 30 EeV, and the two ways are shown in
figure 6.8. In the left panel the scattered plot for Sµ

1000

and T
1400

is shown. The Fisher
separation coe�cient (S

fisher

) achieved is indicated in the figure. The dashed line represents
the discriminant hyperplane, with which the new observable is constructed. The distributions
for proton and iron for this new observable are shown in the right panel of figure 6.8, with the
multi-dimensional parameter described in the label of the X-axis. The observable W

m

can
be used to interpret data in a more powerful way than taking into account Sµ

1000

and T
1400

separately.

The MF and the S
fisher

are calculated as indicated in equations 3.1 and 3.3. For this particular
case, S

fisher

is significantly larger than 2, indicating that an excellent separation power can be
achieved. It is worthwhile remarking that here the Fisher separation coe�cient is obtained for
a fixed primary energy in the simulation. In a realistic scenario both the energy and S

µ

are
estimated from the LSD data. It is expected that this will diminish the proton-iron separation.
However, since it should be possible to experimentally estimate the energy by combining the
X

max

(or an observable related to it, like T
1400

) with the shower size of the electromagnetic
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component at ground, a Fisher value of about 2 is, in principle, possible.

6.3 Calibration strategy

An important aspect of surface array detectors for ultra-high energy cosmic ray studies is to
have a calibration strategy that allows to monitor the conversion of the electronic signals into
an equivalent energy deposit. In the case of the LSD the precise knowledge of the geometry
of the volumes is a key point. The calibration is important not only because the conversion
between the electronic signals into the equivalent energy deposit, but also because the relation
between the sizes of the volumes defines the coe�cients of the matrix. In the practical
case of the prototypes designed in Auger (see section 6.4), even if the designed height (h in
equation 6.6) is fixed, the volumes can change, as the current construction design does not
allow for a rigid structure to completely fix the intermediate layer.

Muon peak

The calibration of the standard Auger WCD has already been addressed in section 1.4. The
strategy described for the standard WCD can be applied to the LSD. This will be shown
in the section 6.5, along with other details about the calibration and data of the installed
prototypes.
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Figure 6.8 Two-dimensional analysis using the LSD reconstructed observables Sµ

1000

and T
1400

.
The scattered plot is shown in the left panel, whereas the combination of both parameters in a
new one is shown in the right one. For proton and iron primaries simulated with EPOS LHC
in a extensive air shower with 30 EeV and 35° zenith angle. The Fisher separation coe�cient
and the merit factor are indicated.

Muon decay

An alternative calibration can be obtained using the muon decays that occur in the water
volume. Nearly 4% of the muons entering the WCD stop and decay. The Michel electrons
deposit on average an amount of energy that can also be used for calibration purposes. For
the LSD it is also convenient to determine the water volumes geometry (the precise height of
the water separation interface, due to possible imperfections in the prototype) as the matrix
coe�cients a and b depend on it. The muon decay is identified when two signals are registered
in a short window of time, and one of the two signals is compatible with the incoming muon
(leaving a signal inferior than a VEM) and the other being compatible with a Michel electron.
The muon decay rate in the top and bottom liners is determined by the geometry of the
detector and hence allows a precise determination of the position of the intermediate layer.
A simulation based on 50,000 muon decays (this can be obtained in about 15 minutes of
data taking assuming a decay selection e�ciency of 50%) for three di↵erent positions of the
interface is shown in figure 6.9. A 5 cm di↵erence corresponds to nearly 10 standard deviations.
A precision of a few millimetres in the position of the intermediate layer can thus be achieved.

Hybrid events and physics data

A cross calibration of the matrix coe�cients within an array of LSD is also possible based
on physics results. For each individual LSD, average (top and bottom) LDFs from a set
of events can be constructed. From these average LDFs, by applying the matrix, muonic
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Figure 6.9 Signals from the Michel electrons from muon decaying inside the LSD for three
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in the bottom PMT. The statistic in the plot corresponds to about 15 minutes of data taking
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and electromagnetic average LDFs can also be independently reconstructed. Since these
average LDFs should be identical for all LSDs, this is a mean to cross-calibrate all matrices
(see section 6.5 for the mean LDFs of the data collected by the prototypes). Also, in a
hybrid observatory such as Auger or the Telescope Array, the electromagnetic LDFs from
the LSD can be calibrated using the fluorescence telescope data that give the cosmic ray
energy by means of a calorimetric measurement of the electromagnetic energy deposit in the
atmosphere [185]. This calibration scheme in Auger uses the total signal in the WCDs. In
the LSD, the calibration will benefit from the electromagnetic signal reconstruction, as the
uncertainty on the muon number in individual showers will no longer deteriorate the energy
resolution of the surface array.

Propagation of uncertainties and systematics

When reconstructing the LDF from individual signals (S) measured in standard WCDs
the uncertainty of each measurements is of the order of

p
S, with S expressed in VEM

units. This is due to Poisson fluctuations of the number of muons entering the detector
and to the fluctuation of the electromagnetic component in its high energy tail, which also
introduce VEM-size Poisson fluctuations. The additional uncertainty associated with the
signal measurement in the detector is due to the photoelectron statistic. As long as we have a
number of photoelectrons per VEM much larger than one, its contribution to the uncertainty
budget is negligible. Above 10 EeV, the signal at 1000 m is at least several tens of VEMs
and the particle fluctuations due to the detector sampling become negligible compared to the
shower-to-shower fluctuations. Indeed, above 10 EeV the energy resolution obtained from the
LDF size at 1000 m from Auger SD is 12% while it should be around 5 to 6% if the particle
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count was the only responsible for this uncertainty.

In a LSD the situation is similar even though the reconstructed muon and electromagnetic
signals are linear combinations of the top and bottom signals with rather large coe�cients.
For a matrix with coe�cients a = 0.6 and b = 0.4 we have :

S
em

= 3S
top

� 2S
bot

S
µ

= 3S
bot

� 2S
top

(6.7)

However, the particle fluctuations in the top and bottom liners are correlated, whereas the
photoelectrons fluctuations are not. In the particular case of the LSD geometry considered
here, the contribution of the photoelectrons fluctuations in the reconstructed S

µ

and S
em

signals in each detector, although amplified by the large coe�cients of equation 6.7, is still
less than 25% of the particle fluctuations themselves. This has a little impact on the total
uncertainty budget, specially at the highest energies where shower-to-shower fluctuations
dominate.

Due to the relatively large coe�cients entering in the reconstruction of S
µ

and S
em

, one must
also consider the e↵ect of a possible systematics in the absolute calibration of the top and
bottom segments of the LSD. If the calibration procedure induces a systematic bias of +1%
on the top segment with respect to the bottom one over the whole array, the electromagnetic
signal from equation 6.7 would be on average 3% too large and the muon signal 2% too small
(according to the equation system 6.7). Still, the LSD system can separate heavy from light
primaries according to the muonic content of the extensive air shower, as all primaries would
su↵er the same systematic shift in the energy vs. muon size plane. The comparison with
models becomes more di�cult since the electromagnetic size, hence the energy, would be
overestimated whereas the muon size would be underestimated. Given the calibration strategy
introduced above, a maximum of 1% systematic uncertainty between the top and bottom
calibration is within reach but requires attention.

6.4 Prototypes

Three LSD prototypes were constructed at the Auger site in Malargüe by inserting a separation
made from a Tyvek laminate in standard liners from Auger. These prototypes use the 4 PMTs
configuration displayed in figure 6.2 with 3 PMTs looking into the top volume and 1 PMT
looking into the bottom one.

Two parallel options have been followed to achieve a prototype design whose installation can
be carried out with minimal impact over the current WCD. One of the options contemplates
the conversion (from standard WCD to LSD) without emptying the tank. This is the so-called
umbrella option and it is still under development. The second option is to rebuild the liners,
either from scratch, either modifying a current liner. This is the so-called double liner option
and it has been adopted for the three installed prototypes.
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Umbrella prototype

The umbrella is an extendable piece of liner that is introduced from a hole in the top centre of
the tank (see figure 6.10). This method has two main benefits. The modification required in
the original liners and tanks is minimal and the installation can be done in the field without
removing the water.

Fig. 4. Detail of the opening phases. 

First,  the umbrella  is  inserted vertically in  folded position,  until  the ribs are touching the tank 

bottom. Then, applying of a vertical down thrust force induces the bending of the extremities of the 

articulated ribs (40 cm). These deviate from the shaft by dragging on the bottom (fig. 5.). In this 

aim, the extremities of the ribs are rounded (various other systems for sliding or rolling could be 

considered: wheels, buckles, …). To minimize the occurrence of horizontal stresses, the touch of the 

ribs against the vertical wall could be obtained by using an elastic loop which is covered by the 

skirt.

Fig. 5. Detail of the articulated ends of the arms showing the strips of plastic used as springs and  
the rounded ends for the sliding. At the rib end is fixed a loop spring system dedicated to touch the  
vertical wall. An optimal optical sealing is obtained, by extending the membrane beyond the ribs  

and loop springs, on the entire circumference. 

At an angle of 45 °, the ribs become straight again, due to the thrust of water (see fig. 4.). The 

second step, which is the final opening of the umbrella, can begin by pushing on the top of the 

mechanism (piston triangular) (few centimeters per minute). This phase must take place slowly (10 

mn) because of the forces that will  be induced by the movement of water around the disk.  To 

pushed forward, a plunger of triangular shape, which use 3 pushing axis (rods 12 mm diameter) is 

necessary. At the end of umbrella opening, this plunger is used as cover flange in order to seal the 

shaft. To ensure a good seal to the water at the push mechanism, the upper flange is equipped with 

adequate seals for the crossings pistons.

The necessary force to the deployment is estimated at around 300 N. This pressure decreases even 

more as the speed of deployment is low. Due to the force applied to the plunger, the structure will 

gradually open, until the ribs reach their horizontal positions. In the same time, the membrane will 

5

Figure 6.10 Opening process for the umbrella prototype [186].

In November 2013, an umbrella prototype was built at the Auger site but technical di�culties
were found in the extendable system from the engineering point of view. The deployment in
an empty tank was achieved but we could not go further. A new optimized design for the
umbrella prototype is still under study [186].

Double liner prototype

In February 2013, a first prototype was built at the site. The configuration chosen was two
di↵erent liners 40 and 80 cm high placed one on top of the other, with two di↵erent water
volumes. The stabilization of the top liner (4 tons of water) over the bottom one was achieved
by tense strings attached to the wall of the tank forming an hexagram to avoid the center
occupied by the PMT. Regarding the PMTs configuration, only two were placed in the top
and one in the bottom. A modification in the structure in the tank was needed to place the
two PMTs in opposite places.

Although the prototype was built and some data were collected, the installation process
was too complicated and the stabilization of the system was too weak, due to the weight of
the top liner. The suggested improvement was to make a unique water volume, ensuring the
stabilization of the system. The result of the improvement is the current design of the double
liner prototype.

The renewed design includes the concept of a shared water volume. In a standard liner from
Auger, an intermediate layer is introduced, providing optical but not hydraulic isolation. The
accurate shape of the double bag ensures the correct position of the intermediate layer. The
original liner is split horizontally in two parts of 40 and 80 cm, and sewed again between them
and separated by the water transparent layer. A 10 inches PVC tube is inserted inside the
top liner and it is glued to the top layer and the intermediate one. In the bottom of the tube
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there is a window holding the bottom PMT (figure 6.11, right). The three PMTs of the top
liner stay in their original locations.

Figure 6.11 Left: maps with the locations of the constructed prototypes (blue tags) and the
other Auger WCDs (green tags). Right: interior of the top liner of the first LSD prototype,
with detail of the tube (in the centre) and a PMT window (bright hemisphere in the right)
before the corresponding PMT were installed.

The first prototype with this design, named Guapa Guerrera, was built with success in
February 2014 and installed in the field. The sta↵ from the Pierre Auger Observatory has
built and installed other two prototypes (Vanesa in June and Clairon in July) with the same
design. The positions of the three prototypes are displayed in the left panel of figure 6.11.
Their positions are arranged in a triangular configuration inside the Infill array, a region with
a density of WCDs 4 times higher than the regular array (see section 1.4), separated 750 m
from each other. They participate in about 100 physics events per day. All of the prototypes
are in doublet (located away about 10 m) with a standard Auger SD station. Guapa Guerrera
is paired with Oye, Vanesa is paired with Heisenberg, and Clairon is paired with Phill Collins.
The purpose of this doublet configuration is the comparison of the signals. The data collected
in the three prototypes is discussed in next section.

6.5 Data

The three prototypes have been taking data since their respective installations. In total there
have been collected more than 8000 events with E > 0.03 EeV in which at least one LSD is
a↵ected. In about 300 of them the three prototypes participate in the event. The calibration
and comparison with their doublets are presented. The muonic and electromagnetic LDFs for
di↵erent LSDs is also shown.

Calibration

The peaks showing the most probable value of atmospheric muons appear now, independently,
for the two di↵erent volumes. The histogram of charge of random signals for the PMT
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observing the bottom volume of one of the installed prototypes is shown in figure 6.12 (left).
The peak corresponds to the charge deposited by single muons that is roughly one VEM. This
value is used for calibration.
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Figure 6.12 Left: muon peak from the charge distribution of the bottom PMT of the prototype
data. In the inset, charge distribution from GEANT4 simulations of a LSD for all particles
(solid line), muons (dashed) and for the background (pointed) are shown. Right: total signal
in Guapa Guerrera prototype compared to its doublet Oye, located 10 m away. The red line is
the fit of the points. As expected, there is a linear relation between the sum of the signals in
the two volumes of the LSD and the signal in the standard WCD.

In the same figure (right) it is shown the total signal recorded in the LSD (by summing,
after a preliminary calibration, top and bottom signals) versus the signal recorded in the same
events by its doublet (Oye, in this case), located 10 m away. It is found, as expected, a linear
correlation between the two signals over nearly three orders of magnitude. This shows that
the LSD can also be used and can perform like a standard WCD.

Muonic and electromagnetic LDFs

An average LDF for the muonic and electromagnetic components can be constructed, as
explained in section 6.3. The events were selected with a reconstructed energy between 0.03
and 1 EeV and a zenith angle lower than 45°. It is also requested that the energy deposit in
the top part of the detector is larger than 400 MeV or 1.7 VEM. The zenith angle cut ensures
that, even for those relatively low energy showers that develop higher in the atmosphere,
the electromagnetic component is not completely absorbed before reaching ground. After
normalizing the individual LDF of each event at 450 m it is possible to plot, as a function
of distance to axis, the signal recorded by the LSD in all of those events. This average LDF
for Guapa Guerrera and Vanesa is shown in figure 6.13. They are obtained by applying the
transformation matrix (by the equation 6.7) to the top and bottom average LDFs. This
result is preliminary, as nominal values of the matrix coe�cients (a = 0.6 and b = 0.4) have
been used. Nevertheless the quality of these results is very promising. In addition, as stated
previously, the reconstruction of the average muonic and electromagnetic LDFs using di↵erent
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LSD stations will allow to cross calibrate the individual matrices.
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Figure 6.13 Average electromagnetic and muonic LDFs reconstructed applying the matrix
with a = 0.6 and b = 0.4 to the top and bottom signals. Data collected with the LSD
prototypes operating at Auger. Events selected with reconstructed energies E > 0.03 EeV,
zenith angle 20° < ✓ < 40° and the prototype located at a distance of less than 700 m from
the shower axis.

The comparison between them is done in figure 6.14. The muonic and electromagnetic
average signals of each prototype are compared with the mean of the three. The dispersion
remains under 20% between 200 and 600 m, with a higher dispersion at very short distances
and further than 600m.

6.6 Conclusions

The Layered Surface Detector (LSD) is a new concept of WCD that allows for the reconstruction
of mass sensitive parameters for ultra-high energy cosmic rays with optimal resolution. The
muon size of extensive air showers can be reconstructed with a precision better than 20%
above 10 EeV, reaching 10% for energies above 70 EeV. This muon size can be combined with
other observables already studied, like X

max

, to improve the capabilities for composition of
the ultra-high energy cosmic rays observatories.

Three prototypes of the LSD, constructed from a modification of Auger WCD, have shown
excellent performances in agreement with expectations from MC simulations.

The LSD is a detector that should be considered for any upgrade of existing observatories of
ultra-high energy cosmic rays or for the construction of new observatories, either with larger
aperture than the current one or dedicated to the study of the second knee to ankle region,
that is in the energy range from 0.1 EeV to 10 EeV.
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Figure 6.14 Comparison between the average electromagnetic and muonic LDFs reconstructed
applying the matrix with a = 0.6 and b = 0.4 to the top and bottom signals. The calculated
average for every prototype is compared with the mean of the three. Data collected with the
LSD prototypes running at Auger. Events selected with reconstructed energies between 0.03
and 1 EeV, zenith angle below 45° and the prototype located at a distance of less than 700 m
from the shower axis.
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Conclusions

In this PhD thesis a brief review of the most important aspects of the physics of ultra-high
energy cosmic rays has been exposed, including the general characteristics of the extensive air
showers and the main results about the possible origin, propagation through the Universe,
energy spectrum and composition of the primary particles.

The problem of the identification of the mass of the primary particle is a di�cult task. Up
to now, it relies on the observation of the atmospheric depth of maximum (X

max

), mostly
based on measurements done by applying the fluorescence technique. The limited duty cycle
is an issue, mostly due to the scarceness of these kind of particles. Other detection techniques
and the possibility of extracting information about the mass composition with the number
of muons in the shower are also being explored by the community and are discussed in this
manuscript.

In this scenario, three di↵erent approaches to determine the composition of the ultra-high
energy cosmic rays in the Pierre Auger Observatory are described, representing the original
work of this PhD thesis.

In the first approach (chapter 4) a new analysis has been proposed. The magnetic deviation of
the muons, that are dominant in more inclined showers, allows to explore several features of the
shower in alternative ways. New parameters, angular distortion (↵) and lateral extension (�),
have been investigated. The shape of the shower footprint at ground, measured by these two
parameters, has been proven to be dependent on di↵erent characteristics of the extensive air
shower. The parameter ↵ is correlated with Xµ

max

, and an estimator of Xµ

max

for a statistical
analysis has been constructed, providing an alternative approach to composition analyses. This
approach is complementary to others used to infer the muon production depth. Furthermore, ↵
and � are sensitive to the used hadronic interaction models and to other di↵erent assumptions
on the cascade process, like the transverse momentum (P

T

) distribution of the muons. The
study of these dependencies could lead to an improvement of the knowledge about the cascade
development.

In the second approach (chapter 5) the technique of the detection of the extensive air showers
based on their radio emissions has been explored. The access to the longitudinal profile of
the extensive air shower is a key step to infer the mass of the primary particle. The study
of the radio emission of the shower has been proposed as a full duty cycle alternative to the
fluorescence technique. The processes of radio emission investigated in this thesis are two: the
geosynchrotron emission and the Molecular Bremsstrahlung Radiation (MBR) emission. The
former is a beamed emission and the latter is isotropic. The geosynchrotron emission has been
proven to be detectable in the MHz frequency range, but limited in the application to infer
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the mass in ultra-high energy cosmic rays, as it requires a large and dense sample of radio
detectors to cover the large surface that it is needed. The MBR emission, being isotropic, is
much more interesting to help in the identification of the mass of the primary particle. This
topic has been attacked by the community from di↵erent points of view, some of them being
revised in this work. Analytical calculations of the expected flux have been carried out, the
intensity has been measured in accelerator experiments, and limits on this flux have been
established in extensive air showers detection experiments at the Auger site (EASIER and
MIDAS). A correct determination of the MBR flux will shed light on the feasibility of the use
of this technique in the detection of ultra-high energy cosmic rays, as the detection experiences
do not reveal, up to now, a significant flux that can confirm this emission as a prospective
detection technique. The Giga Duck project, framed in the EASIER project, has been also
presented, where the MBR emission is aimed to be detected with radio antennae installed in
the Auger water Cherenkov detector. The principal objective of this ongoing project is to
properly characterize the MBR emission.

In the third approach (chapter 6) a new kind of detector has been proposed. The Layered
Surface Detector (LSD) is a new concept of water Cherenkov detector that allows the recon-
struction of mass sensitive parameters for ultra-high energy cosmic rays. This detector allows
for the separation of the two components of the extensive air shower: the electromagnetic and
the muonic. Then, the muon size of extensive air showers can be reconstructed. The muon
size can be combined with other observables already studied, like X

max

or other age-related
observables, obtained by di↵erent methods, to improve the capabilities to determine the
composition of the ultra-high energy cosmic rays observatories. Three prototypes of the LSD
have been constructed from a modification of Auger WCD, and they have been collecting
data since their respective installations, showing excellent performances and proving that the
technique is viable. The LSD is a detector that can be considered for any upgrade of existing
observatories of ultra-high energy cosmic rays or for the construction of new observatories,
either with larger aperture than the current ones or dedicated to the study of the second knee
to ankle region, that is in the energy range from 0.1 EeV to 10 EeV.

The identification of the mass of the primary particle that enters the atmosphere with such
a high energy has been proven to be di�cult, but it was the aim of this work to show that
possible steps in this direction are possible. According to the results shown in chapter 5, the
technique of the radio detection still needs much more work to be proven as a viable one, as at
present it has not shown clear indications of being an alternative to traditional techniques, like
the fluorescence. On the contrary, the new method of analysis proposed in chapter 4 appears
as a promising tool to be applied in any observatory of ultra-high energy cosmic rays, and the
LSD prototype presented in chapter 6 represents a promising detector to be considered in any
future ultra-high energy cosmic rays experiment.
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RICE Radio Ice Cherenkov Experiment [65]

ANITA Antarctic Impulsive Transient Antenna [66]

ARIANNA Antarctic Ross Ice-Shelf ANtenna Neutrino Array [67]

ARA Askaryan Radio Array [68]

CTA Cherenkov Telescope Array [54]

Ice-Cube Ice-Cube [55]

ANTARES Astronomy with a Neutrino Telescope and Abyss environmental RESearch
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LHC Large Hadron Collider

KASCADE KArlsruhe Shower Core and Array DEtector [92]

KASCADE-Grande KASCADE-Grande. Extension of KASCADE experiment [93]

Tunka-133 Tunka-133. EAS Cherenkov light array at the Tunka Valley [50]

IceTop IceTop. A surface component of the IceCube Neutrino Observatory [94]

Yakutsk Yakutsk [188]

AMBER Air Shower MicroWave Bremsstrahlung Experimental Radiometer [82]

MIDAS MIcrowave Detection of Air Showers [83, 84]
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AMY Air Microwave Yield [169]

BTF Beam Test Facility, at Laboratori Nazionali di Frascati (LNF)

MAYBE Microwave Air Yield Beam Experiment [168]

LSD Layered Surface Detector [182]

AWA Argonne Wakefield Accelerator Facility [189]

SLAC SLAC National Accelerator Laboratory, originally named Stanford Linear Accelerator
Center

CROME Cosmic Ray Observation via Microwave Emission [190]

LPNHE Laboratoire de Physique Nucléaire et des Hautes Énergies

AMIGA Auger Muon and Infill for the Ground Array [81]

Variables and observables

S station signal. Average signal measured by the PMTs of the station.

axis axis. Line in the atmosphere that defines the center of the extensive air shower. The
direction of the shower axis is calculated using the di↵erences of time between the
detectors.

r distance to the axis. Distance between the individual station and the axis of the extensive
air shower
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�(X
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) dispersion of the atmospheric depth of maximum

Xµ
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muonic atmospheric depth of maximum

MPD muon production depth
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elongation rate

S
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average signal at 1000 m

S
38

average signal at 1000 m that the extensive air shower would have produced if it had
arrived at the median zenith angle of 38°

E energy

E
sim

simulated energy

E
µ

muon energy

✓ arrival zenithal angle
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' arrival azimuthal angle

� angle of the footprint main axis

� lateral extension

↵ angular distortion

�↵ deviation of ↵ from the expected value

X
c

, Y
c

core position

B? perpendicular magnetic field

P
T

transverse momentum

T
1400

signal start-time at 1400 m

Sµ

1000

average muon signal at 1000 m

Nµ

1000

average muon number at 1000 m

E
0

initial energy

E
c

critical energy: the energy where the two losing mechanism are equal

E⇡

c

critical energy for pions

E
cal

calorimetric energy

� transverse displacement

L
µ

path from production to the ground

⇣ azimuthal angle in the shower plane

L length

W width

� shock velocity

R
M

Molière radius. Is the root mean square distance that an electron at the critical energy is
scattered as it traverses one radiation length. A cylinder with this radius holds the 90%
of the energy of the extensive air shower; R

M

= X
0

E
S

/E
c

[27]

E
S

Scale energy; E
S

=
p

4⇡/↵m
e

c2 = 21.2052 MeV [27]

X
0

radiation length: (1) the mean distance over which a high energy electron loses all but
1/e of its energy; (2) 7/9 of the mean free path for pair production by a high energy
photon; X

0

(air) = 36.62 g/cm2 [27]

�
I

nuclear interaction length; �air

I

= 90.1 g/cm2 [27]

�
⇡

pion interaction length; �air

⇡

= 122.0 g/cm2 [27]
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signal in the top liner
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signal in the bottom liner
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em

electromagnetic signal
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µ

muonic signal
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muon number
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Fisher separation coe�cient
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relative scale factor
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