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Abstract

Upward-going air showers are a possible interpretation of the recent events reported
by the ANITA Collaboration, but the energies and the elevation angles of these events
appear to be in tension with the predictions of the standard model of particle physics.
Given its operation time and wide field of view, the Fluorescence Detector (FD) of the
Pierre Auger Observatory is sufficiently sensitive to upward-going showers when used in
monocular mode and thus can be exploited to test this interpretation. For this reason,
the Pierre Auger Collaboration has performed a generic search for upward-going show-
ers with the FD. The sensitivity of the FD to upward-going showers has been studied
with dedicated simulations of upward-going events. To set up these simulations from a
geometrical point of view, a Monte Carlo simulation for upward-going showers based on
simple assumptions has been preliminarily developed. The background for this search,
which consists of downward-going showers with specific geometric configurations erro-
neously reconstructed as upward-going events in a monocular reconstruction, has been
estimated with extensive simulations. Also laser shots, which are continously fired to
monitor the quality of the atmosphere and are genuine upward-going events, can pro-
duce background when they are not properly labelled. In order to reject laser events,
a set of cuts has been developed by using a sample of 10% of the available FD data
from 14 years of operation. Furthermore, a set of quality selection criteria has been
defined to reduce the mis-identification of downward-going and upward-going events.
After having set all the selection criteria, the detection efficiency of the FD to upward-
going showers has been studied and the exposure has been calculated. A number of
candidate events consistent with the number of events expected from background has
been found after the unblinding of the full data set. An upper limit on the flux of
upward-going showers has been then derived. To make the results of this analysis suit-
able to be applied to different physical scenarios, differential tables of exposure have
been finally provided.
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Introduction

Since cosmic rays were discovered, many steps have been made towards the com-
prehension of their properties. Piece by piece, cosmic ray experiments have contributed
to the unveiling of their mysteries, but their puzzle is still far from complete. One of
the most challenging questions about cosmic rays concerns their origin and composi-
tion. Answering this question is even harder for cosmic rays at energies above ∼ 1018

eV, the so-called Ultra High Energy Cosmic Rays (UHECRs), whose flux is too low
to allow for their direct detection in space. UHECRs can be detected only by mea-
suring the secondary particles produced by their interaction with the atmosphere, the
so-called Extensive Air Showers (EAS). For this reason, the detection of UHECRs
requires ground-based experiments covering large areas. In this respect, the Pierre
Auger Observatory is the largest cosmic ray observatory of the world. It is located in
Malargüe, Argentina and combines an array of 1660 water Cherenkov stations covering
an area of about 3000 km2 and 24 fluorescence telescopes overlooking the same area.
The surface detectors allow to measure the Cherenkov light produced in water by the
secondary particles of the air shower at ground level, while the fluorescence telescopes
allow to measure the light emitted by the nitrogen molecules excited by the particles
of the air shower on clear moonless nights. Many results have been achieved by the
Pierre Auger Observatory since it became operative in 2004, such as the measurement
of the UHECR energy spectrum, which provides evidence of a flux suppression at the
highest energies, the studies on the mass composition and the distribution of the ar-
rival directions. To further shed some light on the mass composition of the UHECRs
and the origin of the flux suppression, the Pierre Auger Observatory has started a
major upgrade, whose main component consists of surface scintillator detectors. These
detectors allow for a better discrimination between the electromagnetic and muonic
component of the air shower.

When the first gravitational wave was detected, it became clear that the infor-
mation from different cosmic messengers such as cosmic rays, neutrinos, gamma rays,
gravitational waves and neutrons could be used together to study the corresponding
astrophysical sources. Since the Pierre Auger Observatory is sensitive also to neutral
particles, it took part to the combined Multi-Messenger searches that were coupled
to the later detection of gravitational waves. Furthermore, Multi-Messenger searches
for neutrinos, photons and neutrons have been performed and are currently on-going
within the Pierre Auger Collaboration. Important limits on the flux of these particles
have been set, leading, together with the results obtained for cosmic rays, to a better
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INTRODUCTION

comprehension of our Universe.
Sometimes, the detection of anomalous events poses new challenges and questions,

especially when these events appear to be in tension with well established results.
Such events represent a unique opportunity to test the current models and provide
some insight into new phenomena. This is the case of the recent events reported by
the ANITA Collaboration, which are consistent with the interpretation of upward-
going showers. These events have been detected at energies and elevation angles that
appear to be in tension with the predictions of the standard model of particle physics,
therefore, if confirmed, they would require significant modifications to this theory or
new phenomena. A possible explanation of these events within the standard model of
particle physics would be a transient neutrino flux from a point source. This hypothesis
has been tested by the IceCube collaboration, but no evidence of such a flux has been
found in any of its analyses. To confirm or costrain the interpretation of the ANITA
events as upward-going showers and thus add some pieces to this puzzle, the Pierre
Auger Collaboration has performed a generic search for ANITA-like events. These
events are not expected to produce signals in the surface detectors because of their
elevation angles, but they can be detected with the fluorescence telescopes, which are
sufficiently sensitive to them.

My work, described in this thesis, has been mainly focused on the search of such
upward-going showers with the fluorescence telescopes of the Pierre Auger Observatory
and has been conducted within the Multi-Messenger task of the Auger Collaboration.
A relevant part of my thesis work concerned the setting up of a Monte Carlo simulation
reproducing the exact hardware configuration of the data taking of the Pierre Auger
Observatory during a period of about 14 years. This simulation, hereinafter referred
to as “Real Monte Carlo simulation”, is needed to estimate the exposure of the Pierre
Auger Observatory to upward-going showers. To study the detectability of upward-
going showers from a geometrical point of view and define an effective area for the
generation of the events of the Real Monte Carlo simulation, I preliminarily developed
a Monte Carlo simulation for upward-going showers based on simple geometrical and
physical assumptions. Moreover, I contributed to the simulation of background events
and the definition of the selection criteria used in this analysis. Also the derivation
of the upper limits was part of my work. While the analysis is almost complete, the
comparison of the results with those from the ANITA experiment is still underway
within the Pierre Auger Collaboration.

This thesis will be organized in five chapters. Chapter 1 will deal with a general
overview of the cosmic ray physics. In Chapter 2, the Pierre Auger Observatory will be
described. Chapter 3 will focus on the Multi-Messenger searches carried out within the
Pierre Auger Collaboration. The ANITA experiment and the properties of the ANITA
anomalous events will be also described. Chapter 4 will deal with the description of
the so-called “Fast Monte Carlo simulation” that has been used to guide the Real
one. Finally, the details and the results I obtained for the generic search of upward-
going showers with the fluorescence telescopes of the Pierre Auger Observatory will be
presented in Chapter 5.
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Chapter 1

The cosmic rays

The cosmic rays are elementary particles and nuclei that hit the Earth’s atmosphere
from space. When reaching the Earth, they are classified as “primary” if they have not
yet interacted in the atmosphere or “secondary” if they have been produced in the
interactions of primary cosmic rays with the atmosphere. Primary cosmic rays can
be detected directly with space or ballon experiments at energies where their flux is
high enough, while at the highest energies, where their flux is much smaller, the arrival
direction, energy and composition of the primary cosmic rays can be measured by using
the cascades of secondary particles produced by their interaction with the atmosphere.
Cosmic rays can originate both inside and outside our own galaxy, the Milky Way,
but their origin and composition still remain uncertain, especially for the ones at the
highest energies.

1.1 The discovery of the cosmic rays

The discovery of the cosmic rays at the beginning of the 20th century allowed to
solve some problems that had arisen during the 19th century. In the late 19th century
it was known that a charged electroscope spontaneously discharged because of the
ionization of the atmosphere, but the motivation for such ionization was not known.
At the beginning of the 20th century the discovery of the spontaneous radioactivity
seemed to provide a possible explanation for this behaviour because it was observed
that an electroscope rapidly discharged in the presence of a radioactive material. The
discharge was interpreted as due to the emission of charged particles from the radioac-
tive material that caused the formation of ions in the air. The spontaneous discharge
of the electroscope was thus attributed to the radioactivity of the Earth’s crust. If this
hypothesis was true the electroscope discharge rate should have decreased if measured
far from the ground. To test this hypothesis, in 1909 Father Theodor Wulf, a Jesuit
priest and a scientist, measured the electroscope discharge rate at the top of the Eiffel
tower (about 300 m above the sea level), but he observed a decrease that was too
small to confirm the hypothesis. Despite of this surprising result, he still attributed
the electroscope discharge to the emission of charged particles from the ground.
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The question was finally solved in 1912 by the Italian physicist Domenico Pacini
and the Austrian physicist Victor Hess, that measured respectively the discharge rate
of the electroscope underwater and at high altitudes. Pacini observed a decrease of
the discharge rate with the depth in the water [1], while Hess measured an increase of
the discharge rate with the altitude [2]. These results led to the conclusion that the
discharge of the electroscope was caused by extraterrestrial radiation.

In 1926 Robert A. Millikan called that radiation “cosmic rays” because he believed
that it was made by high energy γ rays [3]. Although during the following years several
experiments proved that they were mainly composed by particles with a positive charge,
the expression “cosmic rays” survived and is still used in the present day.

1.2 The energy spectrum of the cosmic rays

The energy spectrum of the cosmic rays covers a wide range of energies. Below
E ∼ 109 eV the flux is very high and is modulated by the solar wind, the plasma that
emanates from the Sun, while above E ∼ 109 eV it has a regular shape and follows a
power law that shows two main break points (see Figure 1.1). The differential flux as
a function of energy can be expressed as:

dN

dE
∝ E−γ , (1.1)

where γ is the spectral index, that is considered to be related to the origin, acceleration
mechanism and propagation of the cosmic rays.

At E ∼ 5 · 1015 eV the spectral index changes from γ ∼ 2.7 to γ ∼ 3.1. This first
break point is called “knee” and is considered to mark the beginning of the transition
from the cosmic rays that have a galactic origin to the ones that are produced outside
our galaxy. The second break point is called “ankle” and is observed at E ∼ 5 ·1018 eV.
At this energy the spectral index drops to γ ∼ 2.5. Between the knee and the ankle the
transition from galactic to extragalactic cosmic rays is supposed to take place. Above
the ankle, the cosmic rays are believed to be mostly of extragalactic origin.

In order to emphasize the features of the cosmic ray energy spectrum the flux is
usually multiplied by a power of the energy. The flux multiplied by E2.6 as a function
of the energy is shown in Figure 1.2. A further change in the spectral index between
the knee and the ankle is clearly visible at E ∼ 4 ·1017 eV. This additional break point
is called “second knee”. Furthermore, the flux is suppressed above E ∼ 4 · 1019.5 eV.

Above the knee, experimental evidences suggest that the composition of the cosmic
rays changes from light nuclei to heavier ones, up to the second knee where the energy
spectrum steepens to γ ∼ 3.3. Above the second knee, the cosmic ray composition still
remains uncertain.

The Pierre Auger Collaboration has recently identified a new feature in the cosmic
ray energy spectrum above the ankle [5]. The energy spectrum above 1018 eV measured
by Auger is shown in Figure 1.3. At E ∼ 1.3 · 1019 eV the spectral index steepens from
γ ∼ 2.5 to γ ∼ 3. This third break point is called “instep”. The features of the observed
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energy spectrum can be reproduced by using mass composition models that depend on
the energy. The suppression of the flux above E ∼ 4 · 1019 eV will be discussed more
in detail in section 1.3.4.
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1.3 Acceleration, sources and propagation of the cosmic
rays

The production of cosmic rays is usually associated to the most energetic astro-
physical objects. The acceleration of charged cosmic rays can take place in regions of
the interstellar medium in which a strong variable magnetic field is present. A static
magnetic field can not change the magnitude of the velocity of a charged cosmic ray,
because the work it does is null, but in the presence of a non-static magnetic field the
magnitude of the velocity can change because of the induced electric field. Further-
more, a static electric field can not last long in most of the astrophysical environments
because the ionised gases are very highly conductive. The first attempt to explain the
acceleration mechanism was made by E. Fermi in 1949 [7]. He developed a model based
on stochastic interactions of charged particles with ionised gas clouds, but his model
failed to explain the cosmic ray energy spectrum. Today, cosmic rays are believed to
be accelerated according to the diffusive shock acceleration model, that is derived by
applying the Fermi mechanism to astrophysical shock waves such as the ones that are
produced after a gravitational collapse. After their production and acceleration, the
cosmic rays travel through magnetic fields in the interstellar and intergalactic medium
and then reach the Earth. In the following sections the acceleration models, the can-
didate sources and the propagation mechanisms of the cosmic rays will be treated in
detail.

1.3.1 The Fermi acceleration

The Fermi model is based on the interactions of charged relativistic particles (v ∼ c)
with moving magnetic clouds in the interstellar medium1. The clouds act like magnetic
mirrors on which charged particles can be reflected. A charged particle is accelerated
or decelerated depending on whether it undergoes an head-to-head collision or a head-
to-tail collision. The collision between a charged particle with velocity v and a moving
magnetic cloud with velocity V is shown in Figure 1.4. Referring to this figure, the
probability for an head-to-head collision is proportional to v − V cos θ1 and is greater
than the one for a head-to-tail collision, which is proportional to v + V cos θ1. The
particle undergoes several collisions inside the cloud, so it is randomly scattered when
exiting the cloud:

〈cos θ2〉 = 0 . (1.2)

Considering the probability to have an head-to-head collision, for v ∼ c the average
value of cos θ1 is given by:

〈cos θ1〉 =
∫ 1
−1 cos θ1(1− V

c cos θ1)d cos θ1∫ 1
−1(1− V

c cos θ1)d cos θ1
= −V3c . (1.3)

1Tipically, astrophysical ionised gases are collisionless i.e. the mean free path of the Coulomb
collisions is greater than their size. This means that the collisions a charged particle undergoes inside
the cloud are due to the variable magnetic field.
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v
E1

E2

V

θ1

θ2

(a) Head-to-head collision

v
E1

E2

V

θ1

θ2

(b) Head-to-tail collision

Figure 1.4: Collision between a charged particle with velocity v and energy E1 with
a moving magnetic cloud with velocity V . The particle undergoes several collisions
inside the cloud and then exits with an energy E2. An head-to-head collision (a) and
a head-to-tail collision (b) are shown.

The mass of the cloud is considered to be infinite, so its velocity does not change after
the reflection. In the cloud reference frame E∗1 = E∗2 and

E∗1 = 1√
1− V 2

c2

E1(1− V

c
cos θ1) . (1.4)

The energy of the particle when it exits the cloud with respect to an external observer
is:

E2 = 1√
1− V 2

c2

E∗2(1 + V

c
cos θ2) . (1.5)

Taking into account Eq. 1.4, this equation can be rewritten as:

E2 = 1
1− V 2

c2

E1(1− V

c
cos θ1)(1 + V

c
cos θ2) . (1.6)

By the knowledge of E1 and E2, it is possible to calculate the percentage change in
the energy of the charged particle:

∆E
E

= E2 − E1
E1

= 1
1− V 2

c2

[
1− V

c
cos θ1 + V

c
cos θ2 −

V 2

c2 cos θ1 cos θ2

]
− 1 . (1.7)

Using Eq. 1.2 and Eq. 1.3, the average percentage change in the energy is〈∆E
E

〉
= 1

1− V 2

c2

(
1 + V 2

3c2

)
− 1 . (1.8)

Assuming V � c and expanding to second order in V
c ,〈∆E

E

〉
∼ 4

3
V 2

c2 . (1.9)
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This is the second order Fermi acceleration. It predicts a power law energy spectrum,
but it does not explain the observations because the spectral index can assume in
principle any value. Futhermore, it is too slow because V 2

c2 ∼ 10−8 even in supernovae.
These problems will be solved by the diffusive shock acceleration model.

1.3.2 The diffusive shock acceleration

The diffusive shock acceleration model takes the moves from the Fermi acceleration.
If the Fermi acceleration mechanism is applied to shock waves, such as the ones around
the supernova remnants, the average percentage change in the energy becomes linear
in V

c . Considering a shock wave that propagates with a locally plane wave front, the
downstream high-pressure region and the upstream low-pressure region are located
respectively behind and in front of the shock front. A relativistic charged particle that
crosses the shock front suffers a great number of collisions because of the turbulent
magnetic field, so its velocity distribution becomes isotropic in the reference frame in
which the gas is at rest on both sides of the shock front. The particle can thus cross
the shock front several times in an head-to-head collision (the velocity of the shock is
supposed to be much lower than the speed of light). Referring to Figure 1.5, in the
shock wave rest frame the gas in the downstream region moves away from the shock
front with velocity u2, while the gas in the upstream region moves towards the shock
front with velocity u1. A particle crossing the wave front goes towards a gas that is
moving with a velocity V = u1 − u2 with respect to the gas the particle is in. The

θ1

θ2

shock front

u1u2

upstreamdownstream

Figure 1.5: A charged particle crossing a plane shock front. The shock front is moving
from left to right. Every time the particle crosses the shock front it undergoes an head-
to-head collision.
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particle have a prabability to cross the wave front that is proportional to cos θ1 or to
cos θ2 depending on the side it is in. So

〈cos θ1〉 =
∫ 0
−1 cos2 θ1d cos θ1∫ 0
−1 cos θ1d cos θ1

= −2
3 (1.10)

and

〈cos θ2〉 =
∫ 1
0 cos2 θ2d cos θ2∫ 1
0 cos θ2d cos θ2

= 2
3 . (1.11)

Recalling Eq. 1.7, the average percentage change in the energy of the particle is:〈∆E
E

〉
= 1

1− V 2

c2

(
1 + 4

3
V

c
+ 4

9
V 2

c2

)
− 1 . (1.12)

Expanding to first order in V
c , the average energy gain is:〈∆E

E

〉
∼ 4

3
V

c
. (1.13)

This is the diffusive shock acceleration, also known as the first order Fermi acceleration.
If P is the probability of the particle to remain in the shock region after one

acceleration cycle and N0 is the starting number of particles, after n cycles the number
of particles in the shock region is:

N = N0P
n . (1.14)

The energy of a particle with a starting energy E0 after n cycles is:

E = E0

(
1 +

〈∆E
E

〉)n
. (1.15)

Putting together Eq. 1.14 and Eq. 1.15,

N

N0
=
(
E

E0

) lnP
ln (1+〈∆E

E
〉)
. (1.16)

Then

dN

dE
∝ E−γ , (1.17)

where

γ = 1− lnP
ln (1 + 〈∆EE 〉)

. (1.18)
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So a power law energy spectrum is predicted. Using a classical kinetic approach due to
Bell [8], it can be demonstrated that P = 1− 4

3
V
c . So in a first order approximation:

γ = 1−
ln (1− 4

3
V
c )

ln (1 + 〈∆EE 〉)
∼ 2 (1.19)

and

dN

dE
∝ E−2 . (1.20)

The derived spectral index is close to the observed one and can be even steeper if
the propagation in the interstellar medium is taken into account. The diffusive shock
acceleration can explain the lower region of the cosmic ray energy spectrum shown in
Figure 1.1 i.e. the energy spectrum of the galactic cosmic rays.

1.3.3 The sources of the cosmic rays

The cosmic rays with an energy up to the knee are likely produced in our galaxy
by supernova remnants, but the origin of the highest energy cosmic rays remains more
uncertain. The diffusive shock acceleration predicts a maximum energy that can be
achieved within a source, because a charged particle has to remain trapped inside the
source until the energy E is reached i.e. the Larmor radius rL of the particle has to
remain smaller than the source size R:

rL = p

ZeB
< R . (1.21)

Taking into account the velocity of the scattering centers βsc (velocity of the shock),
the maximum achievable energy is given by:

Emax = βscZeBR , (1.22)

where Ze is the charge of the particle and B is the magnetic field of the source. Eq. 1.22
is called Hillas criterion [9] and provides a benchmark maximum energy up to which
a charged particle can be accelerated, but it does not take into account the efficiency
of the acceleration mechanism and the energy losses. Using the Hillas criterion, it is
possible to identify which astrophysical objects satify the requirements to accelerate a
particle with a certain charge up to a specific energy. The so-called Hillas plot, in which
each source is classified according to its size and its magnetic field, is shown in Figure
1.6. Within the accelerating region, processes entailing energy losses can take place.
Therefore, the maximum energy achieved can be computed as the interplay between
the rate of acceleration and the rate of the considered processes.

Below the knee the cosmic rays are considered to have a galactic origin, while
the transition between galactic and extragalactic cosmic rays is believed to take place
between the knee and the ankle. Among the candidate sources for the galactic cosmic
rays there are supernova remnants and pulsars. Candidate sources for the extragalactic
cosmic rays include neutron stars, Active Galactic Nuclei (AGN) and Gamma Ray
Bursts (GRBs).

11
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neutron star

proton 10 20
 eV

white 

dwarf

GRB

Fe 10 20
 eV

AGN

AGN jets

SNR

     hot spots

  IGM shocks

Figure 1.6: The Hillas plot. The size of the source is plotted on the x-axis, the
magnetic field of the source is plotted on the y-axis. The plot shows the regions that
correspond to different astrophysical objects. For each particle charge and maximum
energy, Eq. 1.22 establishes a linear relationship between R and B, so each primary
particle is represented by a line once a maximum energy is fixed. Given a certain
particle and a certain maximum energy, it is possible to identify the sources that are
able to accelerate that particle up to that energy by comparing the corresponding line
with the regions that identify the astrophysical objects. The blue and the red line,
corresponding respectively to protons and iron nuclei with the same energy E = 1020

eV, show that the acceleration of nuclei is less demanding than the one of protons
because of the larger Ze. Figure from [10].

1.3.4 The propagation of the cosmic rays and the GZK cutoff

Once the cosmic rays escape from their acceleration regions, they can travel long
distances and then eventually reach the Earth. The propagation of the cosmic rays that
are produced in our galaxy is affected by the galactic magnetic field, which has a large-
scale (regular) component that is of the order of a µG and a small-scale (turbulent)
component. The Larmor radius of a charged particle propagating in our galaxy is given
by the same expression in Eq. 1.21, being B in this case the component of the galactic
magnetic field perpendicular to the direction of the particle. At energies below the knee,
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Figure 1.7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40 Mpc. Propagation energy losses are not considered.
Figure from [12].

the cosmic rays have a Larmor radius that is smaller than the field correlation scale,
so they propagate in a diffusive regime [11]. At these energies the Larmor radius does
not exceed the thickness of the galactic disk, so the cosmic rays remain confined inside
the galaxy. When the energy of the cosmic rays is high enough to make the Larmor
radius greater than the galactic disk thickness, the particles, whose propagation is no
longer diffusive, can escape from the galaxy.

In addition to being affected by the galactic magnetic field, the cosmic rays that
propagate in our galaxy can undergo radioactive decays, spallation processes, convec-
tive transport in the galactic winds, energy losses and energy gains.

The cosmic rays that are produced outside our galaxy travel through the inter-
galactic medium before reaching the Earth. The magnetic fields of the intergalactic
medium are usually described by using a simple model that consists of cells with a size
of ∼ 1 Mpc and a randomly oriented mean magnetic field of strength ≤ 1 nG. The tra-
jectories of the cosmic rays are affected by these magnetic fields even if they are small.
The projected trajectories of 20 protons propagating in the intergalactic medium for
different primary energies without considering the energy losses are shown in Figure
1.7. Protons at E = 1 EeV suffers from diffusive propagation, while at E = 100 EeV
the propagation is basically rectilinear [12]. The situation changes for nuclei, because
at the same energies they have a smaller Larmor radius because of their largest charge
and so their propagation is less rectilinear.

13
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Unlike the interactions with the intergalactic magnetic fields, the interactions with
the cosmic backgrounds change the energy and the composition of the cosmic rays and
produce secondary gamma rays and neutrinos. The backgrounds in the intergalactic
medium are represented by the photons of the Cosmic Microwave Background (CMB)2

and by the infrared, optical and ultra-violet (IR-UV) photons. The CMB spectrum is
peaked at longer wavelengths than the IR-UV ones, but UHECRs can interact with
the CMB photons via photo-pion and photo-pair production. In 1966 Greisen [13] and
Zatsepin and Kuzmin [14] independently predicted the suppression of the flux of the
cosmic rays above 1020 eV because of the energy losses due to UHECR interactions
with the CMB photons. This feature is called Greisen-Zatsepin-Kuzmin (GZK) cutoff.
Ultra high energy protons interact with the CMB photons producing pions through
the Delta resonance:

p+ γCMB → ∆+ → N + π , (1.23)

where γCMB is the CMB photon, N is a nucleon and π is a π0 or a π+. The energy
threshold of the process can be calculated by imposing that the center-of-mass energy
has to be equal to the sum of the nucleon and pion mass:

ECM =
√

(Ep + Eγ)2 − |~pp + ~pπ|2 = mp +mπ . (1.24)

This condition can be rewritten as:

2EpEγ(1− cos θ) = m2
π + 2mpmπ , (1.25)

where θ is the angle between the two particles. In the case of a head-to-head collision
(cos θ = −1) the energy threshold of the proton is given by:

Eth
p = mπ(mπ + 2mp)

4Eγ
. (1.26)

Considering the energy of a typical CMB photon (∼ 10−3 eV), the proton energy
threshold for the photo-pion production is Eth

p ∼ 7 · 1019 eV. The proper calculation
requires the integration over the Planck spectrum of the CMB and over all the collision
angles. Therefore the proton energy threshold for the photo-pion production reduces
to Eth

p ∼ 1019 eV.
Using the photo-pion production cross section σγp ∼ 2.5 ·10−32 m2 and the number

density of CMB photons nγ ∼ 5 · 108 m−3, the mean free path for a single collision is
given by [15]:

λ = 1
σγpnγ

∼ 1023 m ∼ 3 Mpc . (1.27)

A proton undergoes an energy loss of about 10% in each GZK interaction. The mean
energy of protons as a function of propagation distance through the CMB is shown
in Figure 1.8. The distance traveled by a proton before reaching an energy below the

2The Cosmic Microwave Background is a relic radiation from the early universe that has a thermal
spectrum of a black body with a temperature of 2.7 K.
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Figure 1.8: Mean energy of protons as a function of propagation distance through
the CMB for different energies at the source (1022 eV, 1021 eV, and 1020 eV). Figure
from [12].

energy threshold for the photo-pion production is ∼ 100 Mp. This means that the
highest energy protons have to be produced within this distance from the Earth. If
they are produced far from our galaxy the result is a suppression of their flux at energies
above the photo-pion production energy threshold.

If a similar calculation is carried out [15] for the electron-positron photo-pair pro-
duction process,

p+ γCMB → p+ e+ + e− , (1.28)

the resulting energy threshold for protons is ∼ 1018 eV. Since in the ultra-relativistic
limit the cross section for this process is σpair = 10−30 m2, the fractional loss of energy
for each photo-pair production event is 10−5 above threshold. This results in a distor-
tion of the particle spectrum down to energies of about 1018 eV. This feature is called
“dip” [16, 17].

The previous calculations refer only to protons. Except neutrinos, all particle
species can interact with the CMB. The panorama of the interactions of the different
particle species with the CMB is shown in Figure 1.9. If heavier nuclei are considered,
the dominant photo-disintegration interactions lead to a cutoff at an energy similar to
that of protons. The same occurs with photons whose dominant interactions are the
pair production processes.

As regards ultra high energy neutrinos, they do not interact with the CMB but
they undergo a GZK-like interaction with the cosmological neutrinos νc. As soon as the
center-of-mass energy of this interaction becomes large enough to open the inelastic
channels, the cross section σννc increases [18]. The universe becomes opaque to these
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Figure 1.9: Panorama of the interactions of possible cosmic primaries with the CMB.
Curves marked by “p + γCMB → e+ e− + p” and “Fe + γCMB → e+ e− + p” are
energy loss lengths (the distance for which the proton or Fe nucleus loses 1/e of its
energy due to pair production). The curve marked by “p + γCMB → π+ n or π0 p” is
the mean free path for photo-pion production of a proton on the CMB. The curve
marked “Fe + γCMB → nucleus + n or 2n” is the mean free path for a photo-nuclear
reaction where one or two nucleons are chipped off the nucleus. The curve marked
“γ+ γCMB + γCMB → e+ e−” is the mean free path for the interaction of a high energy
photon with the CMB. Added for reference is the mean decay length for a neutron
indicated by “n→ p e ν”. Figure from [12].

neutrinos when the interaction ννc → Z0 becomes resonant, which happens at Eν ∼
1021 eV.

1.4 Interaction of the cosmic rays with the atmosphere

The high energy hadrons, photons and electrons that enter the atmosphere interact
with the nuclei from the air and produce cascades of secondary particles. The schematic
views of an electromagnetic (EM) shower initiated by a photon and an hadronic shower
initiated by an hadronic cosmic ray are shown in Figure 1.10. A photon that converts in
the Coulomb field of a nucleus produces a e+ e− pair, each of which produces photons
via bremsstrahlung that then produce e+ e− pairs and so on. The result is an EM
cascade. An hadronic particle that interact with a nucleus, on the other hand, produces
a large number of nuclear fragments, neutral and charged pions and kaons. The nuclear
interactions carry away a large part of the initial energy of the hadronic particle.
Neutral pions have a short lifetime and decay immediately in two photons, each one
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(a) Electromagnetic shower (b) Hadronic shower

Figure 1.10: Schematic views of an electromagnetic shower (a) and an hadronic
shower (b). Figures from [19].

giving rise to an EM shower, while charged pions, whose lifetime is larger, can interact
with the atmosphere before decaying and produce other pions. As soon as the energy of
the charged pions becomes sufficiently low, they decay producing muons and neutrinos.
Also the decay of the other charged mesons results in the production of muons and
neutrinos, while other neutral mesons produce additional EM showers. Penetrating
muons and neutrinos produced during the shower development propagate straight to
the ground. Both astrophysical neutrinos and neutrinos produced in the interaction of
the cosmic rays with the atmosphere are not easy to detect because of their small cross
section.

1.4.1 Electromagnetic showers

The main features of an EM shower can be inferred by using the simple Heitler
model [21]. Under the assumption that the energy E0 of the primary particle is much
greater than the critical energy Ec (the energy at which the radiation energy loss be-
comes greater than the ionization energy loss), this simple model assumes that after one
splitting length Xs electrons give half of their initial energy to a bremsstrahlung pho-
ton, while photons create an electron and a positron, each one with half of the original
energy of the photon. The characteristic amount of matter traversed for these related
interactions is referred as X0 and is called the radiation length, which is usually mea-
sured in g cm−2. The splitting length Xs is the amount of matter traversed by an elec-
tron or a photon before losing on average half of its energy and is given by Xs = X0 ln 2
from the resolution of the equation 〈E(x)〉 = E0 e

−x/X0 by imposing 〈E(Xs)〉 = E0/2.
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Figure 1.11: Schematic view of the Heitler model for the development of an electro-
magnetic shower. Figure from [22].

The amount of matter traversed after n splitting lengths is given by Xn = nX0 ln 2
and the total number of electrons and photons is N = 2n =

(
e
Xn
nX0

)n = e
Xn
X0 . When the

energy of the particles becomes lower than the critical energy Ec the multiplication
process stops. The scheme of the Heitler model is shown in Figure 1.11. If the shower is
initiated by a particle with energy E0 the maximum size of the shower Nmax is reached
when all the particles have an energy equal to Ec. Considering that Nmax = 2nc , where
nc is the number of splitting lengths needed to reduce the energy of the particles to
Ec, and that Ec = E0/Nmax, the depth Xmax at which the shower reaches the maxi-
mum size is given by Xmax = ncX0 ln 2 = (ln E0

Ec
/ ln 2)X0 ln 2 = X0 ln E0

Ec
. This is the

depth of the shower maximum for a pure EM shower. Its dependence on the energy of
the primary particle is predicted also by more accurate models and is experimentally
confirmed.

1.4.2 Hadronic showers

Hadronic showers can be modeled using a similar approach as for EM showers
[23, 24]. However, hadrons that interact with the nuclei of the atmosphere lose a sig-
nificant part of their energy in the nuclear processes. Furthermore, the multiparticle
production of hadrons together with the particle decays make it hard to treat the
shower development in an analytical way. The calculation of the hadronic shower de-
velopment is usually performed numerically using Monte Carlo simulations. However,
the main features of the hadronic showers can be inferred by generalizing the Heitler
model [22]. According to this generalization (see Figure 1.12) [25], an hadron with en-
ergy E0 that interact in the atmosphere produces ntot particles with energy E0/ntot.
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Figure 1.12: Schematic view of the generalization of the Heitler model for the de-
velopment of an hadronic shower. Solid lines represent charged pions, while dashed
lines stand for neutral pions that do not interact but decay producing electromagnetic
sub-showers. Not all the pions are shown after the level n=2. Figure from [22].

One-third of them are neutral pions, that do not interact and produce EM sub-showers,
while two-third of them are charged pions and their number is referred as nch. If the
energy of the charged pions is greater than a typical decay energy Edec, they interact
again with air nuclei after travelling a distance corresponding to the mean inelastic
interaction length λhad. When the energy of the charged pions becomes lower than
Edec, they decay producing one muon per pion. In each hadronic interaction, neutral
pions carry away one-third of the energy of the original hadron and then they decay
transferring their energy to the EM component of the shower. After n steps the energy
of the hadronic component and of the EM component is, respectively,

Ehad =
(2

3

)n
E0 (1.29)

and
EEM = E0 − Ehad =

[
1−

(2
3

)n]
E0 . (1.30)

After n ≈ 6 most of the energy of the initial hadron is carried by the EM component
of the shower, that thus mainly affects the depth of the shower maximum. If only EM
particles produced in the first hadronic interaction are considered, the depth of the
shower maximum can be written as:

Xmax(had) ≈ λhad +Xmax(EM)

(
E0

2ntot

)
∼ λhad +X0 ln

(
E0

2ntotEc

)
. (1.31)
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When Edec is reached, charged pions decay producing one muon each. If this happens
at n = nd, the energy of the charged pions is then E = Edec = E0/(nch)nd and the
number of muons is given by Nµ = (nch)nd . Using these two equations the number of
muons can be expressed as:

Nµ =
(
E0
Edec

)α
, (1.32)

where α = lnnch/ lnntot. According to Eq. 1.32, Nµ depends on the energy of the
initial hadron, the density of the air and the charged and total particle multiplicities
of hadronic interactions.

If the particle that initiates the shower is a nucleus with mass number A, it can
be treated as A independent nucleons with energy E0/A (superposition model). Using
the indices (A) and (p) for quantities that refers respectively to nuclei and nucleons,
the maximum number of particles, the depth of the shower maximum and the number
of muons for nucleus induced showers are given by:

N (A)
max(EM)

(E0) = A ·N (p)
max(EM)

(
E0
A

)
≈ N (p)

max(EM)
(E0) , (1.33)

X(A)
max(E0) = X(p)

max

(
E0
A

)
, (1.34)

N (A)
µ = A ·

(
E0/A

Edec

)
= A1−α ·N (p)

µ (E0) . (1.35)

Both Eq. 1.34 and Eq. 1.35 depend on the mass of the nucleus that initates the shower.
As a consequence, the depth of the shower maximum of heavier nuclei is lower than
that of ligther nuclei, while the number of muons is higher.

When averaged on many showers, the nucleon interaction points predicted by the
superposition model are the same as more detailed calculations. Similarly, some main
features of nucleus induced showers, such as the depth of the shower maximum or the
number of muons, are well described by the superposition model.

The energy of the particle that initiates the shower can be inferred from the longi-
tudinal profile of the shower, i.e. the energy deposited by the shower in the atmosphere
as a function of the traversed depth X, that can be measured by detecting the fluores-
cence light emitted by the nitrogen molecules excited by the charged particles of the
shower. The integral of the longitudinal profile gives a measurement of the calorimetric
energy of the shower. The relation between the calorimetric energy of the shower and
its total energy depends on the primary particle. Neutrinos and muons produced by
hadronic primary particles do not interact or deposit only a small fraction of their
energy into the atmosphere. The fraction of the non-detected energy depends in a first
approximation only on the number of steps n at which the production of muons oc-
curs. With n =5–6 this fraction is 9–13% from Equation 1.29 [25], which is in good
agreement with simulations.
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Since the flux of the cosmic rays decreases with the energy (see section 1.2), the
detection of the UHCRs is possible only with ground-based experiments that mea-
sure the secondary particles produced by their interaction with the atmosphere. The
next chapter will be focused on the detection of the UHCRs with the Pierre Auger
Observatory.
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Chapter 2

The Pierre Auger Observatory

The Pierre Auger Observatory [26] is the largest cosmic ray observatory of the
world. It is located near the town of Malargüe in the Province of Mendoza, Argentina.
The Pierre Auger Observatory was designed to probe the origin and the nature of the
highest energy cosmic rays. It combines a surface detector (SD) that consists of 1660
water Cherenkov stations covering an area of ∼ 3000 km2 and a fluorescence detector
(FD) that comprises 24 fluorescence telescopes that overlooks the SD array from four
sites. The SD detects the Cherenkov light produced in water by the secondary particles
of the air shower at ground level, while the FD measures the longitudinal profile of
the air showers on clear moonless nights. Its hybrid nature allows to compensate for
the limitations of the single detection techniques by complementary measurements.
The array is located on the Pampa Amarilla plateau and the detectors have altitudes
between 1340 m and 1610 m, resulting in a mean altitude of ∼ 1400 m that corresponds
to an atmospheric depth of ∼ 875 g cm−2. The layout of the Pierre Auger Observatory
is shown in Figure 2.1.

The construction of the Pierre Auger Observatory was started in 2002 and was
completed in 2008. The Pierre Auger Observatory has been taking stable data since
2004, adding detectors as they became active until the full configuration was reached. In
this chapter the detection techniques of the Pierre Auger Observatory will be described.

2.1 The surface detector

The surface detector is made up of 1660 water Cherenkov stations arranged in a
triangular grid at a distance of 1500 m from each other (see Figure 2.1). This distance
is required to have a minimum of five triggered stations for showers with an energy of
1019 eV and is a good compromise between costs, energy threshold and sampling of
the shower at ground level [27]. At this distance, showers with an energy above 3 · 1018

eV are detected by the SD with a 100 % trigger efficiency [28] and a vertical shower
with an energy of 1020 eV triggers approximately 10 stations, number that increases
for inclined showers. The large area of ∼ 3000 km2 covered by the SD is required by
the low flux of the highest energy cosmic rays to have a sufficiently high statistics in
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Figure 2.1: The layout of the Pierre Auger Observatory. Each black dot stands for
a water Cherenkov station, while the blue lines represent the azimuthal field of views
of the 24 fluorescence telescopes. The four fluorescence detector sites (Los Leones, Los
Morados, Loma Amarilla, Coihueco), each of which with six telescopes, are shown. The
Coihueco site hosts three extra high elevation (HEAT) telescopes, whose field of views
are shown with red lines. The laser facilities (CLF and XLF) that monitor the aerosol
content in the atmosphere and the weather balloon launching facility (BLF) are shown
with red dots. A denser region of water Cherenkov detectors, named infill array, is
located near the Coihueco site. The light-blue circle represents the area equipped with
radio antennas (AERA). Figure from https://pc.auger.unam.mx/.

a reasonable time. A region of water Cherenkov stations arranged at a distance of 750
m from each other and called infill (see Figure 2.1) allows to detect showers with lower
energies.

Each SD station consists of a cylindrical water tank with a diameter of 3.6 m
and a height of 1.2 m. The tank is made of polyethylene and contains a sealed liner
with a reflective inner surface filled with 1200 l of ultra-pure water. The relativistic
charged particles that cross the water produce Cherenkov light that is collected by
three photomultiplier tubes (PMTs) with a diameter of 9 inch. These PMTs are placed
on the surface of the liner at a distance of 1.20 m from the center of the tank and
look downward into the water through windows of clear polyethylene. The height of
the tanks makes them sensitive also to high energy photons that produce e+ e− pairs
within their volume. The tanks are powered by batteries connected to two solar panels
that provides an average of 10 W for the PMTs and electronics package consisting of
a processor, GPS receiver, radio transceiver and power controller. A schematic view of
a tank with its components is shown in Figure 2.2.
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(a) Schematic view of a tank (b) A tank in the field

Figure 2.2: A schematic view of a tank with its component from [29] (a) and a
personal photo of a tank placed in the Pampa Amarilla (b).

2.1.1 The electronics of the SD

The PMTs have a photocathode with a diameter of 9 inch that is grounded and
eight dynodes that operate at a positive voltage. The high voltage supply is located
on the PMT base and is controlled by the slow control system [30]. The PMTs operate
at a nominal gain of 2 · 105 and have the signals from both the anode and the last
dynode as outputs. The PMT base electronics amplifies and inverts the signal at the
last dynode so that it is 32 times the charge gain of the anode. The anode signal is
used for large signals, typically the ones from the tanks that are close to the shower
core i.e. the intersection between the shower axis and the ground. Six channels of
electronics digitize the signals from the anode and the dynode through six 10 bit Fast
Analog to Digital Converters (FADCs) running at 40 MHz. The event timing and the
comunication synchronization are provided by a GPS receiver located at the top of
the communication mast of each tank (see Figure 2.2). Two local triggers T1 and T2
(see section 2.1.3) are associated to a global trigger T3. The data acquisition system
that is implemented on the station controller [30] transmits the time stamps of the T2
events to the Central Data Acquisition System (CDAS), which in response transmits
T3 requests. T1 and T2 data corresponding to the T3 requests are build into an event
and then transmitted to the CDAS together with calibration data.

2.1.2 The calibration of the SD

The Cherenkov light produced by the particles that cross the tanks is measured in
units of Vertical Equivalent Muon (VEM), which is the average charge measured for a
Vertical Centered Through-going (VCT) muon i.e. a vertical muon going through the
center of the tank. However, only the signal from omni directional muons that trigger
on coincidence of the three PMTs can be measured. The peak in the total charge
distribution resulting from this measurement can be used to infer the value of VEM
(see Figure 2.3(a)), which is obtained from a tank equipped with two vertically aligned
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(a) Charge histogram (b) Pulse height histogram

Figure 2.3: Charge (a) and pulse height (b) histograms from a tank triggered on
coincidence of its three PMTs at a trigger level of five channels above baseline. In both
histograms the signal from the three PMTs is summed. The black solid histograms refer
to a tank simply triggered on a threefold coincidence, while the red dashed histograms
to a tank triggered on central vertically aligned plastic scintillators. The bin containing
the peak of the red dashed charge histogram is defined as a vertical equivalent muon.
The peak on the left in the black solid histograms is due to low energy and corner-
clipping muons convolved with the low threshold coincidence of the three PMTs. The
muon peak of the black solid histograms is at a higher value compared to the one of
the red dashed histograms because non-vertical muons produce more Cherenkov light.
Figures from [32].

plastic scintillators and then applied to all the other tanks [31]. The purpose of the
SD calibration is to measure the value of 1 VEM in terms of hardware units i.e. in
integrated FADC channels. Referring to Figure 2.3(a), the muon peak of the black solid
histogram will be referred as Qpeak

VEM, while the peak of the red dashed one as QVEM (or
equivalently VEM). The relationship between Qpeak

VEM and QVEM is Qpeak
VEM = 1.09QVEM

for the sum of the three PMTs and Qpeak
VEM = (1.03 ± 0.02)QVEM for each PMT [32].

Together with the peak in the charge histogram, there is also the peak in the pulse
height histogram (see Figure 2.3(b)), which is used as a reference unit for threshold
levels and is related to the peak produced by a VCT muon. Using the same notation
as for the charge, they will be referred respectively as Ipeak

VEM and IVEM. The calibration
is performed in three main steps:

1. The end-to-end gains of each of the three PMTs are set up to have Ipeak
VEM at 50

channels.

2. A local calibration is continually performed to determine Ipeak
VEM in channels. This

step allows to adjust the electronics level trigger and to compensate for drifts.
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3. The value of Qpeak
VEM is determined to high accuracy using charge histograms, and

the known relationship between Qpeak
VEM and QVEM is used to obtain a conversion

from the integrated signal of the PMT to VEM units.

2.1.3 The local trigger of the SD

The local trigger of the SD has two levels of selection named T1 and T2, whose
purpose is to detect the electromagnetic and muonic components of an air shower. The
T1 trigger has two independent modes. The first mode consists in a threshold trigger
(T1-TH) requiring that the coincidence of all three PMTs is above 1.75 Ipeak

VEM. This
threshold allows to reduce the rate of atmospheric muons from ∼ 3 kHz to ∼ 100 Hz.
The T1-TH trigger can be used to select large signals that are not necessarily spread
in time. Very inclined showers that are dominantly muonic because they traverse large
atmospheric depths can be selected with this trigger. The second mode is a Time-over-
Threshold (T1-ToT) trigger requiring that at least 13 bins in 120 FADC bins within
a window of 3 µs are above 0.2 Ipeak

VEM in coincidence of two out of three PMTs. The
T1-ToT rate is lower that 2 Hz. This mode is used to select sequences of small signals
spread in time. The T1-ToT trigger allows to select low energy showers with a core
close to the tank dominated by the electromagnetic component or high energy showers
with a distant core.

The T2 trigger reduces the rate of T1 triggers to ∼ 20 Hz. T1-TH triggers are
required to have a coincidence of all three PMTs above 3.2 Ipeak

VEM to be promoted to
T2-TH, while all T1-ToT triggers become T2-ToT. T2 triggers are then combined at
the CDAS to form the T3 trigger, that initiates the data acquisition. A description of
higher level triggers can be found in [33].

2.1.4 The SD event reconstruction

The size and timing of the signals registered by the single tanks are used to de-
termine the shower properties i.e. the shower core, the shower size, the shower arrival
direction and the shower energy.

The shower geometry can be reconstructed by fitting the start times of the signals,
referred as ti , in the single tanks. If the number of triggered tanks is high enough,
the start times can be described by a concentric-spherical model (see Figure 2.4(a))
according to which the shower front is approximated with a sphere that inflates at the
speed of light:

c (ti − t0) = |~xsh − ~xi| , (2.1)

where c is the speed of light, ~xi are the positions of the tanks on the ground and t0, ~xsh
are respectively a virtual start time and a virtual origin of the shower development.
An example of a fit according to this shower front evolution model is shown in Figure
2.4(b).

The lateral distribution function (LDF), which describes the decrease of the signals
in the tanks as a function of the distance, can be fitted to obtain the impact point of
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(a) Evolution of the shower front
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(b) Start time as a funtion of distance to axis

Figure 2.4: Schematic view of the evolution of a shower front (a) and start time
relative to the timing of a plane shower front as a function of the perpendicular distance
to the shower axis (b). The shaded line in Figure (b) represents the fit according to
the shower front evolution model and its uncertainty. Figures from [26].

the shower on the ground, referred as ~xgr. The LDF can be described by a modified
Nishimura-Kamata-Greisen function:

S(r) = S(ropt)
(

r

ropt

)β ( r + r1
ropt + r1

)β+γ
, (2.2)

where ropt is the optimum distance from the shower core at which the fluctuations in
the signal are minimised, S(ropt), which is an estimator of the shower size and is used
in the energy determination, is the signal corresponding to ropt, r1 = 700 m and β,
γ are parameters that determine the slope of the LDF. For the SD array with 1500
m spaced stations the optimum distance is ropt = 1000 m [34] and the corresponding
signal is thus referred as S(1000). An example of a footprint of a shower on the SD
with the corresponding LDF is shown in Figure 2.5.

Using the virtual origin of the shower ~xsh coming from the geometrical reconstruc-
tion and the impact point of the shower on the ground ~xgr coming from the LDF fit,
the shower axis â can be determined:

â = ~xsh − ~xgr
|~xsh − ~xgr|

. (2.3)

Events with more than three stations have an angular resolution better than 1.6◦,
which becomes better than 0.9◦ for events with more than six stations [35].

The energy of the primary particle can be obtained using the estimator S(1000).
However, for a fixed energy, the attenuation of the particles of the shower and geomet-
rical effects make S(1000) decreasing with the zenith angle θ. Under the assumption of
an isotropic flux for the primary cosmic rays, this attenuation can be determined us-
ing the Constant Intensity Cut (CIC) method [36]. The attenuation curve fCIC(θ) i.e.
S(1000) as a function of θ is fitted with a third degree polinomial in x = cos2 θ−cos2 θ̄,
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Figure 2.5: Signal induced by a shower on the 1500 m spaced stations of the SD (a)
and the corresponding LDF (a). The different colors in Figure (a) refer to the time
arrival of the shower front (signal arriving first are marked with yellow, signals arriving
last with red), while the size of the markers is proportional to the logarithm of the
signal. Figures from [26].

where θ̄ = 38◦ is the median zenith angle for events measured by the SD with θ < 60◦.
The median zenith angle θ̄ is taken as a reference to convert S(1000) to S38:

S38 = S(1000)
fCIC(θ) . (2.4)

S38 is an energy estimator that is independent from the zenith angle and can be con-
sidered as the signal S(1000) that a shower would have produced if it had arrived with
a zenith angle of 38◦. The hybrid nature of the Pierre Auger Observatory allows to cal-
ibrate S38 to the energy measured by the fluorescence detector, EFD. This calibration
is performed using a high quality set of hybrid data with θ < 60◦ without relying on
Monte Carlo simulations. The relation between S38 and EFD can be described using
the function:

EFD = A

(
S38

VEM

)B
, (2.5)

where A and B are parameters determined by fitting the data. The energy of the SD
is then given by:

ESD = A

(
S(1000)

fCIC(θ) VEM

)B
, (2.6)

and the ratio ESD/EFD can be used to calculate the energy resolution of the SD. Given
an FD energy resolution of 7.6%, the resulting SD energy resolution decreases from
∼ 21% around 1018 eV to ∼ 10% around 1019 eV [37].

For zenith angles θ > 60◦, the signal in the SD stations is dominantly muonic and
the energy estimator, called N19, which is a relative scale factor relating the measured

29



CHAPTER 2. THE PIERRE AUGER OBSERVATORY

Figure 2.6: Schematic view of a FD telescope with its components. Figure from [26].

muon density at ground to a reference simulated one, is fitted to the data and calibrated
to the energy measured by the FD [38].

2.2 The fluorescence detector

The fluorescence detector consists of 24 telescopes that overlooks the area cov-
ered by the SD [39]. It comprises four sites (“eyes”), called Los Leones, Los Morados,
Loma Amarilla and Coihueco, each of which hosts six telescopes (see Figure 2.1). Each
telescope has a field of view of 30◦ × 30◦ in azimuth and elevation, resulting in an
azimuthal coverage of 180◦ at each FD site. The minimum elevation of the telescopes
is 1.5◦ above the horizontal, so they cover an elevation range between 1.5◦ and 31.5◦
with respect to the horizontal. A schematic view of a telescope is shown in figure 2.6.
The charged particles of an air shower interact in the air with the nitrogen molecules,
that get excited and then isotropically emit a radiation in the UV wavelength range
between 300 nm and 400 nm when returning to the ground state. This radiation is
called fluorescence light and can be detected with the fluorescence telescopes. The
fluorescence light enters a telescope by passing through a diaphragm with a radius
of 1.1 m covered by a Schott MUG-6 filter glass window. An annular corrector ring
with an inner radius of 0.85 m and an outer radius of 1.1 m, made of 24 sectors of
UV transmitting glass, corrects spherical aberration and eliminates coma aberration.
The diaphragm, the filter and the corrector ring are held by the aperture system (see
Figure 2.6). A segmented spherical mirror of 3.5 m × 3.5 m focuses the fluorescence
light onto a camera made of 440 hexagonal PMTs (pixels) arranged in 22 raws and 20
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(a) A camera reflected on the segmented mirror (b) A camera and the aperture system

Figure 2.7: A camera reflected on the segmented mirror (a) and a camera with the
aperture system behind it (b) at the Coihueco site. Personal photos.

columns (see Figure 2.7). The field of view for each PMT is 1.5◦. Two sliding doors
called shutters (see Figure 2.6) protect the telescope from daylight and weather. They
are closed during daytime and close automatically at night if the wind is too high or if
it rains. Furthermore, a curtain is placed behind the diaphragm to protect the camera
from daylight in case of failures.

2.2.1 The electronics of the FD

The electronics of the FD ensures a large dynamic range and a strong background
rejection, allowing also to anti-alias filter, digitize, and store signals from the PMTs.
The PMT low and high voltage are provided by an Head Electronics (HE) unit that is
soldered to the flying leads of the PMT. The nominal gain for the standard operation
of the FD is 5 ·104. Ten distribution boards are placed behind the camera, each serving
44 PMTs. The HE of each PMT is connected to a distribution board, which provides
both low and high voltage and receives the output signals. The signal is shaped and
digitized by a front-end electronics unit that contains 20 Analog Boards (ABs), 20
First Level Trigger (FLT) boards and 1 Second Level Trigger (SLT) board. The ABs,
each of which collect data from one column of the camera, have a dynamic range of 15
bits and a timing of 100 ns. The event data from the front-end electronics are read by
a computer called Mirror PC, which also implemets a third level trigger (TLT). Data
passing the FLT, the SLT and the TLT (see section 2.2.2) are send through the Mirror
PC to the central readout computer of the site, called Eye PC. The coincident data
from the telescopes of a site are used to build an event by the Eye PC, which also
generates a hybrid trigger (T3) for the SD.
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Figure 2.8: Fundamental patterns of the SLT. They are used together with their
rotation and reflection. Figure from [39].

2.2.2 The trigger of the FD

The FLT is a pixel trigger implemented in Field Programmable Gate Array (FPGA)
firmware. It consists of a threshold cut on the integrated ADC signals of the PMT. The
threshold level is adjusted to keep the rate of pixel triggers at around 100 Hz under
variable background light conditions, which are monitored by analysing the variances
of the ADC values. The pixel triggers generated in the 20 FLT boards corresponding
to the 20 columns of the camera are read by a SLT board. The SLT is implemented
in FPGA logic and searches for patterns with a length of at least five pixels. The
fundamental patterns, used together with their rotation and reflection, are shown in
Figure 2.8. In order to take into account pixels below the FLT threshold and defective
PMTs, only four triggered pixels out of five are required. This makes the total number
of patterns be 108. The pixel triggers of a camera column are read by a pipelined
mechanism that searches for the patterns on a submatrix of 22×5 pixels. Two adjacent
columns are read every 100 ns. If a pattern is identified while scanning the full camera,
data are stored and sent to the TLT. The full scan is carried out in 1 µs. The TLT is
a software trigger whose purpose is to reject the noise events from lightnings, muons
impacting on the camera and random triggers that pass the FLT and the SLT. If an
event passes the TLT, it is sent to the Eye PC and merged with the coincident events
from the other telescopes of the site. If the event satisfies further quality requirements
after performing a simple shower recontruction, the Eye PC sends a T3 trigger to the
CDAS. The T3 algorithm calculates a preliminary shower direction and ground impact
time using a fast online reconstruction. The T3 trigger is used as an external trigger
of the SD for hybrid events with energies below 3 · 1018 eV at which the SD could not
generate an independent trigger.

2.2.3 The calibration of the FD

To properly reconstruct the longitudinal profile of a shower, the ADC counts of
each pixel that receives a portion of the signal from a shower need to be converted to
a light flux. Therefore, a method to measure the response of each pixel given a certain
flux of incident photons from the solid angle covered by that pixel is needed. An absolut
end-to-end calibration is provided using a drum shaped light source that measures 2.5
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(a) A drum in a telescope aperture

Source A

with diffuser

Source B with diffuser

Source C

Tyvek reflector

(b) Light sources for relative calibrations

Figure 2.9: Schematic views of a drum mounted in a telescope aperture (a) and
positions of light sources for three different relative calibrations (b). Figures from [39].

m in diameter and 1.4 m deep placed at the aperture of the telescope. The effects of
diaphragm area projection, optical filter transmittance, mirror reflectivity, pixel light
collection efficiency and area, cathode quantum efficiency, PMT gain, preamp and
amplifier gains, and digital conversion are taken into account when the end-to-end
calibration is performed. The drum light source consists of a pulse UV LED, emitting
in a narrow band around 365 nm, that is mounted against the face of a 2.5 cm diameter
× 2.5 cm long Teflon cylinder. The Teflon cylinder is mounted in a reflector cup with a
diameter of 15 cm mounted flush to the center of the drum front surface, illuminating
the interior and the back surface of the drum. The sides and back surfaces of the drum,
together with the reflective cup, are lined with Tyvek, a material diffusively reflective
in the UV. The front face of the drum is made of a thick Teflon sheet, which transmits
light diffusively. The drum light source intensity, which is measured relative to a NIST
calibrated photodiode, is calibrated to a precision better than 4% in a dark room. The
knowledge of the pulsed flux of photons emitted by the drum and the corresponding
ADC pulse integrals of the camera pixels allows to obtaint the absolute calibration
constants. A schematic view of a drum mounted in a telescope aperture is shown in
Figure 2.9(a).

The long-term variations in the calibration of the telescopes is monitored using
an optical system for relative calibration. Three light sources coupled to optical fibers
illuminate three different detector components on each telescope. The first light source
is a 470 nm LED, whose signals are brought to a Teflon diffuser at the center of the
mirror (position A in Figure 2.9(b)). The light of this source is directed towards the
camera. The fibers from the second source, a xenon flash lamp, on the other hand,
split near the camera and terminate at 1 mm thick Teflon diffusers at the center of two
sides of the camera (position B in Figure 2.9(b)), so that the light is directed towards
the mirror. The third source is also a xenon flash, whose fibers split terminating at the
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(a) Cosmic ray shower as seen on an event display

(b) Background event as seen on an event display

Figure 2.10: An event corresponding to a cosmic ray shower as seen on an event
display of the camera is shown in Figure (a). The activated pixels are shown in the left
panel, while the response of the selected pixels (marked by black dots) as a function
of time is shown in the right panel. The bin size is 100 ns. A background event most
likely due to cosmic ray muon interacting with the glass of the PMT is shown in Figure
(b). The event is not compatible with a cosmic ray shower because all the activated
pixels give a signal in the same time. Figures from [39].

sides of the entrance aperture (position C in Figure 2.9(b)). Reflective Tyvek sheets
mounted on the inside of the shutters reflect the light from this source back into the
telescopes. The comparison of the measurements from these three light sources allows
to identify the changes in the temporal performance of pixels, mirror and aperture
components.

2.2.4 The FD event reconstruction

The cosmic ray showers are detected by the FD as a sequence of triggered pixels.
As an example, two events corresponding to a cosmic ray shower and to a background
event as seen on an event display of the camera are shown in Figure 2.10. The recon-
struction of FD events follows two steps: a geometrical reconstruction and a profile
reconstruction. The geometrical reconstruction has, in turn, two steps. The first step
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Figure 2.11: Geometrical reconstruction of an event with a fluorescence telescope.
Figure from [40].

is the determination of the shower-detector plane (SDP), which is the plane identified
by the axis of the shower and the FD site (see Figure 2.11), while the second step is the
recontruction of the axis of the shower within the SDP using the timing information
of the pixels.

The reconstruction of the SDP is performed by finding the SDP normal ~nSDP from
the minimizazion of the quantity [41]:

χ2
SDP =

∑
i

wi(~nSDP · ~ri)2 , (2.7)

where ~ri is the direction towards which the ith pixel is pointing, wi is a weight pro-
portional to the signal of the ith pixel and the sum is performed over all the triggered
pixels i.

The reconstruction of the shower axis is performed by using the timing information
of the pixels. According to the shower representation shown in Figure 2.11, the shower
axis can be identified using the perpendicular distance from the camera to the track
(Rp) and the angle between the track and the horizontal line in the SDP (χ0). The
time at which the light is expected to arrive at the ith pixel is given by:

texp
i = t0 + Rp

c
tan

(
χ0 − χi

2

)
, (2.8)

where t0 is the time at which the shower front reaches the point corresponding to Rp,
c is the speed of light and χi is the angle that ~ri forms with the horizontal line. The
parameters Rp, χ0 and t0 are found by performing a fit on the experimental data i.e.
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by minimizing the quantity:

χ2 =
∑
i

wi(texp
i − tmeas

i )2 , (2.9)

where tmeas
i is the measured time at which the light arrives at the ith pixel.

The reconstruction of an event detected by a single eye (monocular reconstruction)
may present problems if the curvature of the function reported in Eq. 2.8 is too small.
For these events, which have usually short tracks, there is a degeneracy between Rp
and χ0 that reflects on the determination of the shower parameters. If a particular class
of events does not trigger the SD and thus can be reconstructed only with a monocular
reconstruction, such as the one described in Chapter 5, the degeneracy can be removed
by using the Profile Constrained Geometry Fit reconstruction (see section 5.3), which
use an additional requirement on the profile of the energy deposit in the atmosphere.
If a detection with the SD is possible, the degeneracy can be resolved by performing
a hybrid reconstruction, which combines the timing information from the SD with the
one from the FD. The signal from a single SD station is sufficient to perform a hybrid
reconstruction. Considering that the duty cycle of the SD is around 100% compared
with 12-15% of the FD and that the signal from the FD is used as an SD external
trigger for low energy showers that do not trigger the SD (see section 2.2.2), most of
the events detected by the FD are hybrid events.

The profile reconstruction is performed by converting the light measured at the
aperture as a function of time to an energy deposit as a function of slant depth1.
Since it is important to know the attenuation of the light from the shower to the tele-
scope, the atmosphere is continuously monitored using different facilities (see section
2.2.5). Furthermore, the contributions from the scattered light (direct and scattered
Cherenkov light and multiply scattered light) have to be identified and subtracted in
order to correctly reconstruct the primary energy. An example of the light measured
at the aperture with the reconstructed light contributions and the profile of the en-
ergy deposit is shown in Figure 2.12. The profile of the energy deposit is fitted with a
Gaisser-Hillas function [43]:

dE

dX
=
(
dE

dX

)
max

(
X −X0

Xmax −X0

)Xmax−X0
λ

e
Xmax−X

λ , (2.11)

where dE/dX is the energy deposit at depth X, (dE/dX)max is the energy deposit at
the depth of the shower maximum Xmax, X0 and λ are two shape parameters. The

1The slant depth X(l) at a distance l along the shower axis is defined as:

X(l) =
∫ ∞
l

ρ(z)dl , (2.10)

where ρ(z) is the density of the air as a function of the altitude z and the integration is performed
along the shower axis from l to infinity. Eq. 2.10 can not be solved analytically for a generic geometry
[42], but if the curvature of the Earth is not taken into account, the slant depth at altitude h is
given by X(h) = Xv(h)/ cos θ, where θ is the zenith angle and Xv is the vertical depth defined as
Xv(h) =

∫∞
h
ρ(z)dz.
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Figure 2.12: Light measured at the aperture as a function of time with the recon-
structed light contributions (a) and the the energy deposit as a function of the slant
depth (b) obtained from the light at the aperture shown in (a). Figures from [39].

calorimetric energy of the shower is then calculated by integrating the fitted Gaisser-
Hillas function. The total energy of the shower is finally estimated by taking into
account the corrections for the energy carried away by neutrinos and high energy
muons, called “invisible energy”.

2.2.5 The atmospheric monitoring

Since the atmosphere is used as a giant calorimeter, the atmospheric monitoring [44]
plays a crucial role in the detection of the air showers. As mentioned in section 2.2.4, the
atmospheric conditions need to be know in order to properly reconstruct the air showers
detected by the FD. The state variables of the atmosphere, temperature, pressure and
humidity, affect the longitudinal development of the shower and the amount of the
emitted fluorescence light. Once the fluorescence light is emitted, it propagates towards
the FD and it undergoes reduction processes which also have to be taken into account
during the reconstruction [45]. These processes are the Rayleigh scattering, the Mie
scattering and the obscuration by clouds. The Rayleigh scattering, which occurs when
the light is scattered off the molecules of the air whose diameter is much smaller than
its wavelength, is analytically obtained from the knowledge of the state variables of
the atmosphere. The Mie scattering, on the other hand, which is the scattering of the
light off the aerosols (i.e. the suspensions of liquid or solid particles in the air) that
have a diameter similar to or larger than its wavelenght, can be determined only with
dedicated measurements. As regards the obscuration by clouds, the presence of clouds
can reduce the fluorescence light from parts of the shower or increase the detected light
if the Cherenkov light of a shower is scattered while crossing a cloud layer [46]. For
this reason, measurements of cloud cover and cloud height need also to be performed.
The atmospheric monitoring plays an important role also during unusual atmospheric
conditions, such as the one shown in Figure 2.13, in which the presence of diffuse smoke
is visible.
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(a) View from Coihueco showing diffuse smoke (b) View from Coihueco in a clean day

Figure 2.13: View from the top of the Coihueco building as seen in two different
periods, showing the importance of a continuous monitoring of the atmosphere. The
presence of diffuse smoke is visible in picture (a), which was taken on 18th January
2020. As a reference, the same view as seen in a clean day is shown in picture (b),
which was taken on 7th March 2019. On the left side of both pictures the lidar station
of the Coihueco site is also visible. Personal photos.

The temperature, the pressure, the humidity and the wind speed are recorded every
5 minutes by ground-based weather stations, located one at each FD site and one at
the Central Laser Facility (CLF). The reconstruction of the air showers detected by
the FD requires also the knowledge of the state variables of the atmosphere at all the
altitudes below 20 km [47, 48]. These quantities were measured by using meteorological
radiosondes in the first years of operation of the Pierre Auger Observatory. The out-
come of these measurements was then used to calibrate the Global Data Assimilation
System (GDAS) [48], which is the input actually used for shower reconstructions. The
measurement of the aerosol optical depth profiles [49] used in the reconstruction of the
showers detected by the FD is performed by using laser pulses from the CLF and the
eXtreme Laser Facility (XLF), each of which is located at almost equal distance from
three FD sites 2.1). These two facilities shoot 50 vertical laser beams of wavelength 355
nm every 15 minutes. The scattered light is detected by the FD telescopes and then
compared to the one from reference clear nights during which only Rayleigh scattering
occurs to obtain the Vertical Aerosol Optical Depth (VAOD). The light profiles of the
laser beams allows also to measure the heights of the clouds above the CLF and the
XLF. The CLF and XLF have also a steerable system to shoot inclined laser beams.
An elastic lidar station is installed at each FD site. The lidars are steerable and are
used to measure cloud cover, cloud height and aerosol optical depth. They produce
pulsed laser beams with a wavelength of 351 nm at a repetition rate of 333 Hz. The
backscattered light is focused by three 80 cm mirrors on as many PMTs. The laser
beams are usually shot outside the field of view of the telescopes to avoid interferences
with the FD measurements. Information on clouds is provided also by infrared cam-
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(a) HEAT as seen from the Coihueco site (b) Close view of HEAT

Figure 2.14: HEAT as seen from the top of the Coihueco building overlooking the
SD array (a) and close view of the HEAT telescopes in tilted orientation (b). Personal
photos.

eras, located one at each FD site, which detect the infrared light emitted by the clouds
in the field of view of the telescopes. A more detailed description of the atmospheric
monitoring can be found in [26].

2.3 The enhancements to the Pierre Auger Observatory

To extend the science reach of the Pierre Auger Observatory, new enhancements to
its baseline design were proposed. These enhancements include the High Elevation Flu-
orescence Telescopes (HEAT), the Auger Muon and Infilled Ground Array (AMIGA)
and the Auger Engineering Radio Array (AERA).

2.3.1 HEAT

HEAT consists of three additional telescopes located 180 m north-east of the
Coihueco site [50]. These telescopes are similar to the FD telescopes described above
but can be tilted by 29◦. Their field of view covers an angular range between 30◦ and
58◦ in elevation. HEAT is shown in Figure 2.14, while a schematic view of one of its
telescopes is shown in Figure 2.15. In combination with the infill array, an array of
SD stations placed at a distance of 750 m from each other (see Figure 2.1), the HEAT
telescopes allow to lower the energy threshold of hybrid data down to 1017 eV. HEAT
can operate in both horizontal and tilted mode (see Figure 2.15). The horizontal mode
is used for service and absolute calibration of the telescopes. When operated in hor-
izontal mode, HEAT has the same field of view of the Coihueco telescopes, and the
events detected by both detectors can be used to perform special analyses and test the
alignement of the HEAT telescopes. The tilted mode is used for data taking and makes
the combination HEAT-Coihueco have a field of view in the elevation range between
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(a) HEAT telescope in horizontal mode (b) HEAT telescope in data-taking mode

Figure 2.15: Schematic view of a HEAT telescope in horizontal mode, which is used
for service and cross calibration, (a) and tilted mode, which is used for data taking
(b). Figures from [26].

about 1.5◦ and 58◦. HEAT has been taking data since September 2009.

2.3.2 AMIGA

AMIGA consists of 61 synchronised pairs of SD stations and underground scintil-
lator detectors deployed on a 750 m triangular grid covering an area of 23.5 km2 (infill
array). The underground detectors are buried under 2.3 m of soil, which provides a
vertical shielding of 540 g cm−2 from the electromagnetic particles of air showers [51].
An underground detector is triggered externally if the corresponding SD station of
the infill array is triggered by an air shower. In this way, the particles of air showers
are sampled at ground and 2.3 m below the ground. The objective of AMIGA is to
extend the energy threshold down to 1017 eV and measure the muonic component of
air showers. The deployment of the SD stations of the infill array was completed in
September 2011, while the so-called Unitary Cell, which is the first prototype hexagon
of underground scintillator detectors (see Figure 2.16), has been fully operational since
March 2015. The Unitary Cell consists of seven SD stations paired with 30 m2 under-
ground scintillator detectors (six at each vertex of the hexagon and one at its center),
which are segmented in four modules, two 10 m2 modules and two 5 m2 modules. Two
positions of the hexagon are equipped with an extra 30 m2 segmented underground
scintillator detector (twin detectors) to directly measure the accuracy of the muon
counting. Furthermore, one position is equipped with an extra 20 m2 underground
scintillator detector buried at a shallower depth to study the shielding features of the
soil. The lower energy events recorded by the infill array are reconstructed using the
same methods used for the 1500 m SD array data. The map of the AMIGA infill is
shown in Figure 2.16.
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Figure 2.16: Map of the AMIGA infill with the Unitary Cell (shaded area). Figure
from [26].

2.3.3 AERA

Electrons and positrons in an air shower produce radio pulses via two main emis-
sion processes: the geomagnetic emission [52] and the Askaryan emission [53]. The ge-
omagnetic emission is caused by electrons and positrons that are deflected in opposite
directions by the Earth’s magnetic field. Since the number of electrons and positrons
changes during the shower development, the drift current induced in the air changes
over time producing a radio signal. The Askaryan emission is due to the time variation
of the negative net charge excess in the shower front. The charge excess is caused by
the annihilation of positrons into photons and the production of further electrons via
Compton scattering. The radio signal produced by an air shower can be used to infer
the depth of the shower maximum, the arrival direction and the energy of the primary
particle. Furthermore, the radio detection techniques have a 100% duty cycle.

AERA measures the radio emission from air showers with energies above 1017

eV in the frequency range between 30 and 80 MHz, which is a radio quiet region
between the shortwave and FM bands. It is located inside the area of the infill array
allowing for a detection of air showers in coincidence with HEAT and AMIGA and
cross calibration. The deployment of AERA started in 2010 with 24 stations equipped
with logarithmic periodic dipole antennas and connected to a central data acquisition
system via a fiber optic link. These stations are placed at a distance of 144 m from
each other. In May 2013, 100 additional radio detector stations arranged at a distance
of 250 m and 375 m were installed. Contrary to the previous ones, these stations have
butterfly antennas and are connected to a central data acquisition system via a wireless
communication system. Further 25 butterfly antenna stations were deployed in March
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Figure 2.17: An AERA station with a logarithmic periodic dipole antenna (left) and
an AERA station with a butterfly antenna (right). Figure from [54].

2015 at a distance of 750 m from each other. AERA actually consists of 153 stations
covering an area of 17 m2. The two types of stations deployed at AERA are shown in
Figure 2.17.

Considering that the radio emission is produced around the depth of the shower
maximum, Xmax can be determined from the shape of the radio signal at the ground,
which depends on the distance to the emission region [55]. The arrival direction of the
primary particle can be reconstructed from the timing of the signals in the stations
using a wavefront model for the radio emission. The energy of the primary particle can
be inferred by using the radiation energy as an energy estimator. The radiation energy
is calculated by converting the measured electric field strength at the station positions
to an energy density. The energy density is interpolated by using a LDF which takes
into account the asymmetries due to the combined geomagnetic and Askaryan effect.
The radiation energy is then obtained by integrating this LDF [56, 57].

2.4 The upgrade of the Pierre Auger Observatory

The determination of the cosmic ray composition in the energy range in which the
flux suppression is observed plays an important role in the identification of the UHECR
sources. The duty cycle of the FD does not allow to reach a significant statistics for this
energy range, while mass composition analyses performed with the SD are affected by
the systematic uncertainties related to the determination of the muonic component of
the shower. For this reason, the Pierre Auger Observatory has started a major upgrade,
called AugerPrime [58], which is currently under deployment. The main component
of the upgrade consists of a plastic scintillator detector, called Surface Scintillator
Detector (SSD), installed above each SD station. The different responses of the two
detectors to muons and electromagnetic particles allow to better discriminate between
the muonic and electromagnetic component of the shower. The SSD consists of two
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Figure 2.18: The layout of the SSD. The enclosing box, the scintillator bars, the
fibers and the PMT are visible. Figure from [59].

modules of 2 m2 extruded plastic scintillators, each of which is made by 24 extruded
polystyrene scintillator bars of 1.6 m length, 1 cm thickness and 5 cm width. The two
modules are enclosed in a box of 3.8 m × 1.3 m and are read out by wavelength-
shifting fibers, which are inserted into holes in the bars and are coupled to a single
PMT. The fibers follow the grooves of the routers at both ends in a “U” configuration
that maximizes the light yield allowing to use a single PMT. The PMT used in the
SSD is the Hamamatsu R9420, which has a good quantum efficiency in the wavelegth
region of interest and a good linearity range. The measurement of the linearity of two
Hamamatsu R9420 PMTs used to test the SSD modules assembled at the University
of Salento, Lecce (Italy), is reported in Appendix A. The layout of the SSD is shown
in Figure 2.18, while a SSD installed above a tank is visible in Figure 2.2(b).

To improve the quality of the data, the calibration, the local trigger, the monitoring
and processing capabilities of the SD, each SD station is upgraded with new electronics
that processes the signals from both the tank and the SSD. Furthermore, a small PMT
(SPMT) dedicated to the readout of large signals is installed in each SD station. More
than 40% of the events with an energy above 3 ·1019 eV have saturated signals at least
in the SD station closest to the shower core [58]. The addition of the SPMT is expected
to reduce the percentage of saturated events at the highest energies to less than 2%.

In addition to the SD upgrade, the FD operation time will be extended into periods
with higher night sky background. To operate in these conditions, the gain of the FD
PMTs will be lowered, in order to reduce their long-term aging due to the increased
exposure to the background light. This will allow to increase the current duty cycle of
the FD by about 50% [58].

The upgrade of the Pierre Auger Observatory aims to shed some light on the mass
composition of UHECRs and the origin of the flux suppression at the highest energies.
This will improve the comprehension of the separation between propagation effects
and maximum energy that can be achieved within the cosmic accelerators, allowing to
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constrain the astrophysical sources and better estimate the fluxes of ultra high energy
neutrinos and photons. The upgrade will allow also to search for a proton contribution
at the highest energies, providing useful information for proton astronomy and helping
to predict the associated secondary fluxes of neutrinos and photons. Furthermore, the
improvement in the determination of the mass composition will allow to study the
hadronic interactions at energies much higher than those attainable by colliders.

44



Chapter 3

Multi-Messenger astrophysics
with the Pierre Auger
Observatory

In addition to UHECRs, the Pierre Auger Observatory is sensitive also to neutral
particles, such as photons, neutrinos and neutrons. Furthermore, the design of the FD
allows to perform searches for upward-going showers, which are a possible interpre-
tation of the recent events reported by the ANtarctic Impulsive Transient Antenna
(ANITA) Collaboration [60, 61]. The sensitivity to these other classes of events al-
lows the Pierre Auger Observatory to take active part to Multi-Messenger searches in
collaboration with other observatories.

3.1 Searches for different types of cosmic messengers

The complementary information from cosmic rays, neutrinos, high energy gamma
rays, gravitational waves and neutrons provides insights into the properties of the
corresponding astrophysical sources. After the detection of the first gravitational wave
[62], the Multi-Messenger astronomy underwent a significant boost. The later discovery
of gravitational waves from a binary neutron star merger [63] was coupled with a
combined search for high energy gamma rays [64] and neutrinos [65] to which the
Pierre Auger Observatory took part. The importance of Multi-Messenger searches in
the comprehension of astrophysical sources became evident also with the detection of
a high energy neutrino from the blazar TXS-0506+056 in coincidence with a flare of
high energy gamma rays in 2017 [66]. The analysis of archival data allowed to identify
an enhanced neutrino emission from this source between 2014 and 2015 [67].

Multi-Messenger analyses are currently on-going within the Pierre Auger Collabo-
ration. Searches for photons and neutrinos can be performed by exploiting the design
of the Pierre Auger Observatory, which allows to use the different properties of cosmic
ray, neutrino and photon induced showers to discriminate between them.
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3.1.1 Search for diffuse photons

Ultra high energy photons can originate from the decay of neutral pions produced
in the interaction of protons with the CMB photons (see Eq. 1.23) and from the
interaction of protons within the sources or their local environment. In both cases,
their average energy is approximately 10% of that of the interacting proton [68]. In
addition to this “bottom-up” scenario, a large flux of ultra high energy photons is
expected in “top-down” models, which assume that UHECRs are the decay products
of Super Heavy Dark Matter (SHDM) particles, topological defects (TD) or Z0 bosons
produced in the interaction of high energy neutrinos with the relic neutrino background
(Z-burst) [69, 70, 71]. Limits on the flux of ultra high energy photons can provide a
discrimination between these two different scenarios.

During their propagation, photons interact with the extragalactic background light
(EBL) and generate EM cascades. Considering that the attenuation length of EeV
photons is about 4.5 Mpc [72], the maximum distance from which photons at those
energies can be detected is limited. The secondary e+ e− pairs interact with background
photons via inverse Compton scattering. The result is an EM cascade ending at GeV-
TeV energies. The corresponding diffuse fluxes can be measured by using detectors
sensitive to this energy range.

Air showers induced by ultra high energy photons can be identified by relying
on their reduced muon content and deeper depth of the shower maximum Xmax. If
compared to simulated proton showers, simulated photon showers have an average
Xmax that differs by about 200 g cm−2 in the EeV energy range [68]. At energies
above 10 EeV this difference becomes larger because of the Landau-Pomeranchuk-
Migdal (LPM) effect [73, 74]. Furthermore, photons with an energy above 50 EeV can
convert in the geomagnetic field [75, 76, 77] and produce a pre-shower of low energy
electromagnetic particles, whose Xmax is smaller than that of non-converted showers.
This results in a reduced separation between the averageXmax for protons and photons.
The Xmax separation allows to use the FD to discriminate between photon and hadron
showers. The reduced muon content, on the other hand, makes the LDF for photons
steeper than that for hadrons, making photon showers detectable also with the SD.
The number of triggered stations Nstat is tipically smaller for photon showers [78].
Furthermore, the rise of the signal in the SD stations for photon showers is slower than
that for hadron showers.

For energies above 10 EeV, photon showers are searched for with the SD in the
zenith angle range 30 ◦ < θ < 60 ◦. The minimum zenith angle is chosen to be 30 ◦ in
order to ensure that most of the photon showers with these energies are fully developed.
Data taken from 1 January 2004 to 30 June 2018 are used. The optimal separation
between hadron and photon showers is estimated by performing a Monte Carlo (MC)
simulation of photon showers [79]. Two discriminating observables are used. The first
one is based on the steeper LDF of photon showers:

LLDF = log10

( 1
N

N∑
i=1

Si
SLDF(Ri)

)
, (3.1)
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Figure 3.1: Distribution of the PCA variable for the data (blue) and the MC photons
(orange). The cut at 50% efficiency on the MC photon distribution is indicated by the
the black line. 11 data events are above the cut value. Figure from [79].

where Si is the signal of the ith station, SLDF(Ri) is the expected signal of the ith
station according to the LDF fit at the distance Ri from the shower axis and N is the
number of SD stations. The sum is performed only on SD stations with Ri > 1000 m.
A LLDF < 0 is expected for photon showers, because of their smaller signal at larger
distances from the shower axis.

The second discriminating observable is based on the electromagnetic signal of the
SD stations, which is delayed compared to that of muons. The risetime, which is defined
as the time a SD station takes to increase from 10% to 50% of its total signal, is used
to define the observable ∆:

∆ = 1
N

N∑
i=1

ti1/2 − t
bench
1/2

σit1/2
, (3.2)

where ti1/2 is the risetime of the ith station corrected in order to take into account
its dependence on the zenith angle and the distance of the shower axis, tbench

1/2 is the
expected average risetime, called benchmark, σit1/2 is the risetime uncertainty and N is
the number of SD stations. In this case, the sum is performed only on SD stations with
a signal larger than 6 VEM and a distance from the shower axis 600 m < Ri < 2000
m. The two discriminating observables are used to perform a Principal Component
Analysis (PCA) [79]. The cut on the resulting PCA variable is set in order to have a
50% efficiency on the photon signal [80]. The distributions of the PCA variable for the
data and the MC photons is shown in Figure 3.1. After the application of the selection
cut 11 data events are left. Since the background hypotesis could not be excluded for
these events [79], an upper limit on the photon flux at 95% confidence level was derived
(see Figure 3.3).
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Figure 3.2: BDT output variable distribution for the simulated photon signal (blue),
the simulated proton background (red), and the data-set (black). Both the training
and the test samples are shown for simulations. The dashed line represents the cut at
50% efficiency on the photon distribution. Figure from [79].

For energies below 10 EeV, the smaller number of SD stations with a signal does
not allow to discriminate between photon and hadron showers. However, the Xmax
measured by the FD can be used as a discriminating observable because of the increased
statistics of the events. The zenith angle range considered for these energies is 0 ◦ <
θ < 60 ◦. For hybrid measurements, the discrimination is performed by using Xmax,
Nstat and Sb [81], which is defined as:

Sb =
N∑
i

Si

(
Ri
R0

)b
, (3.3)

where Si is the signal of the ith station, Ri is the distance of the ith station from
the shower axis, R0 = 1000 m is a reference distance and b = 4 is an optimized
constant which provides the best discrimination between photon and hadron showers.
Simulations of photons and protons are used respectively as signal and background to
train a Boosted Decision Tree (BDT) which takes into account also the energy and
zenith angle dependence of the discriminating observables. A selection cut on the BDT
output variable is defined at 50% efficiency on the photon distribution.

The search for photon showers can be extended below 1 EeV by using the data
from the infill array and the measurement of Xmax from HEAT. The data used for
this analysis are those from 1 June 2010 to 31 December 2015. The distribution of the
BDT output variable for data, simulated signal and simulated background is shown in
Figure 3.2. The distribution for data differs from that for simulated protons following
the experimental indications of a mass composition changing from light to heavy in
the EeV range [82] and the observation of a muon deficit in simulations with respect to
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Figure 3.3: Upper limits on the photon flux at 95% confidence level obtained with the
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level are also shown. Figure from [79].

data [83, 84]. Only one event is observed above the cut value. This number is consistent
with the number of events expected from background, therefore an upper limit on the
integral photon flux at 95% confidence level for the energy thresholds 0.2, 0.3, 0.5 and
1 EeV was derived (see Figure 3.3).

The upper limit on the integral photon flux at 95% confidence level is calculated
as [85]:

Φ0.95
UL (Eγ > E0) =

N0.95
γ (Eγ > E0)
〈εγ〉

, (3.4)

where N0.95
γ is the Feldman-Cousins upper limit [86] at 95% confidence level and 〈εγ〉

is the weighted average exposure for Eγ > E0 under the assumption of a E−2
γ power

law spectrum. The weighted average exposure is calculated as:

〈εγ〉 = 1
cE

∫
Eγ>E0

∫
T

∫
S

∫
Ω
E−2
γ ε(Eγ , t, θ, φ, x, y) dS dt dEγ dΩ , (3.5)

where cE =
∫
Eγ>E0

E−2
γ dEγ , ε(Eγ , t, θ, φ, x, y) is the detection efficiency for photons

as a function of energy Eγ , time t, zenith angle θ, azimuth angle φ and position (x, y)
of the impact point at ground, S is the generation area enclosing the SD used in
simulations and Ω is the solid angle.

The upper limits on the photon flux at 95% confidence level obtained with the
Pierre Auger Observatory are shown in Figure 3.3.
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3.1.2 Search for photons from point-like sources

In addition to the search for diffuse photons, the Pierre Auger Collaboration per-
forms also searches for ultra high energy photons from point-like sources. As mentioned
in section 3.1.1, the energy of the interacting protons is tipically one order of magni-
tude higher than that of the resulting photons. If protons interact within a source or its
local environment, an accumulation of photon showers is expected from the direction
corresponding to that source. TeV photon sources [93, 94] should produce EeV pho-
tons detectable by the Pierre Auger Observatory if their energy spectra are assumed
to extend to EeV energies. Furthermore, a source that produce particle fluxes with a
E−2 energy spectrum injects equal energy into each decade, therefore a energy flux of
1 eV cm−2 s−1 in the TeV decade, as measured in different sources of our galaxy, would
result in the same energy flux in the EeV decade if the propagation energy losses are
negligible [95]. The TeV photon spectrum without a cutoff or a spectral break mea-
sured by the H.E.S.S. Collaboration in the Galactic center region is an indication of
the presence of a PeV accelerator, called “PeVatron”, in the Galactic center [96]. This
makes the search for photons from the Galactic center region of particular interest.

To avoid large statistical penalties, the search for photons is performed considering
twelve target sets, each consisting of a class of possible sources of ultra high energy
photons [95]. One of the classes is precisely the Galactic center. Since the signal from
more than one source should be more significant than that from a single source, the
possible sources of photons in each target set are combined in a “stacked analysis”.
This analysis is performed by using the hybrid events in the energy range between
1017.3 eV and 1018.5 eV with a zenith angle smaller than 60 ◦ collected from 1 January
2005 to 31 December 2013 [95]. The targets considered in this search are those within
the maximum distance given by the attenuation length of the photons at the energies
of interest. Similarly to the search for diffuse photons described in section 3.1.1, the
discrimination between hadron and photon showers is provided by a selection cut
defined using the BDT method. The selection cut on the BDT output variable for a
given source direction i depends on the number of isotropic events expected without
the photon flux from that direction. This number is given by the average number
obtained from 5 × 103 simulated data sets, whose number of events is equal to that
of the actual data set. The arrival directions and arrival times are assigned randomly
from the measured distributions. For each target direction a top-hat counting region
of 1 ◦ is used [97]. Sources within a given target set are weighted according to their
electromagnetic flux and their exposure to the Pierre Auger Observatory. Weights are
normalized in order to sum to 1 in each target set. Given a set with N targets, any
target i is assigned with a p-value pi, which is defined as the Poisson probability of
having a number of events equal to or greater than the one actually measured, using
the average number from the simulated data sets as number of background events.
The p-values from the different targets are then used to obtain the combined p-value
for both unweighted and weighted target sets. For an unweighted set of N targets,
the combined p-value P is given by the fraction of simulations that have a product∏N
i=1 pi equal to or less than the one obtained from measured data. If each target i in
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Figure 3.4: Photon energy spectrum from the region of the Galactic center as mea-
sured by the H.E.S.S. Collaboration [96] (red points) together with the extrapolations
in the EeV range (dashed lines) and the Auger upper limit (green line). The green
and blue bands are obtained by varying the spectral index by ±0.11 according to the
systematics of the H.E.S.S. measurement. The dashed black line represents the extrap-
olation obtained by assuming an exponential cutoff with Ecut = 2.0 EeV, which is the
upper limit of the cutoff energy derived from the upper limit on the flux. Figure from
[95].

a set of N targets has a weight wi, the combined p-value Pw is given by the fraction
of simulations having a weighted product ∏N

i=1 p
wi
i equal to or less than the one from

measured data. In the weighted case, the weights wi can be interpreted as the number
of times a target i is counted with respect to other targets.

No evidence of a statistical significance larger than 3σ was found, therefore an
upper limit on the photon flux from the target with the smallest p-value in each target
set was derived assuming a power law spectrum of E−2 [95]. The upper limit on the
photon flux is computed by dividing the Zech upper limit [98] at 95% confidence level
on the number of photons by the directional exposure and by the expected signal
fraction in the top-hat search region. The directional exposure as a function of the
equatorial coordinates δ (declination) and α (right ascension) used in the calculation
of the upper limit is given by [97]:

εβ(δ, α) = ε(δ, α) · εβγ , (3.6)

where ε(δ, α) is the exposure before applying the selection cut on the BDT output
variable β and εβγ is the photon efficiency when applying the cut on β. The exposure
ε(δ, α) is calculated in a similar way as in section 3.1.1 (see Eq. 3.5), with the exception
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of the integration over the solid angle. Focusing on the region of the Galactic center
and using a spectral index of 2.32, which is the same as measured by the H.E.S.S.
Collaboration [96], the upper limit JUL = 0.034 km−2 yr−1 was derived. As shown
in Figure 3.4, the derived upper limit constrains the allowed parameter space for the
photon flux at EeV energies.

The non-observation of candidate events from any of the considered targets can be
an indication of the extragalactic origin of EeV protons. However, EeV photons could
originate within our galaxy from sources that produce fluxes not pointing to the Earth
or from transient sources, since the upper limits are calculated by averaging on time.
The results could be also explained with a larger escape probability for EeV protons
with respect to those that produce TeV photons.

3.1.3 Photon follow-up of gravitational wave events with the SD

Among the Multi-Messenger activities of the Pierre Auger Collaboration there are
also the follow-up searches of gravitational waves from the merging of binary sys-
tems detected by the LIGO/Virgo Collaboration. The memorandum of understanding
signed by the Pierre Auger Collaboration and the LIGO/Virgo Collaboration allowed
the Pierre Auger Collaboration to receive alerts on gravitational wave events from the
LIGO/Virgo Collaboration. Recently, a follow-up of gravitational wave events has been
performed within the Pierre Auger Collaboration by searching for photons with ener-
gies above 10 EeV in temporal coincidence with the gravitational wave events observed
by the LIGO/Virgo Collaboration. Photon showers are searched for with the SD by
using the standard photon search described in section 3.1.1 in both the time window
between 500 s before and after the merger and the 24-hour period after the merger,
which are the same time windows used in the neutrino follow-up of gravitational wave
events (see section 3.1.6). Close and well localized gravitational wave sources are se-
lected to reduce background and account for the attenuation length of photons. The
LIGO/Virgo Collaboration provides the localization of a gravitational wave source in
terms of a probability sky map. To have a good compromise between the expected
background and the confidence level of the source localization, the photon follow-up
is performed considering the 50% confidence level region of the convolution between
the probability sky map from LIGO/Virgo and the directional resolution of the SD
for photon showers [99]. Among the selected gravitational wave sources, only four are
found to have some overlap with the SD field of view during the 1 day period. These
sources consist of a binary neutron star merger (GW170817 [63]), two binary black
hole mergers (GW170818 [100], GW190701_203306 [101]), and black hole-neutron star
merger candidate (GW190814 [102]). The selection criteria used in this analysis are
described in [99]. No candidate photon showers were found in coincidence with these
events. Under the assumption of a E−2

γ energy spectrum, a preliminary upper limit on
the photon spectral fluence at 90% confidence level was set for each source using the
Feldman-Cousins approach [86] and the exposure to photons from transient sources
[99]. The exposure is calculated taking into account the fraction of observation time in
which the zenith angle of the source, which is a function of the sidereal time, is between

52



CHAPTER 3. MULTI-MESSENGER ASTROPHYSICS WITH THE PIERRE
AUGER OBSERVATORY

(preliminary)

Figure 3.5: Preliminary upper limits at 90% confidence level on the spectral fluence
for the four gravitational wave sources reported in the text. The uncertainties due to
the limited sky localization of the sources (blue bars) and the variation of the spectral
index α in the range [−2.3,−1.7] (red bars) are also shown. The central value of the
upper limit for GW170818 is not shown because its sky localization is close to the edge
of the field of view. Figure from [99].

30 ◦ and 60 ◦ [99]. The preliminary upper limits on the photon spectral fluence for the
four sources considered in this analysis are shown in Figure 3.5.

3.1.4 Search for diffuse neutrinos with the SD

Similarly to photons, ultra high energy neutrinos can arise from the interaction of
protons within the sources, from the decay of charged pions produced in the interaction
of protons with the CMB photons and from the interactions of protons with matter.
Neutrinos can travel long distances without being absorbed, pointing directly to their
sources and providing useful information about extragalactic sources that accelerate
UHECRs. Since neutrinos have a low interaction probability, they have to interact
with a large amount of matter in order to be detected. Ultra high energy neutrinos
are searched for by looking at inclined downward-going showers or nearly horizontal
upward-going showers. Hadron showers with a zenith angle θ > 60◦ traverse large at-
mospheric depths, resulting in an almost complete absorption of their electromagnetic
component. As a consequence, the SD stations are reached mainly by muons. Neutri-
nos, on the other hand, can interact deep in the atmosphere and produce showers with
a large concentration of electrons and photons at ground. The resulting broader signal
in the SD stations can be discriminated from that produced by hadron showers. Fur-
thermore, tau neutrinos can interact in the Earth producing tau leptons that in turn
decay and produce upward-going showers. The maximum exit probability is expected
for nearly horizontal directions for neutrino energies above 100 PeV [103]. Again, the
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(a) Footprint of an inclined shower (b) FADC trace for an EM and a muonic signal

Figure 3.6: A footprint of an inclined shower on SD stations (a) and the FADC trace
in a SD station for a dominant electromagnetic signal with its electromagnetic and
muonic components (b). Following the same convention as Figure 2.5(a), the different
colors in Figure (a) refer to the time arrival of the shower front (signal arriving first
are marked with yellow, signals arriving last with red), while the size of the markers
is proportional to the logarithm of the signal. The AoP ratio of a dominant muonic
signal is larger than that of a dominant electromagnetic signal, as clearly visible in
Figure (b). Figures from [105].

broader signal in the SD stations due to the dominant presence of electrons and pho-
tons at ground can be used to identify the events from these so-called Earth-skimming
neutrinos. The searches for inclined downward-going showers and nearly horizontal
upward-going showers are performed in the zenith angle ranges [60, 90] ◦ and [90, 95] ◦,
respectively. The zenith angle range for inclined downward-going showers is further di-
vided in two sub-ranges, [60, 75] ◦ and [75, 90] ◦. Nearly horizontal upward-going show-
ers are searched for by scanning all the triggered events, while inclined downward-going
showers are required to have a minimum of four triggered stations in order to reduce
background. Inclined events can be selected by using the footprints of the showers on
SD stations: the ratio L/W between the length L along the shower axis and the width
W perpendicular to it is close to 1 for vertical showers and progressively increases with
the zenith angle. Also the average apparent speed 〈V 〉 of the trigger between pairs
of SD stations along the major axis of the footprint can be used to select inclined
events. Vertical showers have a 〈V 〉 that is greater than the speed of light because the
SD stations are triggered at almost the same time, while for inclined showers 〈V 〉 is
around the speed of light. Furthermore, RMS(V ) is small. The requirements on these
parameters, which are used to select inclined events, differs depending on the zenith
angle range [104]. The reconstructed zenith angle is used only in the search for inclined
downward-going showers. To select showers that develop deep in the atmosphere the
Area-over-Peak ratio (AoP) is used. The AoP, which is defined as the ratio between
the integral of the FADC trace and its peak value, normalized to the average signal
produced by a single muon, allows to select showers that produce broad signals in
the SD stations i.e. signals with a dominant electromagnetic component and to reject
background hadron showers. A footprint from an inclined shower and the FADC trace
of a signal with a dominant electromagnetic component are shown in Figure 3.6.
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Figure 3.7: Distribution of 〈AoP〉 for the data in the whole period considered in the
analysis (black histogram) and the simulated Earth-skimming tau neutrinos events
(red shaded histogram). The 〈AoP〉 optimized cut value is represented by the black
line. Figure from [106].

The selection criteria used to discriminate between neutrino and hadron showers are
optimized by performing Monte Carlo simulations of ultra high energy neutrinos [104].
Both inclined downward-going showers and nearly horizontal upward-going showers are
searched for by defining a single discriminating variable, whose distribution is studied
for both neutrino simulations and a fraction of ∼ 15% of the data assumed to be
background hadron showers [106]. The cut on this variable is set in order to have
less than 1 hadron shower in 50 years (for nearly horizontal upward-going showers and
inclined downward-going showers with a zenith angle in the range [75, 90] ◦) or 20 years
(for downward-going showers with a zenith angle in the range [60, 75] ◦) according to the
extrapolation from an exponential fit performed on the background distribution [104].
Once the selection procedure is defined, the remaining data are unblinded to search
for neutrino candidates. This analysis is performed by using data from 1 January 2004
to 31 August 2018.

For nearly horizontal upward-going showers, the selection procedure changes ac-
cording to the data taking period. For data collected prior to 31 May 2010, the dis-
criminating variable is the fraction of SD stations having ToT trigger and AoP > 1.4.
This fraction is required to be larger than 60% of the triggered stations. For data
beyond 1 June 2010, the discriminating variable is 〈AoP〉, which is the average value
of AoP over all the triggered SD stations. The optimized cut value for this variable
is 〈AoP〉 = 1.83. This last procedure is not applied to data before that one because
they were already unblided under older cuts. The distribution of 〈AoP〉 for the data in
the whole period from 1 January 2004 to 31 August 2018 and the Earth-skimming tau
neutrino simulations is shown in Figure 3.7. No candidate events were found [106].

For inclined downward-going showers, the selection procedure is optimized by us-
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ing the multivariate Fisher discriminant method [107]. The observables used in this
method are obtained from the AoP values of the single SD stations. In the zenith angle
range [75, 90] ◦ the selection procedure is further optimized by dividing the events in
three sub-samples depending on the number of triggered SD stations, while events in
the zenith angle range [60, 75] ◦ are divided in five sub-samples according to the re-
constructed zenith angle. A different Fisher variable is defined in each sub-sample. For
events in the zenith angle range [75, 90] ◦, the Fisher variables are obtained from ten
observables that exploit the lower attenuation of the electromagnetic component of the
shower in the SD stations triggered first with respect to those triggered last. The dis-
tribution of the Fisher variable for data and simulations belonging to the sub-sample
with a number of triggered stations between 7 and 11 is shown in Figure 3.8(a). For
events in the zenith angle range [60, 75] ◦, the Fisher variables are constructed from
the AoP values of the SD stations closest to the core, which are shown by Monte Carlo
simulations to have the highest discriminating power [106]. Furthermore, in this zenith
angle range 75% of the triggered SD stations is required to have ToT trigger. The
distribution of the Fisher variable for data and simulations in the sub-sample with a
reconstructed zenith angle in the range (58.5, 76.5] ◦ is shown in Figure 3.8(b). The
upper bound of this range exceeds 75◦ to take into account the angular resolution. No
neutrino candidates were found in any of the three plus five sub-samples.

Since no candidate events were found, an upper limit on the diffuse flux of ultra
high energy neutrinos can be derived. Therefore, the SD exposure to neutrino showers
is needed. For inclined downward-going neutrinos, the exposure for a specific neutrino
flavor i = e, µ, τ and interaction channel c = Neutral Current (NC), Charged Current
(CC) is calculated as [104, 106, 108]:

ενi,c(Eν) =
∫
S

∫
θ

∫
φ

∫
X

∫
t
cos θ sin θ ενi,c(Eν , θ, φ, x, y,X, t)σcνm−1

p dS dθ dφ dXdt ,

(3.7)
where S is the area of the SD, mp is the mass of a proton, σcν is the neutrino-nucleon
cross section and ενi,c(Eν , θ, φ, x, y,X, t) is the detection efficiency for neutrinos of flavor
i and interaction channel c as a function of energy Eν , zenith angle θ, azimuth angle φ,
position (x, y) of the shower core, depth in the atmosphere X at which the neutrino is
forced to interact in the simulations and time t. The product σcνm−1

p dX represents the
probability of neutrino-nucleon interactions along a depth dX. The factor cos θ comes
from the projection of the area of the SD onto the direction perpendicular to the
arrival direction of the neutrino. The exposure for all flavor and interaction channels
can be obtained by summing the individual contributions after weighting them with
the corresponding flavor ratio. Assuming a flavor ratio of 1:1:1, the weight for each
contribution is 1.

For Earth-skimming tau neutrinos, the exposure is given by:

εES(Eν) =
∫
S

∫
θ

∫
φ

∫
Eτ

∫
hdec

∫
t
| cos θ| sin θ pexit pdec

· εES(Eτ , θ, φ, x, y, hdec, t) dS dθ dφ dEτ dhdecdt ,

(3.8)
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Figure 3.8: Distribution of the Fisher variable for the data in the period from 1
January 2004 to 31 August 2018 (black histograms) and the simulated downward-going
neutrino events (blue shaded histogram in Figure (a) and green shaded histogram in
Figure (b)). The optimized cut value on the Fisher variable is represented by the black
line. Figure (a) refers to the sub-sample of nearly horizontal upward-going showers
with a number of triggered stations between 7 and 11, while Figure (b) refers to the
sub-sample of inclined downward-going showers with a reconstructed zenith angle θrec
in the range (58.5, 76.5] ◦. Figures from [106].

where S is the area of the SD, pexit = dpexit/dEτ is the differential probability for a
tau lepton to exit from the Earth with energy Eτ , pdec = dpdec/dhdec is the differential
probability for a tau lepton to decay at an altitude hdec and εES(Eτ , θ, φ, x, y, hdec, t)
is the detection efficiency averaged over the tau lepton decay channels as a function of
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Figure 3.9: Exposure of the SD to ultra high energy neutrinos as a function of the
neutrino energy in the period from 1 January 2004 to 31 August 2018. The total
exposure is represented by the black solid line. Exposures for Earth-skimming tau
neutrinos only (red dashed line), all flavors downward-going neutrinos (blue dashed
line), downward-going electron neutrinos (green dashed line), downward-going muon
neutrinos (purple dashed line) and Earth-skimming and downward-going tau neutrinos
(pink dashed line) are also shown. The exposures are obtained assuming a flavor ratio
of 1:1:1. Figure from [106].

the energy of the emerging tau lepton Eτ , zenith angle θ, azimuth angle φ, position
(x, y) of the shower on the SD array, the altitude of the decay point of the tau lepton
above the ground hdec and time t. The total exposure εtot of the SD to ultra high
energy neutrino events, together with the single and combined Earth-skimming and
upward-going neutrino exposures, is shown in Figure 3.9.

Assuming a differential neutrino flux Φ = k ·E−2
ν , an upper limit on the value of k

at 90% confidence level can be set as:

k0.90 = N0.90
ν∫

Eν
E−2
ν εtot(Eν) dEν

, (3.9)

where N0.90
ν = 2.39 is the Feldman-Cousins upper limit [86] at 90% confidence interval

on the number of neutrino events for zero observed events and zero events expected
from background. The integrated limit at 90% confidence level for a single neutrino
flavor is [106]:

k0.90 < 4.4 · 10−9GeV cm−2 s−1 sr−1 . (3.10)
The upper limit on k can be calculated also in a differential way by dividing the
integration interval in bins of width ∆Eν . Both the integrated upper limit and the
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Figure 3.10: Upper limits on k at 90% confidence level from the Pierre Auger Obser-
vatory. The integrated upper limit is represented by the solid straight red line, while
the differential upper limits for all channels and flavors and for Earth-skimming tau
neutrinos are represented by the solid red line and the dashed red line, respectively.
The differential limits from IceCube [109] (solid green line) and ANITA I+II+III [110]
(solid dark magenta line) are also shown. The expected neutrino fluxes from different
cosmogenic and astrophysical models of neutrino production [111, 112, 113, 114], as
well as the Waxman-Bahcall bound [115], which is derived from the observed cosmic
ray flux, have also been added to the plot. All limits and fluxes are converted to single
flavor. Figure from [106].

differential upper limit with ∆ log10Eν = 0.5, together with the results from other
experiments and the flux predictions from different models, are shown in Figure 3.10.
Upper limits can be used to constrain the so-called cosmogenic models that predict
the production of neutrinos from the interaction of UHECRs with the intergalactic
radiation fields.

3.1.5 Search for neutrinos from point-like sources with the SD

The Pierre Auger Observatory can be used also to search for neutrinos from point-
like sources. Since the search for diffuse neutrinos described in section 3.1.4 is performed
in the zenith angle range [60, 95] ◦, neutrinos from point-like sources can be searched
for at a certain instant only from the region of the sky defined by this range. The time
dependent zenith angle corresponding to a point-like source of equatorial coordinates
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Figure 3.11: Instantaneous field of view (FoV) of the Pierre Auger Observatory for
Earth-skimming neutrinos (red band), inclined downward-going neutrinos with a zenith
angle in the range [75, 90] ◦ (blue band) and inclined downward-going neutrinos with
a zenith angle in the range [60, 75] ◦ (green band) as a function of the hour angle
α− tGS. The declination range for a given location in right ascension α at a given GST
converted to angle tGS can be directly read at the corresponding hour angle α − tGS.
As an example, the positions of two sources are shown: GW170817 visible in Auger in
the Earth-skimming channel at the time of emission [65], and GRB 190114C [118] not
visible in the different channels of Auger at the time of the burst. Figure from [119].

δ and α as seen from the latitude λ = −35.2 ◦ of the Pierre Auger Observatory is given
by [116]:

cos θ(t) = sinλ sin δ + cosλ cos δ sin
(

2π t
T
− α

)
, (3.11)

where t is the local sidereal time and T is the duration of one sidereal day. The three
zenith angle ranges into which the analysis is divided correspond to different fields of
view for the neutrino search. The field of view bands in equatorial coordinates as a
function of α − tGS , where tGS = 2π t

T + ` is the Greenwich Sidereal Time (GST)
converted to angle and ` is the mean longitude of the Pierre Auger Observatory, is
shown in Figure 3.11.

The exposure of the SD to neutrinos from point-like sources as a function of the
neutrino energy and source declination, ε(Eν , δ), is calculated in the same way as in
the search for diffuse neutrinos (see Eq. 3.7 and Eq. 3.8), except for the solid angle
integration over the sky. The dependence on the declination δ is given by Eq. 3.11. The
integration over time is performed considering only the periods when the source is in
the zenith angle range of the corresponding analysis. The time dependence of the SD
configuration during data taking can make the exposure dependent also on α. However,
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Figure 3.12: Upper limits at 90% confidence level on kPS for a single flavor point-like
neutrino flux as a function of the source declination δ obtained with the Pierre Auger
Observatory for all channels and flavors (solid black line) and for Earth-skimming
neutrinos (dashed red line), inclined downward-going neutrinos with a zenith angle in
the range [75, 90] ◦ (dashed blue line) and inclined downward-going neutrinos with a
zenith angle in the range [60, 75] ◦ (dashed green line). The upper limits obtained by
IceCube (2008-2015) [120] and ANTARES (2007-2015) [121] in different energy ranges
are also shown. Figure from [119].

the modulation in α, caused by the small diurnal variation due to the fluctuations in
the number of stations, is less than 1% when averaged over a large number of sidereal
days [117]. For this reason, the exposure can be considered to depend only on δ.

No candidate events were found in data taken from 1 January 2004 to 31 August
2018, therefore upper limits on the neutrino flux from point-like sources can be derived.
Assuming a differential neutrino flux Φ = kPS(δ) · E−2

ν and zero events expected from
background, an upper limit on kPS(δ) at 90% confidence level can be set for all channels
and flavors and independently for Earth-skimming neutrinos, inclined downward-going
neutrinos with a zenith angle in the range [75, 90] ◦ and inclined downward-going neu-
trinos with a zenith angle in the range [60, 75] ◦ by following the same procedure as
described in section 3.1.4. The upper limits as a function of the source declination, to-
gether with the results obtained by ANTARES and IceCube in different energy ranges,
are shown in Figure 3.12.
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3.1.6 Neutrino follow-up of gravitational wave events with the SD

The neutrino follow-up of gravitational wave events is performed by applying the
standard neutrino search (see section 3.1.4) in the same time windows mentioned in
section 3.1.3 i.e. the time window of 500 s before and after the merger and the 24-hour
period after the merger. Inside these two time windows, the search is limited to the
periods when the 90% confidence level region of the source localization in the sky is in
the SD neutrino field of view of the Pierre Auger Observatory. The two time windows
are defined in order to take into account the properties of the prompt and afterglow
emissions of the GRBs that are produced in the merging of compact objects. Neutrinos
are expected to be produced in the interaction of accelerated cosmic rays with GRB
photons of the prompt phase and lower energy photons of the afterglow. The two time
windows are upper bounds on the time delay between gravitational wave events and
neutrinos produced in the prompt phase [124] and the duration of the afterglow [125].
Since no candidate events were found [122], upper limits on the value of k0.90 were
derived in a similar way as for neutrinos from point-like sources (see section 3.1.5) and
then used to calculate upper limits on the neutrino spectral fluence. The upper limits
on the neutrino fluence for the first gravitational wave event ever detected, GW150914
[62], is shown in Figure 3.13. The later observation of the gravitational wave event
GW170817 from a binary neutron star merger [63] was coupled with the detection
of a short gamma ray burst after ∼ 1.7 s from the merger [63]. The Pierre Auger
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Figure 3.14: Upper limits at 90% confidence level on the neutrino spectral fluence
from GW170817 during the time window of 500 s before and after the merger (upper
plot), and the 14-day period after the merger (lower plot). Assuming a spectral fluence
F = Fup · (Eν/GeV)−2, upper limits on Fup are calculated separately for each energy
bin. Predictions from neutrino emission models are also shown. The upper limits in
the upper plot are compared with the predictions from models of prompt emission and
extended emission (EE) [126] for the case of line of sight aligned with the rotation axis
and for different off-axis viewing angles. The upper limits in the lower plot, on the
other hand, are compared with the predictions from models for longer lived emission
[127]. The models shown in both the plots are scaled to 40 Mpc, which is the distance
of the galaxy NGC 4993 where the merger is localized. Assuming that all flavors have
the same fluence, as expected from the standard neutrino oscillation, all fluences are
shown as the per flavor sum of neutrino and anti-neutrino fluence. Figure from [65].

Collaboration performed a neutrino follow-up for this event together with the IceCube
and ANTARES Collaborations [65]. Given the prolonged photon emission, the three
Collaborations agreed to search for neutrino events over an extended 14-day period
after the merger. The resulting upper limits at 90% confidence level on the neutrino
spectral fluence during the time window of 500 s before and after the merger and the
14-day period after the merger are shown in Figure 3.14.
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3.1.7 Search for neutrons with the SD

Similarly to photons and neutrinos, neutrons are not deflected by magnetic fields
and thus point directly to their sources. They are produced in charge exchange in-
teractions of high energy protons with ambient photon fields, protons or nuclei. The
positively charged pion produced in these interactions is associated to a neutron which
carries most of the energy of the proton. The interactions of protons give rise also to
neutral pions, which decay producing photons. For this reason, neutrons are necessarily
produced in association with photons. These photons carry only a small fraction of the
original proton energy, therefore a E−2 or steeper accelerated proton spectrum results
in a number of neutrons with a given energy which is larger than that of photons with
the same energy. This makes neutrons excellent cosmic messengers for the identification
of their sources. The mean decay path length for relativistic neutrons with energy E is
9.2 kpc · (E/EeV) [68]. Considering that our galaxy has a radius of about 15 kpc and
that the Earth is about 8.3 kpc far from the Galactic center, neutrons with energies of
a few EeV should allow to identify sources within most of our galaxy. When neutrons
enter the atmosphere, they produce air showers that can not be distinguished from
those produced by protons. For this reason, a flux of neutrons from a given direction
can be identified only by searching for an excess of air showers from that direction
within the angular resolution of the Pierre Auger Observatory. Similarly to the search
for photons from point-like sources (see section 3.1.2), the search for neutrons is per-
formed on a total of eleven target sets consisting of nine classes of possible sources of
photons plus the Galactic center and the Galactic plane combined in a stacked analysis
[128]. The targets considered in this search are photon sources because the production
of neutrons is associated to that of photons, as mentioned above. Sources in a target
set are weighted according to their electromagnetic flux, their exposure to the Pierre
Auger Observatory and their flux attenuation factor, which is defined as the fraction
of emitted neutrons surviving the decay from the distance of the source under the
assumption of an emitted neutron energy spectrum of E−2. In each target set, weights
are required to sum to 1. This analysis is performed in the energy ranges [1, 2) EeV,
[2, 3) EeV, E ≥ 3 EeV and E ≥ 1 EeV by using events with a zenith angle θ < 60 ◦
collected with the SD in the period from 1 January 2004 to 31 October 2013 [128]. In
each energy range the average angular resolution for the declination corresponding to
a given target is used to optimize the solid angle size for that particular target [129].
Similarly to the photon case, the number of events expected without the neutron flux
in each solid angle region is given by the average number obtained from 104 simulated
data sets, each with a number of events equal to that of the actual data set. This
average number, which allows not to have structure on small angular scales, is used
as number of background events in order to identify an excess of events from a given
target. For each simulated data set and energy range, the arrival directions are sampled
from the measured distributions of zenith angle, azimuth angle and sidereal time [128].
Each target i is assigned with a p-value following the same procedure as the photon
case (see section 3.1.2) [130].

Since no evidence of excess of a neutron flux was found from any of the target sets,
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an upper limit on the neutron flux was derived for each target set [128]. The upper limit
on the neutron flux is calculated as the Zech upper limit [98] at 95% confidence level on
the number of neutrons divided by the directional exposure and by the fraction of total
signal encompassed in the optimized target region [129]. The directional exposure is
defined as the number of events expected from background in the target region divided
by the solid angle of that target and by the cosmic ray intensity, which is expressed
in (km2 sr yr)−1 and is obtained from the integration of the energy spectrum over the
relevant energy range. The upper limit is calculated assuming a E−2 neutron spectrum
above 1 EeV.

The upper limits derived in this search are below the energy fluxes detected from
TeV gamma ray sources in our galaxy. Therefore, a E−2 Fermi-acceleration of protons
up to EeV energies from the same sources is excluded, since the flux of EeV neutrons
would be larger than that of TeV gamma rays because of the more efficient production
of neutrons with respect to gamma rays of the same energy, as mentioned above.
Furthermore, the upper limit obtained for the Galactic plane strongly costrain the
models for continuous production of EeV protons in our galaxy. An estimate of the
proton emission rate can be derived by considering that protons have to be emitted in
the galactic disk at a rate that compensates for their escape. The associated neutron
emission rate depends on the model and can be larger than that of protons if protons
are magnetically confined to the sources. In this case, only neutrons escape and EeV
protons are produced in their decay. The upper limit on the neutron flux from the
Galactic plane can be used to constrain the ratio η between the neutron luminosity
and the proton luminosity. Using an estimate of the proton emission rate, the upper
limit ηUL ' 0.006 [128] was found.

3.2 The puzzle of the ANITA anomalous events
The ANITA Collaboration has recently reported two anomalous events that are

consistent with the interpretation of upward-going showers. Since these events appear
to be in tension with the predictions of the Standard Model (SM) of particle physics
[61], the Pierre Auger Collaboration has recently started a search for upward-going
showers to support or constrain this interpretation. If confirmed, it would require either
new phenomena or significant modifications to the SM. The next subsections deal with
the description of the ANITA experiment and the characteristics of the anomalous
events detected by it.

3.2.1 The ANITA experiment

The ANITA experiment is a balloon-borne experiment which aims to detect ultra
high energy neutrinos and cosmic rays in Antarctica. It consists of an array of radio
antennas mounted on the payload of a helium balloon flying at an altitude of 35–37
km [131]. The radio antennas can detect the coherent radio pulses produced by both
ultra high energy neutrinos interacting in the Antarctic ice via Askaryan emission [53]
and UHECR air showers via geomagnetic emission [52]. The radio pulses produced by
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Figure 3.15: Schematic view of the different classes of events that can be detected
with the ANITA experiment. Figure from http://www.hep.ucl.ac.uk/uhen/anita/.

downward-going air showers reflect off the ice cap resulting in an observed signal with
an inverted phase. The phase inversion occurs because radio pulses travel from a less
dense medium into a denser material. The ANITA experiment can detect also nearly-
horizontal cosmic ray showers whose signals arrive directly at the payload without
showing a phase inversion [60], but this can happen just within ∼ 6 ◦ of the horizontal
[132]. A schematic view of the different classes of events that can be detected with
the ANITA experiment is shown in Figure 3.15. The ANITA experiment measure
both the horizontal (Hpol) and vertical (Vpol) polarization of the radio pulses. The
radio pulses produced by air showers have a polarization perpendicular to the Earth’s
magnetic field, which is mostly vertical in Antarctica. This results in signals that are
horizontally polarized. Furthermore, the vertical polarization of reflected radio pulses
from downward-going air showers is further suppressed because of the low reflectivity
of the air-ice interface for s-polarized waves. Radio pulses from neutrinos interacting
in the ice, on the other hand, have a suppressed horizontal polarization because of the
suppression of p-polarized waves when passing from ice to air [133]. This difference
is used to distinguish between neutrino and cosmic ray signals. As an example of the
phase inversion of reflected cosmic ray signals, the pulse shapes of 14 reflected cosmic
ray events and 2 direct cosmic ray events measured by the ANITA Collaboration are
shown in Figure 3.16. The arrival direction of the radio signal is reconstructed using the
arrival time difference between pairs of antennas [131], while the energy of the UHECR
is reconstructed by combining the total power of the observed radio signal with the
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Figure 3.16: Overlay of 16 UHECR event Hpol pulse shapes. The phase of the 14
reflected events (blue) is inverted with respect to that of the 2 direct events (red). In
the top right box the average pulse profiles for reflected and direct events are shown.
Figure from [134].

position of the shower core with respect to the detector, obtained from the spectral
analysis of the radio signal [135]. A detailed description of the event reconstruction for
UHECRs can be found in [136].

3.2.2 The ANITA anomalous events

The two anomalous events measured by ANITA during its first (I) and third (III)
flights were detected with an elevation angle of 27.4 ± 0.3 ◦ [60] and 35.0 ± 0.3 ◦ [61],
respectively, and energies above ∼ 0.2 EeV [139]. The pulse shapes of the two events,
which are shown in Figure 3.17, are those expected for direct air showers, but their
elevation angles show a large deviation from the horizontal. If these events are inter-
preted as tau lepton induced air showers resulting from a diffuse flux of cosmic tau
neutrinos (see Figure 3.15), their energies and elevation angles appear challenging to
reconcile with the SM. At these energies, in fact, the neutrino-nucleus cross section is
large, resulting in a mean free path of few hundred km, while the cord lengths through
the Earth corresponding to the observed elevation angles are 5700 km for the ANITA I
event and 7200 km for the ANITA III event [137]. Therefore, a neutrino flux exceeding
the current bounds on diffuse neutrino fluxes would be required [61]. A possible expla-
nation for the ANITA anomalous events that does not involve physics beyond SM could
be a strong transient neutrino flux from a point source. This hypothesis was tested by
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(a) Pulse shape of ANITA I anomalous event (b) Pulse shape of ANITA III anomalous event

Figure 3.17: Pulse shapes of the two anomalous events detected by ANITA during
its first (a) and third (b) flights. The two events have elevation angles of 27.4 ± 0.3◦
(a) and 35.0 ± 0.3 ◦ (b), while their energies are above ∼ 0.2 EeV. The signals are
characterized by a horizontal polarization and a non-inverted phase, being consistent
with the interpretation of upward-going showers coming directly from the ground.
Figure (a) is from [60], while Figure (b) is from [61].

the IceCube Collaboration, which performed a search for the secondary neutrino flux
in the TeV-PeV range expected to be associated to any ultra high energy neutrino flux
in the reconstructed direction of the ANITA anomalous events. This secondary flux is
due to the tau neutrino regeneration, which consists in the production of secondary
tau neutrinos in the decays of tau leptons coming from the CC interactions of tau
neutrinos in the Earth. Three complementary approaches were used by the IceCube
Collaboration. The first analysis consisted of a search for events in spatial coincidence
with the ANITA events in short time windows centered on each ANITA event. The
ANITA I anomalous event was excluded from this analysis because at the time of its
detection IceCube had not yet reached the full detector configuration. As regards the
ANITA III anomalous event, about 0.5 s before its detection IceCube entered in a state
of run transition that lasted for about one minute, resulting in no data-taking in the
corresponding time window. For this reason, the search for neutrino candidates in coin-
cidence with this event was performed considering the two time windows 103 s and 105

s, which are large enough to make the time window of the run transition a negligible
fraction of the selected intervals. For the second analysis, a temporal coincidence with
the ANITA events was not required. A search for events clustered in time and space
was performed. Finally, the third analysis searched for events clustered in space over
the IceCube data from seven years of operation. The IceCube Collaboration did not
find an evidence for a significant correlation above the expectation from background
in any of the analyses [138]. For this reason, a confirmation or a constraint from a
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different experiment would be of particular interest. To provide some insight into the
nature of the ANITA anomalous events, the Pierre Auger Collaboration performed a
generic search for upward-going showers, to which the FD is sufficiently sensitive when
used in monocular mode.

3.3 Search for ANITA-like events with the FD
The Multi-Messenger searches carried on within the Pierre Auger Collaboration

include also the search for upward-going showers. As seen in section 3.1.4, a search
for nearly horizontal upward-going showers has already been performed within the
Pierre Auger Collaboration by exploiting the SD. However, upward-going showers with
elevation angles far from the horizontal i.e. with zenith angles much larger than 90 ◦
are not expected to produce signals in the SD and can be detected only with the
FD. Therefore, the Pierre Auger Collaboration exploited the data collected with the
FD in 14 years of operation to perform a generic search for upward-going showers
in the energy and elevation angle regions of interest for ANITA-like events. Before
starting this search, a Monte Carlo simulation for upward-going showers based on
simple assumptions, hereinafter referred to as “Fast Monte Carlo simulation”, was
developed in order to study the detectability of this class of events with the FD from
a geometrical point of view. To perform a generic search for upward-going showers
and allow the results to be used to test different physical scenarios, protons have been
used to approximate the start of the showers in simulations. The results obtained by
considering proton induced upward-going showers, in fact, can be easily scaled to fit
models that predict showers initiated by different particles. The next chapter deals
with the description of the Fast Monte Carlo simulation, while the details and the
preliminary results of the search for upward-going showers will be discussed in Chapter
5.
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Chapter 4

A Fast Monte Carlo simulation
for upward-going showers

Before starting the Real Monte Carlo simulation for upward-going showers i.e. a
Monte Carlo simulation which properly takes into account the actual status of the
Auger detectors and of atmospheric conditions during data taking, a C++ Fast Monte
Carlo simulation has been developed in order to give a rough estimate of the maximum
distance at which events can be detected by the FD telescopes. The Real Monte Carlo
simulation, needed to calculate the FD exposure to upward-going showers, is quite
expensive in terms of computing time. Therefore, those events that have no chance to be
detected by the FD are not simulated reducing the computing time and increasing the
statistics for detectable events. The Fast Monte Carlo simulation has been performed
by using simple geometrical and physical assumptions in order to optimize the Real
Monte Carlo one.

4.1 Simulation of proton induced upward-going showers

Upward-going showers can be initiated by particles emerging from the Earth and
interacting or decaying in the atmosphere at a certain height or within the rock just
below the Earth’s crust. Hereinafter, the impact point of the particle trajectory on
the ground will be referred to as the “exit point”. Another quantity of relevance for
establishing the energy of the ANITA events [139] is the height of the point of first
interaction of the primary particle i.e. Hfi. The range of Hfi is also important to be
tuned as showers that start at high altitudes are naturally less likely to be triggered
because they tend to be further away. The geometry of an upward-going shower is
illustrated in Figure 4.1. As mentioned in section 3.3, proton induced showers have
been considered in simulations in order to perform a generic search for upward-going
showers. Considering that for interaction altitudes above ∼ 5 km the showers are
not fully developed before reaching ANITA because of the reduced air density [139],
primary protons have been injected at uniformly generated heights between 0 km and
9 km above ground at Observatory site (∼ 1400 m a.s.l.). To focus on the energy
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Figure 4.1: Schematic view of the generation geometry of an upward-going shower.
D is the distance along the shower axis of the point of first interaction of the primary
particle from the exit point, the injection point is the point at which the primary
particle arises and Hfi is the height of the point of first interaction with respect to the
ground. Figure from [140].

and angular regions of interest for ANITA-like events, primary protons have been
generated in the log10 (E/eV) region [17, 18.5] with a uniform distribution. The zenith
and azimuth angles have been uniformly diced in the regions [110, 180] ◦ and [0, 360] ◦,
respectively. The longitudinal profiles of the proton induced air showers have been
approximated by considering only the injection point and the position along the shower
axis of the depth of the shower maximum Xmax. The Xmax of each simulated shower
has been extracted from a p.d.f. based on the generalized Gumbel distribution [141].

4.1.1 Parameterization of the Xmax distributions

The generalized Gumbel distribution is used to describe the probability of having
a certain Xmax as a function of energy and primary mass. It is based on the connection
between the generalized Gumbel statistics and the distribution of the sum of non-
identically distributed variables in the cascade initiated by the primary particle, which
is a dissipative stochastic system [142]. For each primary particle with a given energy,
the stochastic fluctuations in the position of the first interaction point Xfirst and the
interactions of the secondary particles produced in the cascade are responsible for the
fluctuations in the position of the Xmax.

For many systems that undergo dissipative interactions where the energy is the
sum of random variables, the energy distribution can be approximated by a general-
ized Gumbel function [143]. A dissipative stochastic system can be treated as a one
dimensional lattice with N sites whose dynamics is defined by: i) the energy injection
at a boundary site with given rates, ii) the energy transfer from site i to site i+ 1 with
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a known rate and iii) the energy dissipation at site j with a given rate. Considering
a specific case for the rates [144], the total energy (i.e. the sum of the energy of each
site) follows the generalized Gumbel distribution [142]:

G(z) = 1
σ

λλ

Γ(λ)

(
e−λz−λe

−z
)
, z = x− µ

σ
, (4.1)

where σ is a scale parameter related to the spread of the distribution, λ is a shape
parameter, Γ is the Euler gamma function and µ is a location parameter related to
the mean of the distribution. The distribution for the case of more general rates is not
exactly known, but the Gumbel is expected to be still a good approximation of the
true one. Given the similarities between this model and the Heitler model described
in section 1.4, the latter can be considered as a dissipative stochastic system with an
energy injection equal to that of the primary particle at site n = 0 and to zero at site
n = nc, an energy in each site proportional to the number of secondary particles in
that site, an energy transfer given by the shower development between the site n and
the site n+ 1 and an energy dissipation at site n = j given by the missing energy per
site. The generalized Gumbel can be used also to describe the distribution of Xmax.
This can be achieved by parameterizing the Gumbel density function G(Xmax) as a
function of primary energy E and nuclear mass A. The parameterized function can
then be tested using Monte Carlo simulations of air showers for different values of E
and A [142]. For the case of nuclei, the assumed parameterizations for µ, σ and λ are
[142]:

µ(A,E) = p0µ + p1µ log10

(
E

E0

)
+ p2µ

[
log10

(
E

E0

)]2
, (4.2)

σ(A,E) = p0σ + p1σ log10

(
E

E0

)
, (4.3)

λ(A,E) = p0λ + p1λ log10

(
E

E0

)
, (4.4)

where E0 = 1019 eV is a reference energy and the dependence of the parameters on A
is empirically given by [142]:

pµ,σ,λ0 = aµ,σ,λ0 + aµ,σ,λ1 lnA+ aµ,σ,λ2 (lnA)2 , (4.5)

pµ,σ,λ1 = bµ,σ,λ0 + bµ,σ,λ1 lnA+ bµ,σ,λ2 (lnA)2 , (4.6)

pµ2 = cµ0 + cµ1 lnA+ cµ2 (lnA)2 . (4.7)

These 7 parameters are found by fitting the distributions of Xmax from simulations.
Since UHECRs have energies that are far beyond the energy scale of human-made

accelerators, an important role in the simulations and in the interpretation of the
UHECR data is played by the extrapolation at higher enegies of the experimental
results obtained at lower energies. To this aim, different hadronic interaction models
have been developed. The most frequently used hadronic interaction models within the
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UHECR community are QGSJet II-04 [145], Sibyll 2.3c [146, 147] and Epos-LHC
[148], which are those considered and implemented in the Fast Monte Carlo simulation.
The corresponding parameters used in the parameterization of the Xmax distributions
are listed in table 4.1. More details on the hadronic interaction models can be found
in Appendix B.

QGSJet II-04 a0 a1 a2 b0 b1 b2

µ 758.65 -12.3571 -1.24539 56.5943 -1.01244 0.228689
σ 35.4234 6.75921 -1.46182 -0.796042 0.201762 0.201762
λ 0.671545 0.373902 0.075325 0.0304335 0.0473985 -0.000564531

Sibyll 2.3c a0 a1 a2 b0 b1 b2

µ 790.028 -15.0225 -1.30553 60.8843 -0.0908545 0.0726719
σ 41.0622 -1.2319 -0.574515 -0.422316 -0.621309 0.138754
λ 0.774802 0.292617 -0.00539918 0.0449265 0.0271851 -0.00194634

Epos-LHC a0 a1 a2 b0 b1 b2

µ 775.457 -10.3991 -1.75261 58.5306 -0.827668 0.231144
σ 32.2632 3.94252 -0.864421 1.27601 -1.81337 0.231914
λ 0.641093 0.219762 0.171124 0.0726131 0.0353188 -0.0131158

QGSJet II-04 c0 c1 c2

µ -0.534683 -0.17284 -0.019159

Sibyll 2.3c c0 c1 c2

µ -0.895554 0.111875 -0.0634885

Epos-LHC c0 c1 c2

µ -1.40781 0.225624 -0.10008

Table 4.1: Parameters used in the parameterization of the Xmax distributions for
different hadronic interaction models. Parameterizations from [149].

4.1.2 A tool for the Xmax distributions

A tool to calculate the Xmax distributions according to the Gumbel parameteriza-
tion described in the previous section has been developed. The inputs are the hadronic
interacion model, the nuclear mass A and the primary energy E. I originally devel-
oped this code to be included in a more general tool for fitting the mass fractions
from the Xmax distributions [150] and then it has been used in the Fast Monte Carlo
simulation for upward-going showers. Given the hadronic interaction model and the
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Figure 4.2: Xmax distributions for different primary nuclei (Iron, Calcium, Silicium,
Nitrogen, Helium, Hydrogen) with energy E = 1018 eV, obtained using the hadronic
interaction model Epos-LHC. The lower the nuclear mass A, the higher the value of
Xmax the distribution is peaked at.
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Figure 4.3: Xmax distributions for primary hydrogen nuclei with different energies
(1017 eV, 1017.5 eV, 1018 eV, 1018.5 eV, 1019 eV), obtained using the hadronic interac-
tion model Epos-LHC. The higher the energy E, the higher the value of Xmax the
distribution is peaked at.

primary energy E, the Xmax distributions shift towards higher values of Xmax with
the decrease of the nuclear mass A. This means that lighter (heavier) elements are
more likely to develop deeper (shallower) in the atmosphere. The Xmax distributions
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Figure 4.4: Xmax distributions for a primary hydrogen nucleus with energy E = 1018

eV, obtained using different hadronic interaction models (Epos-LHC, Sibyll 2.3c,
QGSJet II-04).

for a fixed hadronic interaction model and primary energy E and different values of
the nuclear mass A are shown in Figure 4.2. Fixing the hadronic interaction model and
the nuclear mass A, the value of Xmax corresponding to the peak of the distribution
increases with the primary energy E. This behaviour is shown in figure 4.3 for the case
of primary hydrogen nuclei.

The effect of the hadronic interaction model on the Xmax distributions can be
studied by fixing the nuclear mass A and the primary energy E. TheXmax distributions
for a primary hydrogen nucleus with energy E = 1018 eV obtained by considering
different hadronic interaction models are shown in Figure 4.4. The differences between
the distributions are related to the principles the hadronic interaction models are based
on (see Appendix B), showing how the interpretation of the cosmic ray data relies on
the assumed model. Anyhow, given the assumptions made in the Fast Monte Carlo
simulation, the conclusions that can be drawn from it are not affected by the choice
of the hadronic interaction model. For this reason, only Epos-LHC has been used in
the following.

4.2 Geometric features of the simulation

Given the geometric equivalence between the four FD sites of the Pierre Auger
Observatory, the Fast Monte Carlo simulation has been performed by considering only
one of them. The single FD site has been assumed to have a field of view between
1.5◦ and 31.5◦ in elevation with respect to the horizontal and between 0◦ and 180◦ in
azimuth. To take into account the presence of HEAT, an additional field of view of 30◦
in elevation between 31.5◦ and 61.5◦ above the horizontal has been also considered.
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Figure 4.5: Top view of the generation area of 200 km × 200 km centered at one FD
site, with the dark gray area representing the azimuthal field of view of the FD (a),
and elevation field of view (FoV) of one FD site, with the light and dark gray areas
representing, respectively, the standard field of view of the FD, which is in common
between the four FD sites, and the additional field of view considered in order to take
into account also the presence of HEAT (b).

The exit points have been uniformly generated inside an area of 200 km × 200 km
centered at one FD. The generation area has been chosen sufficiently large to take
into account also upward-going primary protons with exit points at large distances
from the FD but with injection points close enough to produce a detectable shower. A
schematic view of the generation area, together with a side view of the field of view of
one FD site, are shown in Figure 4.5. The light gray region in Figure 4.5(a) represents
the portion of the generation area extending behind the FD site. This area needs to
be also considered in the simulation because upward-going protons with exit points
behind the FD can produce showers that totally or partially develop inside the FD
field of view, resulting in a detectable signal, as it will be shown in the next section.

4.3 Trigger conditions
Two simple trigger conditions have been implemented in the Fast Monte Carlo

simulation. A simulated event is marked as detected by the FD if both the following
conditions are satisfied:

1. The point corresponding to the position of the Xmax along the shower axis is
inside the field of view of the FD.

2. The distance dmax between the FD site and the projection of the position of
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Figure 4.6: A schematic top view (a) and side view (b) of an upward-going event that
can be potentially detected by the FD. The point Pmax corresponds to the position of
the Xmax along the shower axis, while dmax represents the distance between the FD site
and the projection of Pmax on the generation area. For simplicity, only the standard FD
field of view is shown. The event is considered detected by the FD if Pmax is inside the
FD field of view and dmax is less than Rcut(E), where E is the energy of the primary
particle.

the Xmax along the shower axis on the generation area is smaller than Rcut(E).
This cut value is the energy dependent distance above which the fraction of
downward-going triggered events is less than 1% of the total number:∫∞

Rcut(E) ε(R, E)R2dR∫∞
0 ε(R, E)R2dR

< 0.01 , (4.8)

where ε(R, E) is the trigger efficiency from [151]. The same cut values can be
also used for upward-going showers by considering the projection of the position
of the Xmax along the shower axis on the generation area.

The position of the Xmax along the shower axis has been calculated by using the air
density at sea level, ρair = 1.225 · 10−3 g cm−3. This value has been chosen as high
as possible in order to provide an overestimation of the fraction of events detected by
the FD and thus define a generation area for the Real Monte Carlo simulation safely
larger than the effective sensitive area. A schematic view of an upward-going event
that can be potentially detected by the FD is shown in Figure 4.6. The point Pmax
corresponding to the position of the Xmax along the shower axis is inside the field
of view of the FD. Summarizing, the event is considered detected by the FD if the
distance dmax between the FD site and the projection of Pmax on the generation area
is less than Rcut(E), where E is the energy of the primary proton. As shown in Figure
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4.6, also an event with an exit point inside the portion of the generation area behind
the FD site can produce a detectable shower.

4.4 Study of the detection efficiency

Given the geometric assumption and the trigger conditions described above, 109

events have been simulated in order to study the detection efficiency as a function of
different simulation parameters and thus be able to define a generation area for the
Real Monte Carlo simulation. The detection efficiency can be defined as:

η = Ntrig
Nsim

, (4.9)

where Ntrig is the number of events satisfying the trigger conditions and Nsim is the
number of simulated events. In the histograms presented in the following sections, the
definition of the detection efficiency has been applied bin by bin i.e. the number of
triggered events in each given bin has been divided by the number of simulated events
in that bin.

4.4.1 Dependence on the position of the exit point

The definition of the generation area for the Real Monte Carlo simulation is based
mainly on the study of the detection efficiency as a function of the position of the exit
point on the generation area performed by using the Fast Monte Carlo simulation.
To identify the position of the exit point on the 200 km × 200 km area shown in
Figure 4.5(a), a 2D histogram with the positions (x, y) of the exit points, centered at
the FD site, has been defined and filled with the corresponding detection efficiencies.
This histogram has been operatively obtained by filling two separate 2D histograms
with the number of events passing the trigger conditions and the number of simulated
events, respectively, and then calculating the ratio between them. The procedure has
been separately followed by considering both the case with only the standard FD
field of view and the case with the addition of the HEAT telescope. The resulting
histograms are shown in Figure 4.7. As expected, if also HEAT is considered, the
detection efficiency increases because also upward-going events escaping the standard
FD field of view can be detected. The detection efficiency can be safely considered
equal to zero at more than 20 km behind the FD site and more than 50 km in front of
it. Considering that each FD site is ∼ 30 km far from the center of the SD array and
that the sensitive area of the four FD sites overlaps because of their relative positions
(see Figure 2.1), the generation area for the Fast Monte Carlo simulation has been
chosen to be a square area of 100 km × 100 km centered at the SD station closest to
the center of the SD array. The choice of this generation area will be further justified
by the distributions of the detection efficiency for different injection height intervals,
shown in the next section as a function of the distance between the exit point and the
FD site.
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Figure 4.7: Detection efficiency as a function of the position (x, y) of the exit points
on the generation area for the case with only the standard FD field of view considered
(a) and the case with also the HEAT field of view considered (b). The negative values
on the y−axis correspond to the portion of the generation area behind the FD site.
The sensitive area extends between −20 km and 50 km on the y−axis. The detection
efficiency increases if also the HEAT field of view is considered. Given the configuration
of the four FD sites, a generation area of 100 km × 100 km centered at the SD
station closest to the center of the SD array has been chosen for the Real Monte Carlo
simulation.

4.4.2 Dependence on the injection height

The detection efficiency as a function of the position of the exit point on the
generation area depends on the height of the injection point. For a fixed value of the
zenith angle, the higher the injection height, the larger the distance along the shower
axis between the injection point and the exit point. Therefore, a triggering upward-
going event with a high injection height is more likely to have an exit point far from
the FD site. The detection efficiency as a function of the distance of the exit point
from the FD site for different injection height intervals is shown in Figure 4.8. Again,
the detection efficiency has been calculated by considering both the case with only
the standard FD field of view and the case with the addition of the HEAT one. The
distance of the exit point from the FD site has been defined as:

d = y

|y|

√
x2 + y2 , (4.10)

in order to have negative distances for exit points behind the FD site. The negative
distances extend down to ∼ −40 km because of the events exiting the ground with a
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Figure 4.8: Detection efficiency as a function of the distance between the exit point
and the FD site considering only the generated and triggered events with an injection
height Hinj in a specific interval. Both the case with only the standard FD field of view
(a) and the case with the addition of the HEAT one (b) are shown. The inclusion of the
HEAT field of view allows the FD site to be more sensitive to upward-going showers
with higher injection heights.

negative value of y and a large value of |x| (see Figure 4.7). For the case with only the
standard FD field of view, the peak of the distribution shifts towards larger distances
with the increase of the injection height, while the shift is less evident for the case with
the addition of HEAT because of the increased field of view, which allows to detect
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Figure 4.9: Distribution of cos2 θ before (a) and after (b) the weighting procedure.
The distribution without weights (a) refers to the case with uniformly distributed
zenith angles. The weighting procedure allows to have a flat distribution in cos2 θ.
Both distributions are normalized.

upward-going showers with higher injection heights. The distribution of the detection
efficiency as a function of the distance between the exit point and the FD site further
support the choice of the generation area for the Real Monte Carlo simulation as
mentioned in the previous section.

4.4.3 Dependence on the primary energy and zenith angle

The distribution of the detection efficiency as a function of the primary energy and
zenith angle plays a crucial role in the study of the sensitivity of the Pierre Auger
Observatory to upward-going showers, since it is directly used in the calculation of the
exposure, as described in the next section. Since the zenith angles have been uniformly
generated in the region [110, 180] ◦, the simulated events have been properly weighted in
order to consider the case of an isotropic emergence i.e. azimuth angles and zenith angle
generated respectively according to a uniform distribution and according to a cos2 θ
distribution. This is accomplished by weighting each event with a factor sin θ| cos θ|.
The distribution of cos2 θ before and after the weighting procedure is shown in Figure
4.9. After performing the weighting procedure, the distribution is correctly flat in
cos2 θ. Since the exposure is usually given as a function of the primary energy E, the
dependence of the detection efficiency on this quantity is also important. In particular,
the exposure as a function of the energy is obtained by performing an integration over
θ for each value of the energy E (see section 4.5.1). To make the exposure calculation
easier, the dependence on the zenith angle has been expressed in terms of cos θ. The
detection efficiency as a function of log10 (E/eV) and | cos θ| is shown in Figure 4.10.
As usual, both the case with only the standard FD field of view and the case with
the addition of the HEAT telescopes have been considered. In contrast to the previous
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Figure 4.10: Detection efficiency as a function of log10 (E/eV) and | cos θ| for the case
with only the standard FD field of view (a) and the case with the addition of the HEAT
one (b). For a given primary energy, the addition of the HEAT field of view increases
the sensitivity of the FD site to upward-going showers with larger zenith angles i.e.
more vertical upward-going showers. It is important to notice that the range of the
z-axis is different for (a) and (b).

cases, the detection efficiency for each E and cos θ has been computed regardless of
the position of the exit points on the generation area.
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4.5 Exposure to upward-going showers
The exposure to upward-going showers defines the capability of the Pierre Auger

Observatory to detect such a class of events and plays an important role in the compar-
ison of our results with those from other experiments. Furthermore, it is needed in the
calculation of the upper limit that can be set if no candidate events are observed. In the
following sections, a general description of the exposure calculation will be presented
first and then a rough estimate of the exposure to upward-going showers obtained by
using the results from the Fast Monte Carlo simulation will be provided. This procedure
will be also applied in Chapter 5 using the Real Monte Carlo simulation.

4.5.1 Exposure calculation

The FD exposure as a function of the energy, ε(E), is calculated as:

ε(E) = A(E) ·∆T , (4.11)

where A is the Monte Carlo time-averaged FD aperture, ∆T is the solar time (i.e. the
14 years of operation of the FD) and E is the primary energy. The FD aperture is
defined as:

A(E) =
∫

Ω
Seff(E, θ) cos θ dΩ , (4.12)

where Ω is the solid angle, θ is the zenith angle, cos θ takes into account that the
generation area is a flat surface and Seff(E) is the effective area, that is defined as:

Seff(E, θ) =
∫
Sgen

η(E, θ) · dS . (4.13)

Here Sgen is the surface area on the ground plane over which exit points have been
generated and η(E, θ) is the Monte Carlo time-averaged detection efficiency at a specific
energy and zenith angle. Generalizing the definition in Eq. 4.9, the detection efficiency
is calculated as the ratio of the number of events that pass the selection criteria over
the total number of generated events:

η(E, θ) = nselected(E, θ)
ngenerated(E, θ) . (4.14)

By inserting Seff from Eq. 4.13 into Eq. 4.12, the FD aperture ca be rewritten as:

A(E) = Sgen ·
∫
θ
η(E, θ) cos θ d cos θ ·

∫
φ
dφ , (4.15)

where the zenith angle range is θ ∈ [110, 180] ◦ and the azimuth angle range is φ ∈
[0, 360] ◦. Following the same approach as [152], the FD exposure at a specific energy
is then given by:

ε(E) ' 2π · Sgen ·∆T ·
∑
i

η(E, cos θi) · cos θi ·∆ cos θi . (4.16)
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This expression can be directly used to calculate the exposure if the detection efficiency
is taken from a histogram defined in the same way as those shown in Figure 4.10. This
clarifies also the reason why the dependence of the detection efficiency on θ has been
expressed in terms of cos θ.

4.5.2 A first estimate of the exposure

A first estimate of the exposure of the Pierre Auger Observatory to upward-going
showers can be given by using the results from the Fast Monte Carlo simulation. Since
the Fast Monte Carlo simulation does not include the limited FD on-time, Eq. 4.16 has
to be multiplied by a factor εDC that is assumed to be roughly εDC = 0.14. The first step
in the estimation of the total exposure (i.e. the exposure obtained by considering the
four FD sites of the Pierre Auger Observatory) with the Fast Monte Carlo simulation
consists in the calculation of the exposure of a single FD site for both the case with
and without HEAT. The corresponding exposures, εst and εst+HE, are given by:

εst(E) ' 2π · Sgen ·∆T ·
∑
i

εDC · ηst(E, cos θi) · cos θi ·∆ cos θi , (4.17)

εst+HE(E) ' 2π · Sgen ·∆T ·
∑
i

εDC · ηst+HE(E, cos θi) · cos θi ·∆ cos θi , (4.18)

where ηst(E, cos θi) and ηst+HE(E, cos θi) are taken respectively from Figure 4.10(a)
and Figure 4.10(b), Sgen = 200 km × 200 km and ∆T = 14 yr.

The total exposure of the Pierre Auger Observatory is then calculated by consid-
ering the FD consisting of three sites (Los Leones, Los Morados and Loma Amarilla)
with the standard FD field of view and one site (Coihueco) with the additional HEAT
telescopes. Therefore, the total exposure can be computed as:

εtot(E) = 3 εst(E) + εst+HE(E) . (4.19)

In this expression, the four FD sites are considered to give an independent contribu-
tion to the exposure. Considering also the assumptions used in the Fast Monte Carlo
simulation, this will result in an overestimation, because the overlap between the fields
of view of the the different FD sites is not taken into account. Furthermore, no quality
selection criteria are defined in the Fast Monte Carlo simulation, resulting in an ad-
ditional overestimation of the exposure with respect to that computed with the Real
Monte Carlo simulation and all the selection criteria properly applied (see Chapter 5).
It is straightforward to notice that the increase of the generation area (e.g. to 200 km
× 200 km) is not effective. In fact, for very far away showers the detection efficiency
rapidly decreases, giving a negligible contribution to the total exposure. For this rea-
son, an optimal definition of the generation area is needed when a Real Monte Carlo
simulation is performed.

The dependence of the exposures εst and εst+HE on the primary energy is shown in
Figure 4.11, while the total exposure is shown in Figure 4.12. As already mentioned, a
detailed calculation of the exposure of the Pierre Auger Observatory to upward-going
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Figure 4.11: Exposure of a single FD site as a function of the energy for the case with
only the standard FD field of view (a) and the case with the addition of the HEAT one
(b). The uncertainties on the values of the exposure are also included, but they are too
small to be appreciated with the scale used for the y-axis. The addition of the HEAT
field of view allows to significantly increase the sensitivity to upward-going showers at
low energies.

showers requires a Real Monte Carlo simulation to be performed. However, the simple
assumptions used in the Fast Monte Carlo simulation allowed us to simulate a large
number of events in a large area and thus define an effective generation area for the
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Figure 4.12: Total FD exposure obtained from those shown in Figure 4.11(a) and
Figure 4.11(b), as described in the text. Also in this case, the uncertainties on the values
of the exposure are included, but they can not be appreciated. Given the assumptions
used in the fast Monte carlo simulation and in the exposure calculation, this estimate
is an overestimation of the real exposure, as will be confirmed in Chapter 5.

Real Monte Carlo simulation. This helped both to save computing time and to increase
the statistics of the events that have a higher chance to be detected by the FD. The
results from the Real Monte Carlo simulation, together with those from the search for
upward-going showers with the FD of the Pierre Auger Observatory, will be described
in the next chapter.
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Chapter 5

Search for upward-going showers
with the FD

Given its operation time and wide field of view, the FD of the Pierre Auger Ob-
servatory can be used in monocular mode to search for upward-going showers, which
are a possible interpretation of the two anomalous events recently reported by the
ANITA Collaboration (see section 3.2). As already mentioned, the energies and the
elevation angles of these events appear to be in tension with the predictions of the SM.
For this reason, within the Pierre Auger Collaboration we performed a generic search
for cosmic-ray-like upward-going showers with the FD. I studied the sensitivity of the
FD to upward-going showers with a Real Monte Carlo simulation of upward-going
events distributed in the energy and zenith angle regions of interest. The potential
background for this search consists of cosmic-ray induced air showers with specific ge-
ometric configurations which can be reconstructed erroneously as upward-going events
in a monocular reconstruction. I simulated together with my Auger collegues a huge
library of downward-going events to which a monocular event reconstruction was ap-
plied. Moreover, a sample of 10% of the available FD data (burn data sample) has
been used to develop a set of cuts to reject laser events. Applying these cuts together
with those defined with simulations I have quantified the signal efficiency as well as
the background expectation in the blinded data sample.

This chapter deals with the description of the generic search for upward-going
showers performed with the FD of the Pierre Auger Observatory. Most of the results
described in this chapter have been discussed in an oral contribution I gave to the
37th International Cosmic Ray Conference (ICRC) and included in the corresponding
proceedings [140].

5.1 Signal simulation

To calculate the FD exposure with a Real Monte Carlo simulation, upward-going
showers have been simulated with CONEX [153] and reconstructed within the Offline
Framework [154]. CONEX is a simulation program that allows to simulate EAS in an
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Figure 5.1: Downward-going proton induced shower simulated with CONEX and
reconstructed within the Offline. The event has been detected by one of the telescopes
of Coihueco and is shown as seen in the viewer of the Offline. The activated pixels
on the camera of the telescope (top left panel), the arrival time of the light on the
single pixels as a function of their χ (top right panel), the reconstructed longitudinal
profile of the shower (bottom left panel) and the parameters from the reconstruction
(bottom right panel) are shown. The colors in the top right and top left panel refer
to the progression of the arrival time of the light (blue for early pixels, red for late
pixels). In the bottom right panel, the values used in the simulation are displayed in
square brackets.

affordable computing time, while the Offline Framework is the simulation and recon-
struction software used by the Pierre Auger Collaboration. The simulation has been
performed approximating the start of the shower with a single proton, and it can be
adapted to fit other scenarios. Sibyll 2.3c and UrQMD 1.3 have been used as hadronic
interaction models at high and low energies, respectively (see Appendix B). Simulations
indicate that the FD has neglible efficiency for shower energies below 1016.5 eV and
this study has been performed considering showers in the restricted calorimetric en-
ergy interval log10(Ecal/eV) ∈ [16.5, 18.5], within which the ANITA events comfortably
fall. In contrast to the approach used in the Fast Monte Carlo simulation, the energy
interval is expressed in terms of calorimetric energy for a more direct comparison with
the results from ANITA. Showers of higher energies could of course be also potentially
observed. To be able to cover that range of calorimetric energies, the primary has been
sampled in the region log10(E/eV) ∈ [16.5, 19] according to an energy distribution
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Figure 5.2: Upward-going proton induced shower simulated with CONEX and recon-
structed within the Offline. Also in this case, the event has been detected by one of
the telescopes of Coihueco and is shown as seen in the viewer of the Offline. The same
panels as Figure 5.1 are shown. The progression of the arrival time of the light on the
single pixels is inverted with respect to that of the event shown in Figure 5.1.

of E−1, corresponding to an uniform distribution in log10(E/eV), and assuming an
isotropic distribution of events. As already mentioned in Chapter 4, only zenith angles
in the range [110, 180] ◦ have been considered. Referring to Figure 4.1, the height of the
point of first interaction of the primary particle, Hfi, has been generated in the region
[0, 9] km above the ground altitude of the Observatory according to a uniform distri-
bution. Here, the point of first interaction has been considered in place of the injection
point to make easier to apply the results of this search to other physical scenarios.
However, simulations have been set in order to cover also the injection height region
[0, 9] km for further analyses. As discussed in Chapter 4, the results from the Fast
Monte Carlo simulation have been used to define a square generation area of 100 km ×
100 km centered at the SD station closest to the center of the array. This area extends
up to ∼ 20 km behind each FD site, allowing to simulate also particles whose exit
point is located behind the field of view of a telescope. The events have been uniformly
sampled inside this area. All the FD configurations and their time variability during
the 14 years of operation have been taken into account in the Real Monte Carlo simu-
lation [152]. This allows to directly include the on-time fraction of the telescopes in the
calculation of the detection efficiency and thus in the exposure calculation. The signal
simulation has been organized in different productions, each one with 2.5 · 105 events
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in each 0.25 sub-range of log10(E/eV). Eight productions have been performed consid-
ering the full log10(E/eV) range. In order to increase the statistics at low energies, wo
additional productions have been done in the region log10(E/eV) ∈ [16.5, 17.5]. A total
number of 2.2×107 events have been simulated. The reconstruction of downward-going
and upward-going showers are shown in Figure 5.2 and Figure 5.1, respectively. The
upward-going shower can be clearly identified from the progression of the arrival time
of the light on the single pixels of the camera of the telescope, which is inverted with
respect to that of the downward-going shower.

5.1.1 Detection efficiency and exposure without selection cuts

The detection efficiency from the Real Monte Carlo simulation automatically takes
into account the on-time fraction evolution of the telescopes. Furthermore, CONEX
showers allow for a more accurate description of the physics of upward-going showers
with respect to that used in the Fast Monte Carlo simulation. These features result
in a detailed estimate of the exposure, but also in the increase of the computing time
required by the simulation. The total number of simulated events with the Real Monte
Carlo, in fact, is much lower than that of the Fast one.

The exposure has been calculated using the expression in Eq. 4.16, where the
detection efficiency η(E, cos θi) does not need to be multiplied by the FD duty cycle,
as it is already included in the detector response simulation. To allow for a comparison
with the results from the Fast Monte Carlo shown (see Figure 4.12), the exposure has
been studied as a function of the simulated primary energy instead of the simulated
calorimetric energy in the restricted region log10(E/eV) ∈ [17, 18.5]. All the events
detected by the FD have been considered as selected events, with no selection criteria
applied. The exposure obtained from the Real Monte Carlo, together with the detection
efficiency that has been used in its calculation, is shown in Figure 5.3. As expected,
the exposure from the Real Monte Carlo simulation is much smaller than that from
the Fast one. It should be noted that the presence of the FD trigger, which is not
considered in the Fast Monte Carlo simulation, contributes to the overestimation of
the exposure together with the all the other approximation discussed in Chapter 4. The
behaviour of the detection efficiency as a function of log10 (E/eV) and | cos θ|, shown
in Figure 5.3(a), is similar to that obtained with the Fast Monte Carlo simulation for
one FD site, confirming the prediction capability of this fast approach.

Hereinafter, the exposure will be expressed as a function of the simulated calori-
metric energy. Following the same procedure used to obtain the plots shown in Figure
5.3, the exposure as a function of the simulated calorimetric energy for the case of
not applied selection criteria has been derived. The result, together with the detec-
tion efficiency, is shown in Figure 5.4. The exposure reported in Figure 5.4(b) can
be considered a benchmark, since it represents the maximum achievable exposure to
upward-going showers. The introduction of selection criteria, in fact, will reduce the
number of selected events with a consequent decrease in the exposure.

Another plot that can be used to make a comparison between the results from the
Real Monte Carlo simulation and those from the Fast one is the detection efficiency

92



CHAPTER 5. SEARCH FOR UPWARD-GOING SHOWERS WITH THE FD

|θ|cos
0.4 0.5 0.6 0.7 0.8 0.9 1

(E
/e

V
)

10
lo

g

17

17.2

17.4

17.6

17.8

18

18.2

18.4

η

4−10

3−10

2−10

(a) FD detection efficiency

17 17.2 17.4 17.6 17.8 18 18.2 18.4
(E/eV)

10
log

1

10

210

310

410

 s
r 

yr
]

2
 [k

m
ε

(b) FD exposure

Figure 5.3: FD detection efficiency as a function of log10 (E/eV) and | cos θ| (a) and
FD exposure as a function of the simulated primary energy (b), both obtained from
the Real Monte Carlo simulation without applying any selection cut.
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Figure 5.4: FD detection efficiency as a function of log10 (Ecal/eV) and | cos θ| (a) and
FD exposure as a function of the simulated calorimetric energy (b), both obtained from
the Real Monte Carlo simulation without applying any selection cut. The Pierre Auger
Observatory is sensitive to upward-going showers also at low calorimetric energies, at
least when no selection cuts are applied.

as a function of the position of the exit points on the generation area. This plot
is shown in Figure 5.5. Also in this case, only the events with a simulated primary
energy in the region log10(E/eV) ∈ [17, 18.5] have been considered, with no selection
cuts applied. By comparing this result with that obtained for one FD site with the
Fast Monte Carlo simulation (see Figure 4.7), it can be noted that the geometrical
behaviour of the detection efficiency in Figure 5.5 for the single FD sites is similar
to that predicted by the Fast Monte Carlo simulation. The increase in the detection
efficiency observed in front of the Coihueco site is due to the presence of HEAT, whose
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Figure 5.5: FD detection efficiency as a function of the position (x, y) of the exit points
on the generation area of 100 km × 100 km used in the Real Monte Carlo simulation.
The point (0, 0) corresponds to the position of the SD station closest to the center of the
SD array. Also the positions of the four FD sites, Los Leones (LL), Los Morados (LM),
Loma Amarilla (LA) and Coihueco (CO), are shown. The geometrical configuration of
the FD reflects the one shown in Figure 2.1. The plot has been obtained considering
only the events with a simulated primary energy in the region log10(E/eV) ∈ [17, 18.5],
without applying any selection cut.

geometrical configuration is shown in Figure 2.1.

5.2 Background simulation

In this analysis FD data from a single location is typically the only one used
for the reconstruction (monocular reconstruction). No SD data is required as upward-
going showers are unlikely to trigger the SD. Without this information downward-going
events with specific geometries could be incorrectly reconstructed as upward-going
events and vice-versa. An example is shown in Figure 5.6. The signal coming from point
P1 arrives before that coming from point P2 because the impact point is behind the
telescope mimicking an upward-going event. To study background events, a dedicated
and extensive simulation of downward-going events has been performed. The FD is a
volumetric detector, so the cores have been sampled in a sphere of radius 90 km centered
at the center of the SD array rather than on a surface. This simulation geometry, which
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.... h1h2

P1P2

FD
core

α1 α2

Figure 5.6: Schematic view of the geometry of a downward-going event that is recon-
structed as an upward-going event. For the two points P1 and P2 on the shower axis
α1 < α2 and h1 >h2. The signal from P1 reaches the FD before the signal from P2 and
the event can be reconstructed as an upward-going event. Figure from [140].

..
FDcore

O

P

Figure 5.7: Generation geometry used for the background simulation. The cores P
of the downward-going showers are simulated in a sphere of radius 90 km centered at
the center of the SD array O and then projected onto the ground along the direction
of the shower axis. This allows to simulate also showers with a core far away from the
FD.

have been implemented in the Offline, allows to simulate also downward-going showers
whose core is far away from the FD but that can potentially produce a background
signal, as shown in Figure 5.7. Downward-going events have been simulated according
to an energy distribution of E−2.2 in the region log10(E/eV) ∈ [17, 20] and then,
during the analysis, properly re-weighted according to the cosmic ray energy spectrum
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Figure 5.8: A downward-going shower simulated with a zenith angle smaller than
90 ◦ (θ = 76.5 ◦) and reconstructed as an upward-going shower (θ = 115.5 ◦) in the
monocular reconstruction defined in section 2.2.4.

measured by the Pierre Auger Observatory (see section 1.2). An isotropic distribution
of events has been assumed with a zenith angle θ ∈ [0, 90] ◦. Helium, nitrogen and iron
nuclei, together with protons, have been considered as primary particles. The hadronic
models at high and low energies used for the background simulations are the same as
for the signal simulations (see section 5.1). An example of a simulated downward-going
shower mis-reconstructed as an upward-going shower in the monocular reconstruction
defined in section 2.2.4 is shown in Figure 5.8. The background simulations have been
used to study the topology of the background events and define selection criteria to
discriminate between signal events and false positives induced by a small fraction of
regular cosmic ray showers (< 0.1%). To achieve this target, each event of both signal
simulation and background simulation has been reconstructed using, in addition to the
monocular reconstruction defined in section 2.2.4, the Profile Constrained Geometry
Fit reconstruction, whose details will be described in the next section.

5.3 The Profile Constrained Geometry Fit reconstruction
The monocular reconstruction described in section 2.2.4 may suffer, as already men-

tioned, of a degeneracy between Rp and χ0. This degeneracy can be removed using
the reconstruction based on the so-called Profile Constrained Geometry Fit (PCGF)
reconstruction [156]. It requires the profile of the energy deposit to match the approx-
imately universal characteristics of air showers induced by most primaries, which are
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Figure 5.9: Scans in χ0 performed using the PCGFdown reconstruction (a) and the
PCGFup reconstruction (b) on the background event shown in Figure 5.8. For clarity,
only the χ0 region where the minimum χ2 has been found is shown for both the scans.
For this event, the two reconstructions result in Ldown > Lup.

described by a Gaisser-Hillas function as reported in Eq. 2.11. The PCGF reconstruc-
tion is performed by scanning χ0 and calculating for each of its values both Rp and
t0 from Eq. 2.8 by linear regression. For each defined geometry, the measured light
flux is compared with the predicted ones obtained from each combination of

(
dE
dX

)
max,

X0, Xmax and λ. The agreement between the defined geometry and each assumption
is quantified through a likelihood that consists of parts from the time fit of Eq. 2.8,
constraints on the Gaiser-Hillas parameters, and the measured light flux [156]. The
geometry corresponding to the maximum likelihood, or equivalently to the minimum
χ2, is chosen and then the profile of the energy deposit is fine-tuned.

In the analysis performed within the search for upward-going showers, the PCGF
reconstruction is run in two distinct modes i.e. downward and upward. The downward
mode (PCGFdown reconstruction) searches for the maximum value of the likelihood
in the χ0 region corresponding to downward-going showers, while the upward one
(PCGFup reconstruction) performs the same search in the χ0 region corresponding to
upward-going showers. This results in two independent values of the maximum likeli-
hood, Ldown and Lup respectively from the PCGFdown and the PCGFup reconstruc-
tions. By comparing Ldown with Lup, it is possible to discriminate between events that
are more likely to be downward-going and vice-versa. As an example, both the scans
in χ0 performed using the PCGFdown and the PCGFup reconstructions on the event
shown in Figure 5.8 are shown in Figure 5.9. For this event, which is a background
one, the minimum χ2 from the PCGFdown reconstruction is smaller than that from
the PCGFup one, resulting in Ldown > Lup. If the two reconstructions are performed
on the signal event shown in Figure 5.2, on the contrary, the result is Ldown � Lup,
as shown in Figure 5.10. Then, a selection criteria based on Ldown and Lup can be
defined and used to discriminate between signal events and background ones. This will
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Figure 5.10: Scans in χ0 performed using the PCGFdown reconstruction (a) and the
PCGFup reconstruction (b) on the signal event shown in Figure 5.2. Also in this case,
only the χ0 region where the minimum χ2 has been found is shown. In contrast to the
background event of Figure 5.8, this event is characterized by Ldown � Lup.

be described in the next sections.

5.4 Data cleaning and event selection criteria

Of particular relevance for this analysis is the identification of laser shots in the
data sample. As mentioned in section 2.2.5, the FD requires continuous monitoring
of the atmosphere and millions of laser shots are being fired from different positions
during data acquisition for this purpose. These are upward-going events and constitute
a background for this search. Laser shots are usually recorded and stored so that they
can be easily removed while performing the analysis. However, in few cases they are
not properly labelled, and so they can produce false positives. To study and properly
identify such events, a sample made of the 10% of the available FD data (burn data
sample) has been used. In particular, the laser identification has been performed by
exploiting the features of the lidar shots and CLF and XLF shots. The lidar shots are
fired at a repetition rate of 333 Hz, while the CLF and XLF shots are fired at a known
position and thus can be identified using their SDP azimuth angle. Excesses of events
have been searched for in 2D histograms of GPS microsecond modulus 3000 and SDP
azimuth angle. This provided the input to define a set of selection criteria to be applied
to the event time windows and exit point position at ground in which these laser events
are expected. By following this procedure, the burn data sample has been cleaned from
all laser events. In addition to the selection criteria defined for the laser identification,
another set of selection criteria has been defined. The latter preserves the quality of
both reconstruction and atmospheric conditions and thus reduce the mis-identification
of downward-going and upward-going air showers. This set has been tested on both
signal and background simulations.
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The selection criteria defined for this analysis can be grouped in two classes depend-
ing on the reconstruction they are applied on. The first one includes all the pre-selection
criteria that have been applied on the monocular reconstruction described in section
2.2.4, while the second one consists of all the criteria that have been used on the vari-
ables coming from the PCGFup reconstruction. The full set of selection cuts is listed
in the next subsections.

5.4.1 Pre-selection criteria applied on the monocular reconstruction

To speed up the analysis, which requires all the FD data from 14 years of op-
eration to be processed, data have been preliminarily analysed using the monocular
reconstruction described in section 2.2.4, without performing any reconstruction of the
energy deposit profile. A set of pre-selection criteria have been defined and applied on
this reconstruction to select potential candidate events. The PCGF reconstruction is
then performed only on these potential candidates, since it requires a larger amount
of computing time. The pre-selection criteria include also those defined to reject laser
events and those used to ensure the good quality of the atmospheric conditions. These
criteria have been then applied also to the monocular reconstruction of the events for
both the signal and background simulation. The pre-selection criteria are the following:

• nAxisPixels > 5: the minimum number of pixels used in the axis fit is required
to be greater than 5. This is a minimum requirement to allow for a good recon-
struction of the shower axis.

• ZenithFD > 90 ◦: the zenith angle from the monocular reconstruction is re-
quired to be greater than 90 ◦. This cut allows to select candidate upward-going
events.

• !SDPLaserCut: the SDP azimuth angle of the event is required not to match
those of the CLF and XLF. This cut allows to remove CLF and XLF shots from
data.

• !isLidar333Hz: the event is required not to occur in the time and SDP azimuth
angle windows identified during the data cleaning. This cut allows to remove
lidar shots from data.

• !isLidar20Hz: this cut is similar to the previous one, but it has been introduced
to reject the lidar shots fired at a repetition rate of 20 Hz in 2006 at Coihueco
site.

• !isDataBurst: this cut has been introduced to reject the residual, non-lidar
bursts of events in the burn data sample occurring at the same time, FD site and
telescope.

• hasMieDatabase: the Mie database, which is needed in order to take into ac-
count the Mie scattering in the reconstruction (see section 2.2.5), is required to
be available.
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• VAOD < 0.1: the VAOD at a reference height of 4.5 km, which quantifies the
amount of aerosols in the atmosphere, is required to be smaller than 0.1. This
cut allows to have a good atmospheric transparency.

• good10MHzCorrection: a good correction of the 10MHz oscillator, which is
used to synchronize all the detectors, is required.

5.4.2 Selection criteria applied on the PCGFup reconstruction

Once the pre-selection criteria have been applied on the monocular reconstruction,
a set of quality selection criteria is defined for the PCGFup reconstruction:

• Xmax > 0: the reconstructed Xmax is required to be greater than zero. Only
events with a reconstructed Xmax are selected.

• lgEcalFD > 16.5: the reconstructed calorimetric energy is required to be greater
then 1016.5 eV, which is the lower bound of the calorimetric energy region of
interest.

• ZenithFD > 110 ◦: the reconstructed zenith angle is required to be greater then
110 ◦. Only events with a reconstructed zenith angle in the zenith angle region
of interest are selected.

• depthTrackLength > 80 g cm−2: the track length in depth is required to be
greater than 80 g cm−2. This cut allows to reject events whose track is too short.

• cloudCutNoHeight hard: the absence of clouds is required, without checking if
the event occurs below the cloud height. This cut allows to reject events occurring
when the sky is not clear.

• FLToverTimeFitPix < 3: the ratio between the number of pixels of the first
level trigger and the number of pixels used in the time fit is required to be smaller
than 3. This cut allows to reject events that are too noisy.

• badFDPeriodRejection: the event is required not to occur during periods with
bad VAOD profiles, which negatively affect the shower reconstruction. This cut
has been used also to reject events occurring during nights with roving lidar
campaigns, which are conducted to perform absolute FD calibration and FD
testing.

• timeFitPixOut < 4: the number of pixels used in the time fit with an arrival
time outside the arrival time window of the reconstructed light flux profile at the
telescope aperture is required to be lower than 4. The event is rejected if a high
number of pixels outside the reconstructed light flux has been used in the time
fit.
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• -2log(Lup) < 5000: the minimum combined χ2 from the PCGFup reconstruc-
tion is required to be lower than 5000. This cut allows to reject events with a
bad PCGFup reconstruction.

• arcIsolatedPixels < 6 ◦: the angular distance between the pointing directions
of two consecutive triggered pixels is required to be smaller than 6 ◦. This cut
allows to reject events with isolated triggered pixels, which can negatively affect
the reconstruction.

• !hasBadReadoutPixel: each triggered pixel is required to be at least two col-
umn pixels or two row pixels far from a bad pixel. This cut has been introduced
to avoid to select events with bad readout pixels.

• pixelsOnEdge < 0.5: the number of pixels on the edge of the camera is re-
quired to be smaller than half the number of triggered pixels. This cut has been
introduced because it was observed that downward-going events from background
simulations with most of the triggered pixels on the edge of the camera had a
high chance to be erroneously reconstructed as upward-going events.

• (GHchi2/ndf)up < 1.2 · (GHchi2/ndf)down: the ratio between the reduced
χ2 of the Gaisser-Hillas fit from the PCGFup reconstruction and that from the
PCGFdown reconstruction is required to be smaller than 1.2. This cut allows to
reject events with a PCGFdown reconstruction resulting in a much better fit of
the energy deposit profile with respect to the PCGFup reconstruction.

Following a conservative approach, this analysis has been performed preferring
more stringent selection criteria to more relaxed ones because of the unknown origin of
this class of events and in order to ensure an high quality of the potential candidates.
In addition to the above criteria, a dedicated selection cut has been introduced and
studied to discriminate between signal events and background events as described in
the following.

5.5 Discrimination between signal events and background
events

The discrimination between signal events and background events is performed
by exploiting the two modes of the PCGF reconstruction. As mentioned in section
5.3, the two maximum likelihoods Ldown and Lup can be compared to infer how
much likely an event is downward-going or vice-versa. For this purpose, the variable
−2 log (Ldown/max(Lup, Ldown)) has been used. The higher the probability for an event
to be downward-going, the closer to zero it becomes. To have a quantity that is defined
between 0 and 1 it is convenient to re-define it as:

l = arctan (−2 log (Ldown/max(Lup, Ldown))/50)
π/2 . (5.1)
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Figure 5.11: Distribution of l for the burn data sample, the background and the signal
simulations with all the selection criteria defined in section 5.4 applied. The background
simulation includes the events in the simulated energy range log10(E/eV) ∈ [17, 20] and
has been weighted to the cosmic ray energy spectrum measured by the Pierre Auger
Observatory (see section 1.2) and normalized to the burn data sample i.e. the total
number of events has been divided by 10 because the burn data sample consists of the
10% of the data. The uncertainties on the entries of the background distribution have
been calculated using the Poisson statistics to properly take into account the statistics
of small numbers. The signal simulation has not been weighted because the energy
spectrum of this class of events is not known. It includes the events with a simulated
calorimetric energy in the range log10(Ecal/eV) ∈ [16.5, 18.5]. Figure from [140].

According to this definition, upward-going-like events have an l close to 1, while
downward-going-like events have an l close to 0.

To set a cut value on l and select events that are more likely upward-going, the
distribution of this variable has been studied for signal simulations, background sim-
ulations and for the burn data sample. The corresponding distributions are shown in
Figure 5.11. It can be noted that there is a good agreement between the distribution of
the background simulations and the burn data sample. To allow for this comparison,
the background simulations have been weighted to the cosmic ray energy spectrum and
normalized to the fraction of the burn data sample. The signal distribution has not
been weighted because the energy spectrum for this class of events is not know. The
cut value has been chosen by making an assumption about the extrapolation of the
background distribution and performing a scan on l to find the value that minimizes
the integral upper limit that could be set if no candidate events are observed after
unblinding the remaining 90% of data. The integral upper limit has been calculated
as:

F 95%(Ecal > E0) = N95%

〈ε〉
, (5.2)
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Figure 5.12: Distribution of l for the background simulation fitted with the functions
exp(ax + b) (a) and exp(ax2 + bx + c) (b) via the weighted log likelihood method.
The background simulation has been weighted according to the cosmic ray energy
spectrum measured by the Pierre Auger Observatory but not to the burn data sample.
All the background events in the simulated energy range log10(E/eV) ∈ [17, 20] passing
the selection criteria defined in section 5.4 have been considered. These are two of
the parameterization that have been used to perform the upper limit minimization
described in the text. Figure (a) is from [140].

where N95% is the Rolke limit [157] on the number of upward-going events under the
assumption that the number of observed events is equal to the expected number of
background events and 〈ε〉 is the E−γcal weighted average exposure for Ecal > E0, which
is calculated as:

〈ε〉 =
∫
Ecal>E0

E−γcal ε(Ecal)dEcal∫
Ecal>E0

E−γcal dEcal
, (5.3)

where Ecal is the simulated calorimetric energy and ε(Ecal) is the exposure for a flat
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Figure 5.13: Integral upper limit as a function of l for Ecal > 1017.5 eV obtained by
fitting the background distribution with the functions exp(ax+ b) (a) and exp(ax2 +
bx + c) (b). The power-law indices γ = 1 and γ = 2 have been used for the energy
spectrum in the calculation of the average exposure, since the energy spectrum of the
signal events is not known. The integral upper limit has been calculated considering the
background events in the whole energy range of simulation (log10(E/eV) ∈ [17, 20]).
The minimum value of the integral upper limit has been found at l = 0.55 for (a) and
l = 0.70 for (b) (dashed gray lines). The bump observed before the minimum value of
the integral upper limit is due to the fact that the number of observed events has to
be an integer number and thus it is rounded to the integer value closest to the number
of events expected from background. Figure (a) is from [140].

generation in Hfi and isotropic emergence. The Rolke limit has been used in place of
that from the Feldman-Cousins approach because it allows to take into account the
uncertainty on the expected number of background events. The latter is calculated
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parameterizing the distribution of the background with different functions. For each
of them, the value of l yielding the minimum of the integral upper limit has been
searched for. Two of the parameterizations that have been studied (i.e. exp(ax + b)
and exp(ax2 + bx + c)) are shown in Figure 5.12, while the corresponding integral
upper limits as a function of l and E0 = 1017.5 eV are shown in Figure 5.13. The
value of E0 has been chosen in order to consider only the calorimetric energy region
corresponding to a non-zero exposure. The uncertainty coming from the fit has been
taken into account in the calculation of the Rolke limit.

After comparing the results obtained with the different fitting functions that have
been studied, the parameterization shown in Figure 5.12(a) has been chosen. The value
of l corresponding to the minimum of the integral upper limit for this parameterization,
in fact, is smaller than that obtained from the others, while the resulting integral upper
limits are the same within about 10% (see Figure 5.13). Anyhow, the choice of a smaller
cut value on l has the advantage of increasing the number of selected signal events (see
Figure 5.11), resulting in a larger exposure.

Using the chosen parameterization, the minimum value of the integral upper limit
has been found for l = 0.55 (see Figure 5.13(a)). This is the cut that has been chosen
as discrimination value between candidate events and background ones. Given this
cut value, the expected number of background events from the fit with the function
exp(ax+ b) is:

nbkg = 0.45± 0.18 , (5.4)

where the fact that different parameterizations yielded the same upper limits within
about 10% has been taken into account in the calculation of the uncertainty. As an
example, the background event shown in Figure 5.8 passes all the selection criteria
described in section 5.4, but is rejected by l cut defined in this section.

After the unblinding of the data the integral upper limit has been calculated ac-
cording to Eq. 5.2 using the number of events observed in the full data sample and the
number of background ones from Eq. 5.4.

5.6 Detection efficiency and exposure with selection cuts

Once all the selection criteria have been defined, their impact on the detection
effiency and thus on the exposure can be studied. The detection efficiency as a function
of the position of the exit points on the generation area before and after applying the
selection cuts is shown in Figure 5.14. Events passing the selection criteria do not
show any significant clustering on the map of the generation area with respect to the
generated ones, confirming that most of the selected events have an exit point inside
the area covered by the SD array and that the presence of HEAT allows to increase
the detection efficiency in front of the Coihueco site.

The detection efficiency and the exposure, both calculated considering the events
surviving the selection criteria, are shown in Figure 5.15. To allow for a better compar-
ison with Figure 5.4), the whole calorimetric energy region of interest log10(Ecal/eV) ∈
[16.5, 18.5] has been shown. No events with a calorimetric energy below about 1017.3
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(b) FD detection efficiency with selection cuts

Figure 5.14: FD detection efficiency as a function of the position (x, y) of the exit
points on the generation area of 100 km × 100 km used in the Real Monte Carlo
simulation for the case of no selection criteria applied (a) and all selection cuts applied
(b). The detection efficiency in (a) is not the same as Figure 5.5 because in this case
only the events with a simulated calorimetric energy in the region log10(Ecal/eV) ∈
[16.5, 18.5] have been considered. The point (0, 0) corresponds to the position of the
SD station closest to the center of the SD array.

eV pass the selection criteria. Despite being potentially detectable with the FD, low
calorimetric energy events give a zero contribution to the final exposure. This has to
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Figure 5.15: FD detection efficiency as a function of log10 (Ecal/eV) and | cos θ| (a)
and FD exposure as a function of log10 (Ecal/eV) (b), both obtained from the Real
Monte Carlo simulation applying all the selection cuts defined in the text.

be taken into account in case of further signal simulations to increase the statistics.
The final exposure will be presentented in a different way in the next section.

5.7 Unblinding of the data and differential exposure
After having performed the unblinding of the data, nobs = 1 event that has been

observed to pass all the selection criteria. This number is consistent with the expected
background events. The integral upper limit obtained using equation 5.2 for two dif-
ferent values of γ (i.e. γ = 1, 2) is:

F 95%
γ=1 (Ecal > 1017.5 eV) = 3.6 · 10−20 cm−2sr−1s−1 ,

F 95%
γ=2 (Ecal > 1017.5 eV) = 8.5 · 10−20 cm−2sr−1s−1 .

(5.5)

These integral upper limits have been calculated by using the exposure shown in Figure
5.15(b). It should be noted that they do not refer to the flux of hypothetical particles
producing a secondary flux of protons, but to the flux of protons itself under the
assumption of different energy spectra. Therefore, these integral upper limits should
be intended as benchmark values. Equation 4.16 can be used to calculate a differential
exposure as a function of the point of first interaction, Hfi. It is simply given by:

dε

dHfi
(Ecal, Hfi) ' 2π · Sgen ·∆T ·

∑
i

η(Ecal, cos θi, Hfi) · 1
∆Hfi

· cos θi ·∆ cos θi . (5.6)

This has been done to allow our results to be applied to different scenarios.
The differential exposure obtained according to Eq. 5.6 for a flat generation in

height of first interaction and an isotropic emergence are shown in Figure 5.16. These
tables can be used to set limits for different physical scenarios, such as the one that
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predicts upward-going showers initiated by tau leptons that are produced in the inter-
action of tau neutrinos with the Earth. This can be done by simulating the propagation
and decay of tau leptons with dedicated softwares and then binning the distribution
of tau lepton decay induced showers in height of first interaction and energy of the
shower. The exposure of the Pierre Auger Observatory to tau leptons can be obtained
by folding the resulting distribution with the differential tables provided in this section.
The exposure can be then used to calculate the upper limits on the flux of tau leptons.
A detailed description of this application can be found in [158].

To compare these results with the ANITA observations, a similar estimation of
its exposure to upward-going showers as a function of energy and altitude would be
needed. Such a comparison is currently on-going within the Pierre Auger Collaboration
and will be included in a future full collaboration paper.
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Figure 5.16: Double differential exposure obtained according to Eq. 5.6 as a function
of Hfi and log10 (Ecal/eV) and for different ranges of zenith angles (θ ∈ [110, 180] ◦ (a),
θ ∈ [110, 124.2] ◦ (b), θ ∈ [124.2, 141.3] ◦ (c), θ ∈ [141.3, 180] ◦ (d)). The exposure cal-
culation refers to a flat generation in Hfi and an isotropic emergence. The uncertainties
on the values of the exposure has been calculated using the Poisson statistics. Figures
from [140].
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Conclusions

My thesis work has been focused on the search for upward-going showers with the
Fluorescence Detector of the Pierre Auger Observatory. To study the sensitivity of the
Pierre Auger Observatory to upward-going showers, I performed a Real Monte Carlo
simulation of proton induced upward-going showers, which can be scaled to fit other
physical scenarios. Before setting up this simulation, which is quite expensive in terms
of computing time, I developed a Fast Monte Carlo simulation based on simple geo-
metrical and physical assumptions to define an effective generation area for the events
of the Real Monte Carlo simulation. This area has been chosen to be a square area of
100 km × 100 km centered at the water Cherenkov station closest to the center of the
Surface Detector array. The potential background for this search consists of downward-
going showers with specific geometric configurations that can be mis-reconstructed as
upward-going events in a monocular reconstruction. In order to estimate the number
of events expected from background, I performed, together with my Auger collegues,
an extensive simulation of downward-going events using a spherical generation geom-
etry. Also laser shots, which are used to monitor the quality of the atmosphere and
are upward-going events, can potentially produce background if they are not properly
labelled. To clean the data from laser events, a sample made of 10% of the available
Fluorescence Detector data from 14 years of operation (burn data sample) has been
used. Moreover, a set of quality selection criteria has been defined and applied on back-
ground simulation, signal simulation and burn data sample in order to preserve the
quality of the reconstruction and thus reduce the confusion between downward-going
and upward-going events. A dedicated variable to discriminate between background
and signal events has been then defined. I studied the distribution of this variable for
background simulation, signal simulation and burn data sample. To set a cut value on
this variable, I parameterized the distribution for background simulations using differ-
ent functions and then I performed a minimization of the integral upper limit that could
be set if no candidate events were observed. The minimum cut value corresponding
to the minimum integral upper limit between the different parameterizations has been
chosen as discrimination value. The number of events expected from background with
all the defined selection criteria has been estimated to be nbkg = 0.45± 0.18, while the
unblinding of the data resulted in nobs = 1 event. Since the number of observed events is
consistent with the number of expected background events, I derived an integral upper
limit on the flux of upward-going proton induced showers using different assumptions
on the energy spectrum in the calculation of the average exposure. The resulting inte-
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gral upper limits are F 95%
γ=1 (Ecal > 1017.5 eV) = 3.6 ·10−20 cm−2sr−1s−1 for the case of a

E−1
cal weighted average exposure and F 95%

γ=2 (Ecal > 1017.5 eV) = 8.5 · 10−20 cm−2sr−1s−1

for the case of a E−2
cal weighted average exposure. Since they refer to proton induced

showers, these integral upper limits can be considered as benchmark values. I finally
produced a set of differential tables of exposure, which can be used for example to
derive the exposure of the Pierre Auger Observatory to upward-going tau lepton decay
induced showers.

An estimation of the ANITA exposure to upward-going showers is required in order
to compare the results from this analysis with those from the ANITA experiment.
This comparison is currently underway within the Pierre Auger Collaboration and
will be published soon in a full collaboration paper. If the Auger exposure will be
found to be greater than the ANITA one, the result of this search will represent a
strong constraint on the interpretation of the ANITA anomalous events as upward-
going showers. Considering also the results obtained by the IceCube Collaboration,
this will lead to the need for a different interpretation of these events. Anyhow, the
differential tables of exposure can be used to constrain theoretical models that could
predict the production of upward-going showers at elevation angles far beyond of the
horizontal.

This search can be improved by defining an analysis based on anomaly detection
techniques. These techniques allow to search for events that deviate from the behaviour
of the majority of the data and thus can be used to search for upward-going showers
in a dataset dominated by downward-going events. This can be done just by using the
signals on the single PMTs of the Auger telescopes, without applying any reconstruction
on the events. The method is expected to enhance the identification power of candidate
events, allowing to relax the selection criteria applied in the standard analysis. This
will result in an increase in the exposure and thus in the constraint power of the Pierre
Auger Observatory. The anomaly detection analysis strategy has already been defined
and is presently on-going at the University of L’Aquila.
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Appendix A

Measurement of the linearity of
two Hamamatsu R9420 PMTs

The measurement of the linearity of two Hamamatsu R9420 PMTs used to test
the new SSD modules has been performed during an SSD assembling shift at the
University of Salento, Lecce (Italy). The dependence of the anode current at which the
non-linearity of each PMT becomes of 5% on the gain has been also studied.

A.1 The experimental setup

A schematic view of the experimental setup, which is the same as described in
[159], is shown in Figure A.1. The dark box has a size of 70 cm × 70 cm × 70 cm and
hosts one PMT at a time. The PMT looks towards a LED Pulser placed at the roof of
the box. The LED Pulser is controlled through a board connected to the data acqui-
sition computer. Two blue LEDs with 470 nm wavelength and 45◦ viewing angle are
used. A LED driver [159] ensures a fast turn-on turn-off response. The two LEDs are
placed in the center of a small box housing the driver. The signals from both the anode
and the dynode are sent to a digital oscilloscope connected to the computer through
General Purpose Interface Bus (GPIB). The data acquisition user interface is written
in LabVIEW 1. A dedicated tab of the front panel allows to tune the system parame-
ters, such as the LED voltage and the oscilloscope acquiring conditions. Furthermore,
an online data analysis (peak finding, charge calculation and spectra) is provided to
monitor the measurements during data taking. Data files are also produced allowing
to perform offline analyses [160].

A.2 Non-linearity measurements

Since the PMTs are required to have a linear rensponse over a large dynamic
range, the non-linearity (NL) of the PMTs as a function of the anode current has been

1https://www.ni.com/labview/
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APPENDIX A. MEASUREMENT OF THE LINEARITY OF TWO HAMAMATSU
R9420 PMTS

Figure A.1: Schematic view of the experimental setup used to measure the linearity
of the two Hamamatsu R9420 PMTs. Figure from [159].

studied using the double LED method. The anode current in the PMT is changed
by modifying the LED voltage. The system can pulse two blue LEDs independently
(LED1 and LED2) and simultanously (LED12). For each configuration (LED1, LED2
and LED12) the measurement is repeated 200 times. The measurement of the NL of
the PMT as a function of the anode current is obtained by varying the light intensity
of the two LEDs and computing the quantity:

NL = LED12 − (LED1 + LED2)
LED1 + LED2

, (A.1)

where LED1, LED2 and LED12 are the signals from the corresponding configurations.
The percentage NL of two Hamamatsu R9420 PMTs (referred as PMT 3851 and PMT
4151) as a function of the anode current has been studied for different values of the
supply voltage. The corresponding plots are shown in Figure A.2 and Figure A.3.
From these plots, the anode current at which the percentage NL becomes ±5% has
been found by interpolating the two points before and after that value with a linear
function. Afterwards, the dependence of the anode current at which the percentage NL
is ±5% on the gain, which depends on the supply voltage, has been studied. The gain
is measured following the same procedure as described in [159]. The gain as a function
of the supply voltage for the two PMTs is shown in Figure A.4. The gain G for each
supply voltage V can be obtained by performing a fit on these plots with the function
G = aV b [159]. The anode current at which the percentage NL is ±5% changes in a
non-linear way according to the gain, at least at low gains (see Figure A.5). A function
that well describes its behaviour is:

f(x) = p0 + p1 ·
√
x , (A.2)

114



APPENDIX A. MEASUREMENT OF THE LINEARITY OF TWO HAMAMATSU
R9420 PMTS

as shown in Figure A.6. Given a certain gain, the anode current up to which the
behaviour of the PMTs is linear within 5% can be inferred from the result of the fit
performed using this function.
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Figure A.2: Percentage non-linearity of the PMT 3851 as a function of the anode
current for different values of the supply voltage V (V = 800 V, V = 900 V, V = 1100
V, V = 1300 V, V = 1500 V).
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Figure A.3: Percentage non-linearity of the PMT 4151 as a function of the anode
current for different values of the supply voltage V (V = 800 V, V = 900 V, V = 1100
V, V = 1300 V, V = 1500 V).
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Figure A.4: Gain as a function of the supply voltage for the PMT 3851 (left) and the
PMT 4151 (right).
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Figure A.5: Anode current at which the percentage non-linearity is ±5% as a function
of the gain for the PMT 3851 (left) and the PMT 4151 (right).
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Figure A.6: Result of the fit performed using the function in Eq. A.2 on the anode
current at which the percentage non-linearity is ±5% as a function of the gain for the
PMT 3851 (left) and the PMT 4151 (right). The fitting function well reproduces the
behaviour of the data.
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Appendix B

Hadronic interaction models
used in air shower simulations

The flux of the cosmic rays decreases with the energy, therefore UHCRs can be de-
tected only by measuring the secondary particles generated by their interaction with
the atmosphere. To determine the energy and the chemical composition of the UHE-
CRs, the experimental data need to be compared with the results from the air shower
simulations. For this reason, hadronic interactions need to be properly modeled in or-
der to perform the analysis of the data. In contrast to the electroweak interactions
that occur during the shower development, the hadronic interactions are not simple
to model and present large theoretical uncertainties. In the case of hard processes i.e.
processes characterized by a large momentum transfer, accurate results for high energy
interactions can be obtained from the quantum chromodynamics (QCD) by using per-
turbative methods. However, since most of the processes occurring during high energy
collisions are soft processes i.e. processes with a small momentum transfer, also non
perturbative effects have to be considered [161]. Hadronic interaction models are sep-
arated between high and low energy models. High energy models can be extrapolated
to the highest energies and are assumed to be valid above a transition energy that is
not univocally determined and can be set up to a few hundred GeV [162]. Low energy
models, on the contrary, are assumed to be valid in the energy range between the
energy threshold for particle production and the transition energy [25]. In the follow-
ing sections, the main differences between some of the most frequently used hadronic
interaction models at high energies (QGSJet II [145], Sibyll [146, 147] and Epos
[148]) and low energies (GHEISHA [163], FLUKA [164] and UrQMD [155]) will be
highlighted.

B.1 High energy hadronic interaction models

QGSJet II and Epos are based on the Gribov-Regge field theory (GRT) [165],
which allows to describe soft interactions at high energies. Hadronic collisions are
treated as multiple scattering processes where each elementary re-scattering corre-
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...

(a) Multiple exchange of parton ladders

...

(b) Re-scatterings as exchanges of Pomerons

Figure B.1: A hadron-hadron scattering as multiple exchange of parton ladders (a)
and a typical contribution to hadron-hadron scattering amplitude with elementary
re-scatterings treated as exchanges of Pomerons (b). Figures from [166].

= +

soft Pomeron

QCD ladder

soft Pomeron

Figure B.2: A general Pomeron as the sum of a soft and a semi-hard Pomeron. The
semi-hard Pomeron is represented as a QCD ladder between two soft Pomerons. Figure
from [166].

sponds to the exchange of a microscopic parton cascade, as shown in Figure B.1(a).
Since most of the exchanged partons have a small transverse momentum, the pertur-
bative QCD approach can not be used and each elementary re-scattering process is
treated as an exchange of a quasi-particle, called Pomeron. The scattering amplitude
is then given by the sum of the diagrams shown in Figure B.1(b). With the increase
of the energy, also the contribution from semi-hard processes i.e. processes with a
momentum transfer larger than that of soft processes needs to be considered. Since
these processes can be treated by using a perturbative QCD approach and thus both
perturbative and non-perturbative processes contribute to the microscopic parton cas-
cades, a general Pomeron can be considered as the sum of a soft and a semi-hard
Pomeron. The semi-hard part can be represented as a QCD ladder between two soft
Pomerons, as shown in Figure B.2. In contrast to QGSJet II and Epos, the minijet
model [167, 168, 169, 170] combined with the eikonal approach [170, 171, 172] is used
in Sibyll, which is the high energy model that has been used in the Real Monte Carlo
simulation described in Chapter 5. In this hadronic interaction model, the hard part is
treated by considering only the QCD ladder contributions of the semihard Pomerons,
under the assumption that the soft interactions can be neglected in the secondary par-
ticle production. The eikonal approach relies on the presence of minijets, where high
energy partonic interactions are described using the production of jets with low trans-
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→

Figure B.3: A pomeron as a two layer parton ladder attached to projectile and target
remnants through two color singlets (left) and a cut Pomeron seen as two strings
(right). Figures from [175].

verse momentum [161]. Originally, only one soft interaction was allowed in Sibyll, but
in the more recent version Sibyll 2.3c a larger phase space is considered for soft inter-
actions, while multiple soft interactions are described as Pomeron exchanges according
to the GRT.

As regards the particle production, the Lund model [173, 174] is adopted in Sibyll.
The final state is obtained via a massless relativistic string, which represents the QCD
color force field, where the string endpoint excitations and the internal excitations of
the color field are represented by quarks (antiquarks) and gluons, respectively. These
strings break because of quantum tunneling, producing quark-antiquark pairs which
result in the hadronic remnant with excitation energy and momentum described by
a phenomenological function [161]. In Epos, the particle production considers both
the decay of the hadronic remnant mentioned before and the hadronization of a cut
Pomeron. As shown in Figure B.3, a pomeron can be considered as a two layer parton
ladder attached to projectile and target remnants through two color singlets of type
qq̄, qqq or q̄q̄q̄ (taken from the sea because an undefined number of Pomerons can
be involved in the process) [175]. The hadronization of a cut Pomeron occurs because
it can be seen as two strings with q (q̄) or qq (q̄q̄) at the string ends. In QGSJet
II, the particle production is treated by considering Pomeron-Pomeron interactions,
which lead to complex multi-ladder diagrams.

The availability of experimental data from particle accelerators like LHC plays
an important role in the high energy hadronic interaction models. Parameters like the
total p – p cross section need to be extrapolated from the experimental data obtained at
lower energies, but this extrapolation is strongly dependent on the model. Furthermore,
the total p – air cross section needs to be derived from the p – p one. This derivation is
performed by using the Glauber model [176]. The most recent results available from
LHC were used to update the old versions of the high energy models to the more recent
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versions QGSJet II-04, Sibyll 2.3c and Epos-LHC.
The differences between the high energy hadronic interaction models result in dif-

ferences in the air shower observables and thus in the interpretation of the cosmic
ray data. As an example, the differences in the Xmax distributions obtained by using
different high energy hadronic interaction models are shown in section 4.1.2.

B.2 Low energy hadronic interaction models
Three of the most frequently used low energy hadronic interaction models, used for

interaction energies below the transition energy, are GHEISHA, FLUKA and UrQMD.
In the low energy model GHEISHA, based on the parameterization of the experimental
data from particle accelerators, the energy and momentum are conserved in average but
not event by event. The most updated version of this low energy model has an improved
conservation of energy and momentum because its older version was kinematically
corrected after comparing its results with the experimental data [177].

In the low energy model FLUKA, hadron-nucleon interactions are described by
using the resonance superposition model at energies up to ∼ 5 GeV and the Dual
Parton Model [178] at higher energies. Hadron-nucleus interactions are treated by ex-
ploiting the PreEquilibrium Approach to NUclear Thermalization (PEANUT) model,
with the inclusion of the Glauber-Gribov multiple collision mechanism followed by a
preequilibrium stage and an evaporation/fragmentation/fission and final deexcitation
stage [179]. In contrast to GHEISHA, the energy and momentum are conserved event
by event a priori.

The low energy model UrQMD is based on the same principles as the Quantum
Molecular Dynamic model and its extension to relativistic energies [155]. The properties
of the single hadrons together with the interaction cross sections are used as the main
inputs of this low energy model. The cross sections are fitted to experimental data,
calculated from effective models or parameterized according to the additive quark
model. The particle production is treated by using the excitation and fragmentation
of color strings according to the Lund model, the excitation and decay of hadronic
resonances and the particle-antiparticle annihilation [180]. The UrQMD model is the
low energy model that has been used in the Real Monte Carlo simulation for upward-
going showers, whose details are reported in Chapter 5.
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