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Abstract

Recent observations of two coherent events with steeply upward going cosmic ray signatures and
energies of a few tenths of an EeV by the ANITA detector remain unexplained. The Fluorescence
Detector (FD) of the Pierre Auger Observatory is also sensitive to such phenomena, given its
substantial operation time and wide field of view (FoV). Using the more than 14 years of FD
available data, a generic search for similar events with elevation angles greater than 20° and
maximum shower energies of 1018 eV has been performed. Dedicated Monte Carlo simulations
of both signal and background have been implemented and used within the analysis procedure.
Together with these dedicated simulations, a 10% burn data sample was used for the final quality
selection criteria. The obtained FD exposure has been calculated and is provided in a double
differential form, in terms of shower energy and height of first interaction. With one event
observed above an expected background of 0.45 + 0.18, upper flux limits on up-going cosmic
ray-like air showers have been set.

Events with signatures similar to the ANITA observations can not be explained by
Standard Model (SM) physics and require the postulation of Beyond Standard Model (BSM)
scenarios. Many such models result in the productions of 7-leptons, which would in turn decay
in the atmosphere and induce the steeply up-going air showers. Such a hypothesis has been
investigated in detail within this thesis, by translating the generic search in terms of up-going
7-induced air showers. For maximal flexibility, the results are independent of the 7-production
mechanism. 7-leptons are directly generated both inside and above Earth, with an injection rate
proportional to the media density, and their propagation, decay and interactions are treated in
the presented analysis. The goal of the study is achieved by using the zenith angle, decay location
and shower energy of any resulting 7-lepton decaying in the field of view of the Fluorescence
Detector. The exposure of the FD of the Pierre Auger Observatory to steeply up-going 7-induced
air showers is then obtained by folding the exposure results from the generic search with the
double differential distribution of m-leptons decaying and interacting in the FD-FoV. Differential
upper limits as low as 107° GeV ecm ™2 s~ ! sr~! on the flux of 7-leptons produced within less than
50 km distance below Earth are reported for several zenith angle sub-ranges and different primary
energy spectra. This treatment insures the applicability of the presented results to a wide range
of theoretical models producing 7-leptons and aiming to explain the "anomalous" ANITA events.
In any such cases a significantly reduced cross section of the hypothetical particles with matter
is needed, in order to insure an increased survival probability during their propagation through
Earth. Interactions of such particles within the last few km distance below surface could result
in the production of 7-leptons. Several such BSM scenarios have been investigated as part of
this thesis, by artificially reducing the SM charged current neutrino-nucleon cross section by
several orders of magnitude. Using the obtained upper bounds on high energy steeply up-going
7 fluxes, such theories have been correspondingly constrained over a large range of BSM cross
sections. The optimum cross section which is maximizing the 7-production and results in the
most stringent upper bounds is found to be opgyr = 1072 - ogas.

The wide capability of the Pierre Auger Observatory to constrain several SM and BSM
scenarios resulting in the production of up-going 7-leptons has been demonstrated by combining

the FD results with the Surface Detector sensitivity to the Earth-Skimming channel.
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Introduction

Understanding and exploring the mysteries of the universe represents one of the oldest concerns
in the history of humanity. The sky itself has amazed people more than thousands of years
ago, with the first attempts towards astronomical observations and documentation of several
celestial body locations in time, dating back to the Mesopotamian civilisation. Since then, a
lot of progress and knowledge has been gained in this regard, which in turn has raised many
more questions to be answered. The branch of physics dedicated to such searches of any particle
phenomena with a cosmic origin is astroparticle physics and has been actively studied for more
than a hundred years. Dark matter, cosmic rays, neutrino and gamma-ray astronomy, as well
as gravitational waves represent only few of the main topics of the field [1]. Many of these
subjects have been thoroughly studied and benefited of exciting new results within the last
years. With the constant development of the detection techniques, the observation of ultra-high
energy particles has been improved, the highest recorded energy being beyond 10?°eV. This
exceeds by far the maximum achievable energy in the biggest man-made accelerator, the Large
Hadron Collider (LHC). These ultra high energies were discovered as a result of improved cosmic
ray (CR) studies, leading to a corresponding enhancement in the CR detectors’ capabilities. As
at those energies the CR flux is on the order of 1 particle per square kilometer per century,
large detectors covering a substantial area at ground are needed in order to obtain significant
statistics.

The Pierre Auger Observatory is the biggest observatory dedicated to the detection
of ultra-high energy cosmic rays (UHECRs), covering a surface area of 3000 km2. Combining
several detection techniques, both the observation of the secondary particles at ground, resulted
from the UHECRs interaction with atmospheric nuclei, using the Surface Detector, as well as the
recording of the shower development in the atmosphere, by taking advantage of the Fluorescence
Detector, are possible. As a result of its enhanced detection capabilities, the Observatory is
providing an unmatched sensitivity and largest statistics for CRs at the highest energies. Being
operational since January 2004, the Pierre Auger Observatory has contributed tremendously in
the CRs study, answering long standing questions regarding the features in the CR spectrum
at the highest energies [2], the existence of an anisotropy in the arrival directions of CRs with
energies above 8 EeV [3], mass composition studies of UHECRs [4, 5] etc. Furthermore, dedicated
searches towards UHE photons [6] and neutrinos [7, 8, 9, 10] are also possible and have provided
the most competitive results worldwide at the investigated energies. However, as shown in this
thesis, the Observatory is, for the first time, also be shown to be sensitive to non-standard
signatures, e.g. in terms of steeply up-going extensive air showers.

A dedicated search for upward propagating cosmic-ray like showers has been performed
using the Fluorescence Detector (FD) of the Pierre Auger Observatory and represents the main

subject of this thesis. The study has been triggered by the observation of two unusual events
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by the ANITA detector [11, 12], with signatures that can be interpreted as steeply up-going
cosmic-ray like showers, with few tenths of an EeV energies [13] and elevation angles greater
than 20° from the horizon [14, 15]. As such events are in strong disagreement with the Standard
Model (SM) physics, the corresponding neutrino fluxes exceeding the already existent upper
bounds by several orders of magnitude [16, 7, 8], a follow-up search is of great interest. The
FD of the Pierre Auger Observatory is also sensitive to this phenomena, and has a wide field
of view, as well as a substantial operation time. Having more than 14 years of available FD
data, the obtained results can be further used to either confirm or refute such observations.
As these events have been later reanalyzed with dedicated MC simulations, it was shown that
their energy is dependent on their first interaction point, where the shower starts to develop
in the atmosphere [13]. Consequently, the dedicated follow-up study has investigated such
events starting to develop at different altitudes and the final results in terms of FD exposure are
provided accordingly and presented in a double differential form, in terms of shower energy, Eyp,
and first interaction height H;. This way of presenting the results is extremely useful and can
be further adopted in order to test any primary model. Such an example application has been
studied, in terms of 7-lepton induced air showers, and represents another personal contribution
presented in this thesis. As no candidate event above the expected background has been found,
corresponding stringent upper bounds have been set on the fluxes of steeply up-going showers,
using the FD of the Pierre Auger Observatory. The obtained results regarding the upper flux
limits on 7-induced air showers have been further translated in terms of BSM particle fluxes. In
this scenario hypothetical particles with reduced cross sections are propagated through Earth,
having a sufficiently high survival probability. Interactions close to the surface can then result in
the production of 7-leptons that escape into the atmosphere and initiate extensive air showers.
This study results in upper bounds on various BSM scenarios and serves as a proof of concept of
the wide applicability of the investigated 7-lepton induced air showers scenario. To emphasize
the capability of the Observatory to constrain a large range of models resulting in the creation
of T-leptons, the BSM study has been extended to the Earth-Skimming channel. Consequently,
combined upper limits on particles producing upwards going 7-leptons are provided for a large
range of cross sections, both for the SM and BSM scenarios, using the Pierre Auger Observatory.

This thesis is divided in eight chapters. After the current introduction, a short overview
of cosmic rays physics, from their discovery up to nowadays knowledge and open questions, is
addressed in Chapter 2. A brief summary regarding the spectrum of CRs and its main features,
the still elusive nature of the CR fluxes’ suppression at highest energies, together with its possible
interpretations, is given. The main acceleration mechanisms which are believed to be able to
accelerate CRs up to the highest energies are also shortly presented. In the second section of the
chapter Extensive Air Showers (EAS) are introduced, as they represent the main phenomena
studied and detected within the Pierre Auger Observatory. This comprises of a short overview
of the main characteristics of an EAS. Since the study presented in this thesis is using the
Fluorescence Detector, this section is focused on the longitudinal development of the shower
profile in the atmosphere.

In Chapter 3 the Pierre Auger Observatory is introduced. A short synopsis over the

different detection techniques and instrumentation within the Observatory is given. As men-



tioned above, the results presented in this thesis are obtained using the Fluorescence Detector.
Therefore, a dedicated section within this thesis is focusing on the FD, with information regard-
ing both the instrumentation and the main background that has to be properly monitored and
accounted for in order to achieve precise measurements. As most of the obtained results are
heavily dependent on simulations, a separate section provides information about the reconstruc-
tion of an EAS using the FD observations. Lastly, the collaboration analysis software, which
has been heavily used in order to obtain the presented results, is introduced in the final section
of this chapter.

A short overview on up-going air showers is given in Chapter 4, with the main differ-
ences between such events and the down-going case being emphasized. Further on the ANITA
experiment, with a main focus on the anomalous events and their disagreement with SM predic-
tions is presented. In the remaining sections the pioneering steps towards simulating up-going
air showers, as well as the main updates implemented to the existent framework are presented.
In the end of the chapter the first exposure results obtained from this preliminary step are
discussed.

Chapter 5 focuses on the dedicated search of up-going cosmic ray-like air showers with
the Fluorescence Detector of the Pierre Auger Observatory. The adopted signal simulation
procedure, with a main focus on the adopted events geometry, is explained. Additional steps in
the study are represented by background simulations, as well as data cleaning, which has been
achieved using a burn data sample, containing 10% of the total available data. Using the results
in terms of signal, background and burn data, a final cut regarding the candidate selection is
determined and the FD exposure to steeply up-going cosmic ray-like air showers is obtained.
In order to widen the applicability of the current study, the obtained results are presented in
a double differential form, with respect to shower energy FEg, and first interaction height Hj.
With 1 event observed after unblinding the whole data set, which is consistent with the expected
background of 0.45 4 0.18, corresponding upper flux limits on up-going cosmic ray air showers
are set.

The generic results regarding cosmic ray-like showers are further translated in chapter 6,
in terms of steeply up-going 7-lepton induced air showers. Given the surprising nature of the
ANITA observations, several theoretical interpretations involving Beyond Standard Model phys-
ics have been proposed, attempting to interpret them. Many of these scenarios, such as heavy
dark matter [17], sterile neutrino mixing [18], stau decays [19] etc. result in the production of
7-leptons. To widen the applicability of the obtained results, T-leptons are directly generated
inside Earth and in the atmosphere, with an injection rate proportional to the media dens-
ity, without considering any specific production mechanism. The leptons are propagated inside
Earth, taking into account their energy losses, until they decay, using a heavily modified version
of NuTauSim [20]. The 7-decays are modeled by TAUOLA [21] and the resulted decay daughters
are further evaluated in terms of their potential to contribute to the shower energy deposit in
the atmosphere. The resulted distribution of 7-decay induced air showers is then presented in
a double differential form, in terms of height of first interaction H; and shower energy Fgp.
This 2D distribution is further folded together with the double differential exposure results to

up-going cosmic ray-like air showers. As a result, the exposure of the FD of the Pierre Auger
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Observatory to steeply up-going air showers induced by 7-decays due to 7s produced inside Earth
or within the first few kilometers in the atmosphere, by an unspecified mechanism is obtained.
Given the non-observation of any candidate events, corresponding upper flux limits are set on
steeply up-going 7-induced air showers with primary energies Ey € [10'%-5,10%° eV] and zenith
angles 6 € [110°,180°]. The current study in terms of 7-induced air showers is not only extremely
important for the scientific community, but it also represents a proof of concept, emphasizing
the importance of providing the exposure to cosmic ray-like air showers in a double differential
form: H; vs Eg,. By following the presented approach, any primary can be correspondingly
tested, as long as the decay mechanism is well known.

Chapter 7 is dedicated to the study of hypothetical BSM particles which are surviving
Earth propagation up to very small distances below ground, and further interact within the
last few kilometers distance below the surface, resulting in the creation of 7-leptons. Given the
steeply up-going context in any such scenario, the BSM cross section needs to be significantly
lower than the SM neutrino one at the energies of interest: E > 10'7eV. Starting from the
obtained upper flux limits in terms of 7-induced air showers presented in chapter 6, several such
BSM scenarios can be correspondingly constrained using the FD of the Pierre Auger Observatory.
Two different cases are investigated in detail: a fixed cross section scenario and an energy
dependent one, and the corresponding BSM upper bounds are presented. The study is further
extended to the Earth Skimming (ES) channel, where the Surface Detector has an unmatched
sensitivity to v -induced air showers. By combining the obtained results in terms of steeply
up-going and ES channel, the capability of the Pierre Auger Observatory to constrain a wide
range of both SM and BSM scenarios resulting in the production of 7-leptons with energies
E > 10'7 eV is emphasized.

The obtained results are summarized in Chapter 8. The importance of the dedicated
follow-up study of up-going cosmic ray-like showers with the fluorescence detector of the Pierre
Auger Observatory is highlighted, representing the first attempt to constrain such anomalous
events. Presenting the exposure results in a double differential form represents a pioneer in such
searches and is of a particular interest for the scientific community. As shown in the presented
T-leptons study, starting from these results any primary scenario can be correspondingly con-
strained. The stringent upper flux limits obtained for steeply up-going 7-induced air showers are
discussed within this chapter and the importance of this study is emphasized. The investigated
BSM scenarios are also reviewed and several further improvements to the presented procedure

are proposed.









2

Cosmic Rays and Extensive Air Showers

Cosmic rays represent the pioneering field of elementary particle physics. The first strong evid-
ence of the existence of cosmic rays dates back to 1909, when Theodor Wulf used an electrometer
to measure the ionization of the air at different altitudes. Contrary to the expectations at that
time, the measured radiation level at increasing heights on the Eiffel Tower decreases at a
much slower rate than expected for a terrestrial-only origin, pointing to a secondary radiation
source [22]. However, since Wulf’s efforts were largely dismissed by the community, the hot air
balloon experiment of Victor Hess is commonly taken to represent the first concrete proof, as
well as the starting point of cosmic rays physics.

In order to test the hypothesis of the existence of a celestial source for the air ionization
measured by Wulf, Victor Hess performed a series of measurements at different altitudes, up
to 5.3 km a.s.l. Having first improved the accuracy of the existing instruments, he performed
air balloon flight measurements over more than three years, both during day and night. He
observed there was a slight decrease of radiation for altitudes up to 1.4 km [23], followed by a
strong increase with the increase in altitude. Having measured no reduction of the radiation
level during the night or during the solar eclipse, he correctly concluded there must be a cosmic
radiation source that originated from regions much further than the Sun. For these outstanding
findings he was awarded with the Nobel Prize in 1936 [24].

In the first years following Hess’s observations, it was strongly believed this cosmic
radiation had an electromagnetic origin and it was therefore referred to as Cosmic Rays (CR).
However, in 1927, using an ionization chamber, Jacob Clay showed the existence of a significant
difference in the cosmic ray intensity measured at different latitudes. This variation was shown
to be correlated with the strength of the Earth’s magnetic field, disproving the very popular
gamma ray hypothesis. He has thus correctly concluded that most of the cosmic rays consist
mainly of charged particles [25].

The Geiger-Miiller (GM) counter, developed in 1928 [26], represented a major improve-
ment in the cosmic rays research. In 1930, Bruno Rossi suggested the Earth’s magnetic field
should strongly influence the different charged particles [27]. Assuming that CRs likely have
the same charge, he expected to see a difference in the flux of particles coming from the east
than from the west, due to the Earth’s magnetic field orientation. Using the GM detector he
was able to verify his theory, which is now-called the Fast- West effect. Notably, he observed an
excess in the intensity of CRs coming from the West, showing that most of the cosmic rays are
positively charged. Several different studies have further confirmed Rossi’s discovery.

In 1940 Marcel Schein performed a balloon flight in a first attempt towards discovering
the nature of the positive charged particles. Using lead absorbers and GM tubes for detection,
Schein observed that the high energy particles pass through the lead material without creating

any low energy secondaries, from which he concluded that the observed positively charged cosmic
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rays were mainly composed of protons [28]. Between 1932 and 1953 several studies towards
the cosmic rays composition were performed, which further confirmed the predominance of
protons [29, 30]. Nowadays it is well known that CRs are ionized nuclei, composed of ~ 90%
protons, ~ 9% Helium nuclei and ~ 1% heavier nuclei [31].

After more than one hundred years since Hess’s discovery, the knowledge towards cos-
mic rays has increased significantly. Nowadays cosmic rays are defined as high energy charged
particles, travelling at speeds close to the speed of light. CRs detection has also improved sig-
nificantly over time, their observed energy extending over more than 12 orders of magnitude,
providing thus valuable information about the nature of galactic and extra-galactic processes in
the Universe. Being electrically charged, it is difficult to extract information regarding the pos-
ition of their sources from CRs alone, since they are deflected by the galactic and extra-galactic
magnetic fields during their propagation. However, by measuring the corresponding CRs fluxes
and composition, important information regarding their origin can be obtained. Additional in-
formation on the source locations can be achieved by detecting neutral particles with similar
energies. In this sense, neutrinos and gamma-rays constitute the main candidates. The study
of high energy gamma-rays and neutrinos, combined with gravitational waves (GW) detection,
constitutes the relatively new field of research of multi-messenger physics, which attempts to

give a complete picture of the Universe.

2.1 Cosmic Ray Fluxes

Covering a wide energy range, the study and detection of CRs requires a complex combination of
technological equipment and analysis techniques. Energies of detected cosmic rays are spanning
over more than 12 orders of magnitude (from 10® eV to beyond 10?2 eV). The highest energies

0'8 eV, are exceeding by far the maximum obtained energies from any man-

in this range, £ > 1
made accelerator. As these Ultra High Energy Cosmic Rays (UHECR) interact with atomic
nuclei in the atmosphere, the center of mass energy in the nucleon-nucleon system exceeds the
LHC one by more than 2 orders of magnitude [31].

The energy spectrum of cosmic rays (flux of particles as a function of energy) has a

distinct pattern which can be well described through a broken power law:

% x E77 (2.1)
where  represents the so-called spectral index. Depending on the energy range of interest,
has different values, which can provide information on the CR’s origin and propagation.

As the CRs energy increases, the number of particles reaching Earth decreases signi-
ficantly, from ~ Im~2s7! at £ ~ 101%eV to ~ lkm2yr~! at £ ~ 109 eV, as expected from
Eq. 2.1. Consequently, two main detection methods are used, depending on the investigated
energy range. For low energy CRs, E < 103 eV, direct measurements using detectors at the top
of the atmosphere are performed [31]. At higher energies, this technique is ineffective, given the
much lower CR fluxes. For E > 103 eV, an indirect detection using the air shower measurements
is used. More details on air showers are given in section 2.2.

The cosmic rays spectrum, obtained from the indirect detection and measured by sev-
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eral air shower experiments, is shown in Fig. 2.1. In order to underline the various features of

the spectrum, the provided value of the flux is scaled with energy.
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Figure 2.1: The CR energy spectrum, taken from [32].

2.1.1 Features in the Cosmic Ray spectrum

As expected from the broken power law in Eq. 2.1, the flux of cosmic rays rapidly decreases
with increasing energy. For energies below ~ 103 eV the flux of cosmic rays is very high and
can therefore be directly measured at high altitudes by balloon experiments or in space-born
instruments [33].

The only exactly known source of CRs is the Sun, which is responsible for the emission
of CRs with energies up to the GeV range. At those low energies, the galactic cosmic rays can
not enter the solar system due to the termination shock produced when the solar wind intersects
the interstellar medium. As the energy increases past few GeV, the Sun reaches its maximum
acceleration and becomes less and less predominant as the main source in the CRs spectrum.
For higher energies, as revealed by the direct measurements, the galactic sources represent the
predominant component in the CR fluxes. For such observations, the CRs composition can be
directly detected. By comparing the relative abundance of several nuclei from these observations
to the corresponding elements abundances in the solar system, a similar composition is found.
A slight increase towards lighter elements is observed in the cosmic radiation, notably for the
Li, Be, B elements [34]. As these elements are absent as final products in stellar nucleosynthesis,
they appear as a result of CRs collisions with the interstellar medium (ISM), via the spallation
of heavier and more abundant C, N and O nuclei. A very strong source candidate for such CRs
is represented by supernova remnants (SNRs). At these energies, E € [10°,3 x 10'%eV], the
corresponding CR spectrum is described by a spectral index of v = 2.7. For higher energies the
direct detection method is no longer possible, and indirect measurements are performed by air
shower detectors.

At an energy of E ~ 3 x 10 eV the spectrum steepens, exhibiting a feature called

the knee. This is likely indicating the maximum acceleration of the galactic sources for protons.
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Measurements in [35] are consistent with this interpretation, exhibiting a predominant light CR
composition at these energies. The spectrum shape within this region is not very stable, but can
be well described by a spectral index of v & 3.1. Since the maximum source rigidity is dependent
on the primary’s atomic number, a shift towards heavier nuclei is expected with the increase
of energy, as the galactic sources are expected to reach their maximum acceleration for heavier
and heavier primaries. A second steepening in the spectrum appears at an energy of E ~ 107
eV, referred to as the second knee. This is thought to mark the maximum energy that Fe-nuclei
may reach in galactic sources. The corresponding spectral index describing the CR fluxes at
this energy is 7 =~ 3.3. Two main acceleration mechanisms are known to be able to accelerate
particles up to these energies and result in a power law spectrum: first and second order Fermi
acceleration [36]. The most powerful shock acceleration appears in supernova remnants (SNR),
considered one of the main source candidates for the CRs produced up to the second knee [37].

At higher energies the composition, acceleration and production mechanisms are even
less understood. This is on one hand due to the fact that direct observation is not possible at
those energies, and on the other hand due to the fact that the investigated energies exceed the
maximum energies produced via shock acceleration. Energies higher than F > 10'7 eV mark
the transition region between galactic and extra-galactic sources. As mentioned above, the
spectrum in this region is described by a spectral index of v = 3.3, extending up to energies of
E ~ 5 x 10'8eV. Here, another feature, referred to as the ankle, is observed in the CR spectrum
and is well described by a spectral index of v &~ 2.5. The ankle is believed to indicate the region
where the extra galactic sources become dominant in the cosmic ray fluxes. This is consistent
with the very light CR composition at energies slightly below the ankle, with a remarkable
proton fraction which is shifting towards heavier elements as the energy increases [38], [39], [40].

The nature of cosmic rays beyond the ankle is still unknown and represents one of the
most challenging subjects in CR. physics. This is mainly due to the low rate of events at the given

1 as well as due to the very high energies, where theoretical interaction

energy: < lkm™2yr—
models need to be extrapolated by several orders of magnitude. As seen in Fig. 2.1, a strong
cutoff in the CR spectrum is observed at energies ' ~ 10%°eV. This has several interpretations

which will be discussed in detail in subsection 2.1.2.

2.1.2 The Cutoff in the Cosmic Ray Spectrum

Indirect detection methods, using air shower detectors at ground, are required for the observation
of very high energy cosmic rays with £ > 10%eV. In order to be able to detect ultra high
energy cosmic rays (UHECRs), with £ > 10'8eV, giant air shower arrays are needed. The
two largest CRs observatories, the Pierre Auger Observatory and Telescope Array(TA), with
exposures of thousands of km?sryr, allow spectrum measurements below the ankle, up to the
cutoff region. The cutoff in the CR spectrum is a subject of great interest and debate in the
scientific community. As CRs statistics at these energies is very limited, definite conclusions are
difficult to achieve. Mass composition studies represent one of the key elements regarding the
phenomenology of the cutoff. Different results are obtained by the two collaborations regarding
the UHECR composition below the ankle. While the Pierre Auger Observatory’s data indicates

a transition towards heavier elements at the highest energies [41], TA’s data are in agreement

10
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with a constant light composition at the energies of interest [42]. This is a matter of continuous
debate and will not be further covered here. It is however worth mentioning the discrepancy
between the two different results can be related to differences in statistics, data analysis, detector
calibration or different sources’ spectrum in the two hemispheres [43]. However, this is a subject
which is constantly investigated and future updates of the two detectors are believed to lead to
a definite answer.

There are several possible phenomena which could result in the observed cutoff at the

highest energies in the CR spectrum. These scenarios are listed below.

The GZK cutoff: The GZK (Greisen-Zatsepin-Kuzmin) cutoff [44, 45] represents a theor-
etical upper limit on the maximum energy of a high energy proton propagating through the
intergalactic space, which is filled with relic photons from the big bang. These photons are often
referred to as cosmic microwave background (CMB). In the reference frame of an ultra high
energy (UHE) proton, the CMB photons appear as highly blue shifted, with correspondingly
high energies. These high energy photons can create a AT resonance as a result of their inter-
action with the protons. Being a highly unstable state, AT will further decay via two different

channels:

p+vemp = At s p+ 7 (2.2)
p+vcuB = AT > n4 a1t (2.3)

The resulting pions will correspondingly decay via the pion decay channels: the neutral pions
decay into two photons and the charged ones into muons and neutrinos.

The protons in Eq. 2.2 will propagate further and can either be detected or interact with
the CMB as long as their energy allows it. The neutron produced in Eq. 2.3 is propagating for
a long distance and is eventually decaying into electrons, anti-electron neutrinos and protons.
These protons can in turn further interact with the relic photons. For each interaction with
the CMB described in Eq. 2.2 and 2.3, the protons are loosing ~ 20% of their energy [44].
Consequently, the high energy protons will have a significant energy loss during their propagation
from the sources to the detector. This process occurs until the proton energy is too low to
produce a AT resonance at their scattering on CMB photons. This happens at a proton energy
of ~ 5 x 10" eV and represents the GZK threshold.

A concrete evidence supporting the GZK limit would be the observation of a definite
cutoff at this energy, with a primary CR composition dominated by protons. Moreover, photons
and neutrinos resulting from pion decays in Eq. 2.3 and 2.2 should be observed at similar rates as
the corresponding protons. Many searches for UHE neutrinos and photons have been performed
by various experiments [46, 47], but up to date no candidate has been observed. Additionally,
data from the Pierre Auger Observatory indicate an increasingly heavy composition towards the
GZK threshold, disfavoring the GZK effect [41]. As mentioned above, since the TA and Pierre
Auger data show some tension in the inferred mass composition of UHECRs above the ankle,
this is still a subject of debate.

Photo-disintegration: The photo-disintegration process is very similar to the GZK effect,

but is concerning heavier primaries. An UHE nuclei travelling through intergalactic space will
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2 Cosmic Rays and Extensive Air Showers

interact with the blue shifted CMB photons. Once the energy of the photon exceeds the binding
energy per nucleon of the nuclei, it is able to remove individual nucleons. When the process
takes place, the mass and energy of the nucleus are reduced. The process is shown in Eq. 2.4
below, where the nucleus X with N neutrons and Z protons absorbs a photon and releases a

neutron as a result of the photo-disintegration.
XX +y -0 X 40 (2.4)

As in the GZK case, this results in an upper energy limit for heavier nuclei. However, in this case
the cutoff would not be so hard, since it highly depends on the mass of the primary particles,
but it is expected to take place at similar energies.

The GZK limit together with the photo-disintegration process could in principle explain

the observed cutoff in the CRs spectrum. As mentioned above, this has to be further investigated.

Maximum Rigidity: The maximum rigidity effect on the CR spectrum cutoff is very similar
to the explanation for the knee and the second knee. While the knees are assumed to be an
effect of the maximum rigidity of the galactic sources (protons for the first knee and iron for the
second one) [48], the cutoff at the highest energies can be correlated to the maximum rigidity
of the extra-galactic sources.

In this case the primary composition would be mainly dominated by protons in the
ankle region of the CR spectrum, leading towards heavier primaries at higher energies. The
high energy end of the spectrum would be dominated by heavy elements in this scenario. The
cutoff can thus be explained as the point where the extra-galactic sources have reached their
maximum rigidity, after which point they are not able to accelerate the heavier primaries any
further [49].

The data of Pierre Auger Obervatory indicate a heavier mass composition towards the

highest energies [4], [5], favoring thus this scenario.

Given the limited statistics at these ultra-high energies, and having only indirect measurements
which can provide insights regarding the CR composition, no definite answer can be given
regarding the spectrum cutoff. Consequently, none of the three above mentioned scenarios can
be either refuted or confirmed at the present moment, given the tension between the two biggest
CR observatories [43]. It is however possible that all the three effects contribute to the cutoff
of the energy spectrum. This is a subject which is strongly investigated, as the understanding
of the cutoff origin is of crucial importance regarding CR sources and acceleration mechanisms.
Future upgrades of the existing detectors will increase the statistics and provide more insights

on this matter.

2.1.3 Cosmic ray acceleration scenarios

The origin of cosmic rays represents a major interest ever since their discovery. Outstanding
discoveries were made in the CR physics field within the last ~ 100 years, as a result of con-
siderable developments in the detection technology. With improved detection techniques and

extended knowledge, new inquiries regarding CRs have arisen. The observations of ultra-high
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2.1 Cosmic Ray Fluxes

energy cosmic rays with energies up to ~ 10?° eV suggest the existence of extremely powerful ac-

celerators in the Universe. The origin of such energetic cosmic rays is most likely extra-galactic,

since the galactic magnetic field is too weak to confine particles at these ultra-high energies’.

CRs:
1.

There are two main acceleration mechanisms concerning a bottom-up® production of

The one shot acceleration scenario is an inductive acceleration mechanism. It describes
the particles being continuously accelerated by a large scale electric field before leaving the
accelerator. Such electric fields can be associated to the fast rotation of magnetized objects
such as neutron stars, black holes, active galactic nuclei (AGN) [50]. This mechanism is
mostly disfavored due to the fact that it can not explain the observed power law energy

spectrum.

. The stochastic acceleration mechanisms regard the particles’ acceleration in a gradual

way, as a result of several encounters with massive objects in the interstellar space. These
scenarios date back to 1949, when Fermi proposed the acceleration of particles via several
collisions with a moving magnetized plasma [36]. The stochastic acceleration mechanisms
result in a power law energy spectrum, as is the case for observed CRs (see Eq. 2.1).
There are two such scenarios, the second order Fermi acceleration and the first order

Fermi acceleration.

The second order Fermi acceleration explains the energy gained by a CR particle as
a result of its collision with the interstellar clouds. As the clouds are constantly moving,
they behave as magnetic mirrors upon the particles, which are reflected off them. During
this process particles can both gain and loose energy. However since the probability of a
head-on collision is higher than the probability of a tail-on collision, the mean energy of
the particles is increasing. After several such head-on collisions, particles can be signific-
antly accelerated. The average energy gained per one encounter from such a process is
proportional to 32, where 3 = v/c and v is the cloud’s velocity. The value of the exponent
is what gives the name of second order acceleration mechanism. Although this scenario
results in a power-law spectrum, its main caveat is the very slow acceleration process,

given the much lower clouds velocities compared to the speed of light.

A more effective stochastic acceleration mechanism is the first order Fermi accelera-
tion, often referred to as diffusive shock acceleration. In this scenario the cosmic rays gain
energy as a result of their collisions nearby relativistic shock waves. A plane shock front
is propagating with a given velocity. In the reference system of the shock, two regions are
created: the downstream region comprised of the shocked gas behind, which is receding
from the shock front, and the upstream region referring to the gas in front of the shock
front, approaching it. CRs crossing the shock front are scattered back and forth, being
able to traverse it several times and gaining energy at each "crossing". The magnetic irreg-

ularities on either side of the shock wave can be identified as clouds of magnetized plasma,

L As discussed in section 2.1.1, the maximum galactic sources acceleration is rigidity dependent. However it is
strongly believed that extra-galactic sources are dominant for energies below the ankle

2The bottom-up scenario is describing a low energy CR that is accelerated up to the observed energy. The
top-down models are describing high energetic particles which decay to the observed energy in the CR energy
spectrum. The latter scenario is generally used to describe exotic particles.
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2 Cosmic Rays and Extensive Air Showers

as in the case of second order Fermi acceleration. A particle travelling through the shock
wave (upstream to downstream) will be accelerated in the shocked gas within the down-
stream region. A similar process repeats for the particle crossing the shock downstream
to upstream. Given its ability to diffuse on both sides of the shock, the particle can have
several collisions with the downstream /upstream region. This is due to the fact that in the
reference frame of the particle located on either side of the shock front, the plasma on the
opposite side is always approaching it. Consequently, the particles are accelerated as they
are recoiled back and forth between the downstream and upstream regions of the shock
wave. Within this mechanism the energy gain is proportional to f = v/c. This makes the
acceleration mechanism much more efficient. In the case of strong shocks, the first order
Fermi acceleration results in an E~2 spectrum. Moreover, shock waves are expected to be
created in different astrophysical media, making the diffusive acceleration mechanism one

of the most promising scenarios.

The acceleration mechanisms are only one of the puzzling elements regarding CR
sources. The corresponding location of the sources remain a mystery, since at all but the very
highest energies, the trajectory of the CRs is strongly affected by the galactic and extra-galactic
magnetic fields. As a consequence, CRs are strongly deflected and loose all the information
regarding the position of their emission. There are however several studies towards anisotropies
in the CR arrival directions which are focusing on this subject. The Pierre Auger Observat-
ory has the largest statistics of high energy events and has performed several studies in this
regard [51],[52],[53]. Together with the new field of multimessenger physics, via the detection of
ultra-high energy neutrinos and gamma rays, more light will be shed on this subject in the near
future.

As at the very high energies the only possible detection method is represented by
the shower array detectors, the primary cosmic ray can not be directly observed. As the CR
is entering the atmosphere, it interacts with the atmospheric nuclei, producing a cascade of
secondary particles, often referred to as an extensive air shower. Only the particles reaching
the ground can be directly detected. Therefore a good knowledge of the extensive air showers,
their development in the atmosphere together with their main parameters, as well as detector
systematics and interaction models are required in order to obtain the necessary information

about the primary CR particle.

2.2 Extensive Air Showers

As mentioned above, in order to study high energy cosmic rays with energies £ > 10 eV,
indirect detection methods are required. Sparse ground based detectors are used in this regard.
As the UHECR fluxes are extremely low, very large detection areas are needed in order to
achieve exposures of thousands of km?sryr [31].

When a high energy particle enters the atmosphere, it interacts with the atmospheric
nuclei and a cascade of secondaries, which is often referred to as an Extensive Air Shower (EAS),
is produced. An EAS comprises all the secondary particles produced from the first interaction

point down to the ground, where the surface detector arrays are located. A good understanding
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2.2 Extensive Air Showers

of the air shower development is of crucial importance for inferring the main parameters of the

primary cosmic ray. A sketch of an EAS is shown in Fig. 2.2.

first interaction

0 gH-

electromagnetic hadronic muonic

component component component

Figure 2.2: Sketched development of an extensive air shower. After the first interaction of the CR
with the atmospheric nuclei, depending on the produced secondaries, the EAS is divided in three main
components: electromagentic (blue), hadronic (red) and muonic (green)

The collision of a primary CR with an atmospheric nucleus marks the first interaction
point after which the EAS starts to develop. Depending on the primary’s energy and mass,
the first interaction point can vary significantly. As seen in Fig. 2.2, the majority of secondary
particles produced after the first interaction are pions and Kaons. Depending on their charge, the
pions interact differently. Most of the charged pions can further interact with atmospheric nuclei,
given their relatively large decay times, and produce additional pions. Furthermore, protons and
neutrons produced in this interaction, as well as fragments of the primary particle, can interact
further with the atmospheric nuclei, creating even more hadrons. This chain constitutes the so
called hadronic component of the shower, sketched with red in Fig. 2.2. Any charged pions and
kaons which decay before interacting with atmospheric nuclei produce muons. All secondaries
in the hadronic component are eventually contributing to one of the other two components [31],
as explained below.

As a result of the charged 7% and K* decays, muons and muon neutrinos are produced.
Given their long lifetimes, muons are very likely to travel all the way to the ground with no
interaction. This creates the muonic component, sketched with green in Fig. 2.2. Having very
low cross sections, the resulting neutrinos are not expected to interact or to be detected.

The neutral pions 7¥ decay into a pair of photons, which create an electron-positron pair
via pair-production. The resulting electrons / positrons are loosing energy via bremsstrahlung,
producing thus additional photons. This process is creating the electromagnetic component of
the particle’s cascade. The charged pions can also contribute to the electromagnetic component
by decaying into a charged muon which can in turn decay into an electron and two neutrinos.
Kaons K°, K*, may also feed the electromagnetic component via their decay into neutral and

charged pions. However the main contribution to the electromagnetic component is the one

15



2 Cosmic Rays and Extensive Air Showers

resulting from the 70 decays, given the longer decay time of the charged pions and muons.

2.2.1 EAS Development

While traversing the atmosphere, the air shower extends by producing more and more secondar-
ies. One of the most important parameters in the study of the EAS development is represented
by the slant depth or travelled depth, usually noted with X. It represents the amount of the
atmosphere the particle has passed through and is measured in g/cm?. The minimum slant
depth is defined at the top of the atmosphere in the case of down-going air showers 3. The
slant depth is strongly dependent on the zenith angle of the primary CR, 6, and on the vertical
travelled depth, X,,.
Xy

X = 2.5
cosf (2:5)

The vertical depth represents the amount of vertical atmosphere a particle has passed through,

and is defined as the depth corresponding to a given height at a given atmospheric density
patm(h)-

X, (h) = / " (W) dI (2.6)

00
The propagation of particles in the atmosphere can be analytically described using cascade
equations. The equations strongly depend on the type of particles and their interactions within
the atmosphere [31]. They describe the variation in the number of particles of type i and energy
FE; while traversing an amount of atmosphere defined by the slant depth X. The equation

contains two main terms:

dN;(E;, X) 1 1 Fji(Ei, Ej) Nj(Ej)
5 (5 + 7 )M )+gj/ T Lz (2.7)

where N;(E;, X) represents the flux of type ¢ particles at a slant depth X with a corresponding
energy ;.

The first term of the equation is a loss term. It describes the disappearance of a particle
1 into other particle types, either via decay after a decay distance d; or via interaction with other
particles after an interaction length A;. The second term is referred to as a creation term and
contains the probability of a particle of type ¢ to be created from the decay or interaction of a
particle of type j. The function Fj;(E;, E;) describes the probability of a particle of type j and
energy IJ; to create a particle of type ¢ and energy E; < Ej.

Since in practice one would need a separate cascade equation for each particle type,
solving Eq. 2.7 analytically is not possible. Numerical solutions exist and are implemented in
MC cascade simulation frameworks like CONEX [54].

2.2.1.1 Heitler Toy Model

A very simplified way of understanding the development of a cascade has been given by Heitler[55]
in the so called Heitler Toy Model and is sketched in Fig. 2.3. In this model there is only one

3This changes in the case of upward going air showers, which start interacting at the bottom of the atmosphere
and the minimum slant depth has to be correspondingly re-defined, as is explained in chapter 4
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Figure 2.3: Sketch of Heitler’s Toy Model. The energy of the secondary, the number of secondaries N
and the corresponding depth X are shown. The step corresponding to the critical energy F. is shown in
red.

type of particle interacting, with a primary energy Eg and a fixed interaction length \. After
each interaction length, two particles are created, equally sharing the energy of the primary
particle: E = Ey/2. After each individual interaction the number of particles is doubled and
the energy is shared between the resulting particles. The splitting process continues until the
particle reaches a critical energy, E.. Below this energy the particles can only lose energy, decay

or get absorbed. Consequently, the maximum number of particles produced is defined as:

Ey
Nz = — 2.
E. (2:8)
with a corresponding depth of
In(Ey/E.)
Xmaz = A————= 2.

Even if the Heitler Toy Model is a very simplified one, it introduces the concepts of
shower development, the maximum number of particles in the shower, N,,.., and the corres-
ponding shower mazximum, X,,q.. Moreover it describes qualitatively the shower development

up to the shower maximum and is applicable to pure electromagnetic showers.

2.2.2 Characteristics of EAS

In reality, the study of the air shower development is more complicated. A schematic repres-
entation of an EAS travelling through the atmosphere and reaching the ground level is shown
in Fig. 2.4. Once the primary particle enters the atmosphere and collides with the atmospheric
nuclei the first interaction is defined, with the corresponding first interaction depth X;. After
this point the particle cascade is created and starts to evolve. The energy of the primary particle
is shared among the resulting secondaries. The number of secondaries reaches a maximum once
their energy is not enough to maintain the splitting process. After this point the production rate
of particles starts to decrease again. The atmospheric depth corresponding to the highest particle
number is called the shower mazimum, X,q:. The evolution of the EAS while traversing the
atmosphere, in terms of number of secondary particles per travelled depth is called longitudinal

development profile and is sketched in Fig. 2.4 in red. As the number of secondaries produced
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top of the atmosphere
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Figure 2.4: Development of an EAS, from the top of the atmosphere to the ground level. Illustrated are
the main shower characteristics: the shower axis, the first interaction point, corresponding to the first
interaction depth X7, the shower maximum, X,,., together with the shower longitudinal profile sketched
in red. As the shower is approaching the ground level, the shower front and shower core are determined.
The particles arriving at ground are detected using the surface detectors, while the longitudinal profile
can be measured using the fluoresce detection technique.

is strongly related to their energy, and since, as mentioned above, the hadronic component is
eventually feeding into the electromagnetic or muonic component, the shower maximum is also
the point where the shower deposits the maximum energy in the atmosphere, (dE/dX )ma.. The
deposited energy in the atmosphere is often referred to as calorimetric energy and can be very
accurately measured with fluorescence telescopes (see 3.2). This is of a crucial importance for
the reconstruction of the primary CR energy, as it is discussed within the next sections.

As seen in Fig. 2.4, the shower axis is a very important geometric quantity in describing
the EAS development. It is determined by the direction of the primary CR, being the vector
along which the shower is developing. It is defined by the zenith angle #, the azimuth angle
® and the shower core position. The shower core represents the point where the shower axis
intersects the ground.

As the shower is approaching the ground level, the shower front can be defined. It
can be viewed as the leading edge of the shower, having the shape of a disk comprising of high
energy secondary particles. The particles are not equally distributed in the shower front, but
heavily present next to the shower axis, determining the curved shape of the shower front. The
tangential plane on the shower front is referred to as the shower front tangent plane.

When the shower front intersects the ground, the shower footprint can be detected. It
is characterized by the shape, density and timing of particles arriving at ground. By detecting
the shower footprint, the energy of the primary CR can be inferred. This is the quantity used
by the surface arrays to analyze and reconstruct the CR induced air showers.

As mentioned above, the longitudinal development of the shower is of great importance
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in the study of EAS. It shows the evolution of the number of particles within the shower, N, as
a function of the traversed atmospheric depth X, and is usually noted as N(X).
The longitudinal development profile is illustrated in Fig. 2.4 with red, and can be

parameterized using the Gaisser-Hillas function [33]

Xmaz—Xq

X - XO A Xmax - XO
N(X) =N, _— _— 2.1
( ) “ (Xmax - XO) P < A > ( 0)

where Ny,.. represents the maximum number of particles produced at the maximum shower
depth X4, and A and Xy are two fit parameters related to the primary composition and

energy. An example of this fit is shown in Fig. 2.5.
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Figure 2.5: Exemplary plot of a Gaisser-Hillas fit (red line) on the MC data (black bullets) resulted
from the simulation of a proton induced EAS using CONEX][54]. A proton with a primary energy of
1018 eV and zenith angle of 69.32° has been simulated using Sibyll [56] for the high-energy interaction
model. The shower parameters as well as the Gaisser-Hillas fit parameters are shown.

A high energy proton induced air shower has been simulated using CONEX [54]. The
shower parameters are shown in the graph. The red line represents a fit to the Gaisser Hillas
function defined in Eq. 2.10. It can be seen it accurately describes the MC data, plotted with
black bullets in the figure. The corresponding Gaisser-Hillas parameters are also shown.

Depending on the detection method, as well as on the studied quantity of interest,
several of the above mentioned parameters of the EAS are used in order to reconstruct and
obtain information about the primary CRs. There are considerably different detection techniques
concerning EAS, but within this thesis only the Pierre Auger Observatory with its various

detectors will be discussed in detail.
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3

The Pierre Auger Observatory

The Pierre Auger Observatory is the biggest cosmic rays detector in the world. Designed for
the study of ultra-high energy CRs (UHECR), focusing on energies £ > 10'6 eV, the detection
technique is aiming towards the observation of extensive air showers. The observatory is situated
in Malargue, Argentina and is covering a surface area of ~ 3000 km? [57]. It has been oper-
ated successfully since its completion in 2008 and has contributed to many scientific discoveries

concerning CRs physics ever since.
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Figure 3.1: Sketch of the Pierre Auger Observatory layout. The black dots represent the water Cherenkov
stations. The blue lines represent the 24 fluorescence telescopes, while the HEAT telescope is shown with
orange lines.

The observatory consists of several detection techniques, meant to study different com-
ponents of the EAS and therefore infer various information regarding the primary particle. The
Surface Detector (SD) together with the Fluorescence Detector (FD) represent the pioneer de-
tectors within the observatory. Two additional detector types have been deployed during the
time: the Radio Detector (RD) and the Underground Muon Detector (UMD). This thesis will
be focused mainly on the FD, with a short review over the SD. Additional information regarding
the other detectors enumerated above can be found somewhere else: [58], [59], [60], [61], [57],
[62], [63]. These different detectors are operated simultaneously, taking advantage of, and com-
bining, the individual detection methods in an attempt to maximize the accuracy and efficiency
regarding of the information inferred about the primary CRs. This makes the Pierre Auger

Observatory a hybrid observatory.
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3 The Pierre Auger Observatory

The largest exposure of the observatory comes from the surface detector, which consists
of 1660 water Cherenkov detectors (WCD). The SD is detecting the charged particles reaching the
ground. Additionally, 27 telescopes, forming the FD, are monitoring the atmosphere above the
ground detectors. The telescopes are located in 4 different building locations around the ground
array, as it can be seen in Fig. 3.1. Each of the sites comprises of 6 fluorescence telescopes, with
additional three telescopes designed as a low energy extension, the high elevation fluorescence
telescopes (HEAT), placed in the north-western part of the array. Using these two detector
types, a complete study regarding the EAS development within the atmosphere, as well as the
shower footprint at ground, can be conducted via the hybrid detection.

An upgrade of the observatory, The AugerPrime Upgrade, has been planned and is
currently being deployed. It consists of an extension of the current detectors, as well as an im-
provement of the existing ones. More details about this upgrade can be found in [64]. The Muon
Detector is part of the Auger Muon and Infilled Ground Array (AMIGA) enhancement [57]. It
is designed to measure the muon content of EAS and is located at a shallower depth compared
to the SD. The Radio Detector part of the upgrade is using the Auger Engineering Radio Array

(AERA) in order to improve the statistics at very high energies and inclined zenith angles.

3.1 The Surface Detector

As mentioned above, the SD comprises of ~ 1660 water Cherenkov stations. The WCDs are
located at a distance of 1.5 km away from each other, covering a total area of ~ 3000km?.
Additionally, as part of the extension towards lower energies, a more densely instrumented area,
called the in-fill area has been deployed. This area covers ~ 23.5 km? and contains WCDs with
an inter-spacing of 750 m.

An SD station is composed of a cylindrical tank with a diameter of 3.6 m and a height
of ~ 1.5m [57]. The tanks are filled with 12 000 liters of ultra pure water, encapsulated in a
highly reflective liner. Each tank is monitored by 3 photomultiplier tubes (PMTs), symmetric-
ally distributed within the liner. Due to the properties of the tank materials, the water can
be considered very well optically isolated, and therefore very accurate measurements can be

obtained.

Solar panel

Figure 3.2: Sketch of the Pierre Auger Observatory Surface Detector. Original picture from [65].
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3.1 The Surface Detector

The detection principle behind the WCDs is based on the Cherenkov radiation. This is
emitted when a charged particle is travelling through any given medium with a velocity greater
than the speed of light within the specific medium. As a result, Cherenkov photons are created
and a flash of light can be detected. Recording the intensity and timing of these photons, each
station is able to provide information regarding the flux of high energy charged particles passing
through it at any given point in time.

The electronics inside the tanks ensures a self-sufficient operation of each of the sta-
tions. As it can be seen in Fig. 3.2, each station has its own electronics, solar power system, GPS
receiver and communication antenna. However, the measurement of UHECRSs requires informa-
tion from more than one single station. In order to have an accurate measurement of the shower
energy and direction, several stations need to have signals within a given time window, ensuring
thus the EAS has hit the corresponding sequence of ground detectors [57]. Additionally, each
of the stations is prone to background, produced by a large number of high energy particles
randomly passing through the air. Therefore, with the aim of ensuring that the registered signal
comes from a CR induced air shower, each tank has its own internal triggering system, together
with an additional triggering system which relies on information provided from the rest of the
array.

The SD has 5 main triggers, noted with T1 - T5. The first two triggering levels
are concerning each station individually. The first trigger, T1, is concerning the simultaneous
recording of a signal by 2 or 3 PMTs inside the tank. It has two modes: the simple threshold
trigger (TH), which is operated when all 3 PMTs simultaneously register a signal above a certain
value, and is very useful for the detection of inclined air showers. The second mode of the T1
trigger is a time-over-threshold (ToT) which requires recording a signal above a certain value
in a given time window from at least 2 of the PMTs within the tank. It is very useful for
the detection of vertical air showers, as it aims towards the selection of small signals with a
significant spread in time. The second trigger, T2, is applying several selection criteria to events
that have already passed the T1 trigger. Once an event is passing the T2 trigger, it is further
sent to the Central Data Acquisition System (CDAS) and a global trigger T3 is determined.

The triggers T3-T5 are created in the CDAS and are strongly related to the signal from
multiple detectors within the Observatory. The T3 trigger is looking for coincidence signals from
SD and/or FD, being referred to as a central trigger. The main trigger condition of T3 regards
the SD stations in the vicinity of the station of interest. A concentric hexagonal shape is defined,
having the station of interest in the center. This can be seen in Fig. 3.3. The groups of clustered
stations, both in space and time, are further identified. One of the requirement is the existence
of a coincident T2-ToT trigger of at least 3 detectors that are also placed nearby. At least one
of the 3 detectors must have a neighbouring detector that passed the T2-ToT criteria in the
first hexagon, while the other one can not be located further than the second hexagon. More
information about the SD triggering system can be found in [66]. As mentioned above, the T3
trigger is also checking for signal from the FD. Once a coincident signal from a SD station and
the FD is detected, the signal is sent to the FD T3 trigger, which is evaluating whether the
signal is corresponding to a hybrid measurement.

Once the event is passing the T3 - SD related trigger, it is further sent to the fourth
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Figure 3.3: Example of the T3 trigger configuration. The station in the center, represented with the
blue dot, represents the triggered station. The first, second, third and forth neighbours are represented
by the C1, C2, C3 and C4 hexagons. Figure from [66]

T4 trigger. This is a physics related trigger, requiring for a geometry and timing corresponding
to a real EAS. By doing so, events passing the T4 trigger are related to true feasible cosmic
ray showers. The last trigger, T5, is not mandatory to be passed in order for an event to be
classified as an EAS. It is mainly related to events landing on the edge of the array and it is
assuring that all the tanks around the triggered station are fully functional.

The functionality and performance of the surface detectors is independent on the
weather conditions, having thus a duty cycle of 100%. This makes it the most powerful source
of statistics of the Pierre Auger Observatory. However, since the SD is detecting only particles
at ground, the measurement accuracy is reduced. As the shower development profile can not be
measured by the SD, it is not directly sensitive to the primary composition. Furthermore this
is also affecting the primary energy studies, since the secondary particles at ground are only
empirically related to the energy of the primary particle. However, an energy calibration of the

SD is possible by using the FD described in the next section.

3.2 The Fluorescence Detector

The Fluorescence Detector (FD) of the Pierre Auger Observatory contains 27 fluorescence tele-
scopes located at four different sites around the array. These different telescope locations are
often referred to as Fyes. Each of the eyes contains 6 fluorescence UV telescopes. Each tele-
scope has a field of view (FoV) of 30° elevation x 30° azimuth. This gives a total viewing angle
of 180° in azimuth for each of the eyes. The FoV of the telescopes, together with their location
within the observatory is shown in Fig. 3.1. The building location is marked with a blue dot
and the FoV is represented with the blue lines around the eyes. A fifth Eye, the high elevation
fluorescence telescope - HEAT), is located in the western part of the array, in the very proximity
of one of the four eyes. It is designed as an additional extension for low energies, in the region
between the second knee up to the ankle [57]. It contains three telescopes able to monitor the
atmosphere at an elevation between 30° - 60° when tilted upwards. The data obtained from the
telescopes within the five buildings, Los Leones (LL), Los Morados (LM), Loma Amarilla (LA)
Coihueco (CO) and HEAT is of crucial importance for the purpose of this thesis.
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3.2 The Fluorescence Detector

The FD is not directly detecting the cosmic rays, but only their effect on the atmo-
sphere while they are traversing it. It can be regarded as a calorimetric detector, where the
energy is deposited in the atmosphere. In section 2.2.2 the characteristics and development of
an EAS have been discussed. The main components of an EAS have also been described in the
previous chapter, where it has been emphasized that most of the primary energy is eventually
transferred to the electromagnetic component of the shower. The propagation of the electro-
magnetic component of the shower within the atmosphere is producing fluorescence light, as a
result of the interaction of charged particles with the nitrogen nuclei of the atmosphere. When a
charged particle is passing through the atmosphere, it is exciting nitrogen molecules. As a result
of this excitation, fluorescence light is being emitted isotropically. The fluorescence telescopes
are designed to register the intensity, timing and spatial-temporal evolution of this emission.
Since this fluorescence light is in the UV band, it can not be distinguished by the instruments
from the other atmospheric background light. As a result, the FD can only take meaningful
data on very dark, moonless and cloudless nights, reducing its duty cycle to ~ 14% [57]. This
is limiting the FD statistical power compared to the SD which has a 100% duty cycle.

A schematic view of a fluorescence telescope is shown in Fig. 3.4, where its main
components are highlighted. The shutter of the telescope is open during the data taking period,
and is used as a safety measure, which is automatically closing when strong wind or rain is
detected. Additionally, a safety curtain is installed with the purpose of preventing a malfunction
of the shutter. The fluorescence light enters through the 1.1 m aperture and is further filtered
using a UV light filter. The UV filter helps with reducing the background light and improves
the signal detection accuracy. The fluorescence light is further reflected by a spherical mirror

with a curvature radius of ~ 3.4m and focused onto the camera [67].

Figure 3.4: Sketch of the fluorescence telescope of the Pierre Auger Observatory. Picture from [57]

Each camera has a total number of 440 PMTs, which are arranged in a hexagonal grid
and distributed on 20 rows, containing 22 PMTs each. Each PMT is equipped with an electronic
unit which gathers information about the electric signal. This makes the counting of individual
photons possible with a 100 ns resolution. The detection of the number of photons as a function
of time makes the ADC trace accessible [68].

With the processing of the PMT data, a FD triggering system is implemented and

activated. Similarly to the surface detector, the first two triggers are also internally processed
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by each individual detector. The first level trigger (FLT) is a threshold trigger designed to
exclude short noise signals and keep the triggering rate of each telescope at a value of ~ 100 Hz.
Data that passed the FLT is further sent to the Second Level Trigger (SLT). The SLT is selecting
the events based on their geometry within the camera. It requires for at least 5 pixels in a row to
be triggered within the camera. By doing so, the SLT ensures the rejection of events that could
not be initiated by cosmic rays. Once an event is passing the SLT trigger it is further sent to the
EyePC. Two additional triggers are implemented in the EyePC. The third level trigger (TLT)
is designed to clean the data of potential background or noise events like lightning, which might
have passed the previous two triggers. It does so by verifying the camera’s response in terms of
geometry and time-ordering of the triggered pixels and is assuring that the two characteristics
correspond to a shower event signature. As a result of this process, the pizel trace within the
camera is obtained. This is done by looking at the largest group of triggered pixels in the camera
and defining it as the center of the shower in the camera. Further on the time information of
the pixels is being evaluated and a trace of the event within the camera is created. An example
of such a trace is shown in Fig. 3.8(b).

The last trigger concerns the hybrid detection. It is strongly related to the T3 SD
trigger mentioned in section 3.1. Here the FD is looking for measurements in correlation with
the SD events. The EyePC is performing an elementary reconstruction of the event in order to
evaluate the position of the core, as well as the timing of the event in the surface detector. These
kind of events that are detected both by the SD and the FD are called hybrid events and are of
a great importance regarding the energy calibration of the SD. Events which are simultaneously
detected in at least two FD sites are called stereo events and provide a more accurate geometry
and energy reconstruction than in the case of an event observed by only one eye, referred to as

monocular event.
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Figure 3.5: Example of a typical cosmic ray event as measured by the FD. The plots have been obtained
by using the Auger collaboration framework, Offline [69]

The trace of triggered pixels inside the camera, together with the recorded light profile
and the resulting shower energy deposit in the atmosphere, represent the key points in obtain-
ing the signature of an EAS. Crucial information about the primary cosmic rays inducing the
corresponding air showers, like primary energy and mass composition, can be further obtained
with high accuracy.

In Fig. 3.5(a) the light profile of a down-going shower, as recorded by the FD is shown,
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3.3 Atmospheric Monitoring

together with the corresponding energy deposit profile (Fig. 3.5(b)). Additional light sources are
present in the recorded profile and need to be further subtracted for a proper reconstruction. In
order to differentiate them from the true signal of a cosmic ray induced air shower, additional

atmospheric conditions have to be properly monitored.

3.3 Atmospheric Monitoring

As it was mentioned above, the atmosphere acts as a calorimeter for the FD. Therefore very
accurate measurements of the atmospheric conditions above the Observatory are required in
order to obtain precise information about cosmic rays induced air shower with the FD. The
main factors that need to be monitored are the density and temperature atmospheric profiles,
as well as the cloud coverage and the aerosol content in the atmosphere. Several devices are
installed in this regard within the observatory. A schematic overview of the monitoring devices

existent in the Pierre Auger Observatory is shown in Fig. 3.6.

FD Loma Amarilla

Lidar
IR Camera
Weather Station _—  GDAS
FD Coihueco & HEAT — Grid Point
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Figure 3.6: Sketch of the atmospheric monitoring system of the Pierre Auger Observatory. At each
FD site a Lidar, an IR camera and a weather station are mounted, with the main goal of recording the
clouds coverage. Additionally, in the center of the array two laser facilities (CLF and XLF') can be found.
Their main purpose is a precise measurement of the aerosol content within the atmosphere. Figure taken
from [57]

Information regarding the atmospheric profiles is taken from the Global Data Assim-
ilation System (GDAS). The existence of clouds is influencing tremendously the taken data,
by creating additional scatterings of the light within the atmosphere, as well as modifying the
shower timing information or by obscuring the UV emission itself. As a result, the cloud cover-
age studies are crucial for a good functioning of the fluorescence detector. Due to the important
role it is playing, several systems regarding the cloud coverage data are used within the Obser-
vatory. The Geostationary Operational Environmental Satellite (GOES) is one of the systems
used, providing valuable cloud coverage data, which is constantly updated, in a 15 minutes
interval. Additionally, GOES is also providing information regarding the atmospheric density

profile, moisture and temperature. Since the data provided by GOES only refers to the cloud
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coverage probability [70], additional on-site devices are used for a more accurate measurement.
The Lidars and IR cameras situated at each Eye provide precise measurements regarding the
cloud conditions in the FoV of the telescope site. The IR camera scans and monitors the FoV of
each Eye, every 15 minutes, while the Lidar provides information regarding the clouds heights
at the site at regular time intervals [57]. Valuable information regarding the existence of the
clouds in each individual pixel, together with the distance to the specific cloud, can be obtained
by combining the IR and Lidar readings.

Furthermore, two laser facilities are used to provide additional information about the
cloud height: The Central Laser Facility (CLF) and the eXtreme Laser Facility (XLF). How-
ever, the main role of the two lasers is the aerosol measurement of the atmosphere above the

Observatory.

3.3.1 Laser Facilities

The presence of the aerosols in the atmosphere causes an additional scattering of the fluorescence
UV photons. Since the FD relies on an exact evaluation of the light profile resulting from EAS
development in the atmosphere, any additional factors which might influence the fluorescence
photons and therefore contribute to the final measured results, need to be precisely known in
order to infer the correct information about the shower parameters. The Mie scattering theory
describes the scattering of photons due to the aerosol content in the atmosphere. However, since
the real conditions can vary significantly due to different amounts and shapes of the aerosols,
measurements on site are needed [57]. In order to calculate the aerosol transmission factors, the
vertical aerosol optical depth (VAOD) needs to be known. A regular measurement of the VAOD

is therefore performed. This is achieved with the help of the two laser facilities.

\91 0,

Laser Detector

Figure 3.7: Sketch of the main setup behind the VAOD measurement. The laser is shooting upwards
at a known angle with the horizontal, ;. The light arrives at the telescope and is detected at the zenith
angle 65. The two zenith angles together with the observed light intensity are used for calculating the
VAOD value.

The CLF and XLF are placed near the center of the array and can be seen in Fig. 3.6.
The lasers represent controlled light sources. Therefore, a laser shot can be recorded by any of
the FD Eyes, via the detection of the laser light intensity at each telescope at a given angle.
A schematic view is shown in Fig. 3.7. The VAOD value can be calculated by comparing
the observed light N5 from the laser shot, resulting from the aerosols scattering, with the
corresponding light intensity obtained when no aerosols are expected in the atmosphere. In

this case, only the molecular scattering, Ny, is expected. The molecular scattering intensity
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3.4 FD Reconstruction

can be either taken from measurements under clear atmospheric conditions, with no measurable
aerosols, or from dedicated simulations. The VAOD value is also dependent on two main angles,
mainly the angle between the laser shooting direction and the horizontal, 81, and the detection
angle of the incoming light, 05, which are also shown in Fig. 3.7.

It is important to emphasize that the laser shots are shooting in an up-going direction,
from the ground level towards the atmosphere. This is in general very easy to distinguish from
any down-going EAS, by using a zenith angle discrimination. However, for the current study
in this thesis, the laser shots represent the main background and have to be properly identified
and extracted in order to obtain a pure data signal. This has been achieved and is explained in
more detail in section 5.2.2.

Once the atmosphere is properly monitored and the atmospheric background is well
known, the corresponding contributions can be extracted and the cosmic ray air shower profile

can be accurately reconstructed.

3.4 FD Reconstruction

In order to correctly describe the shower parameters and get the necessary information regarding
the primary particle, the recorded event within the FD has to be properly reconstructed. For
a full and detailed description of the event’s timing and geometry, several variables have to be
defined:

e 0, ¢ : the zenith and azimuth angle of the shower, which are defining the shower axis S

o (z, y) coordinates: describe the position of the event’s axis at ground, also referred to as

the shower core

e Ty : the time the shower is passing through the closest point from the showers axis to the

Eye.

Consequently, a total number of five parameters is needed. In order to properly calculate the
parameters listed above, the reconstruction of an event seen by FD is divided into two different

main steps:

1. Determining the Shower Detector Plane (SDP). The SDP is the plane which contains the
shower axis and the center of the eye. In this step only the geometry of the triggered FD

pixels is used.

2. Determining the shower azis. This is achieved by using the timing and angular data

obtained from the triggered pixels.

By dividing the reconstruction in the two steps, the geometric issue is simplified. Fo-
cusing first on the shower detector plane, the 5 parameters are reduced to only 3. Once the SDP
is found, the shower axis is further constrained. Depending on the type of event, three different
methods can be used. The simplest method is called monocular reconstruction and regards
events which have only triggered one Eye. A better quality is obtained when using the hybrid
reconstruction, in the case of events that are triggering both the FD and the SD. The highest
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3 The Pierre Auger Observatory

reconstruction quality is obtained for the case of a stereo event and is correspondingly called
stereo reconstruction. The latter reconstruction method uses data from two or more different
Eyes which have measured the same event. Since in this work only the FD is used, the hybrid
reconstruction will not be explained in detail. Information regarding this method can be found
elsewhere [57].

3.4.1 Reconstruction of the Shower Detector Plane

As mentioned above, the SDP is defined as the plane containing the shower axis and the center

of the Eye, as it can be seen from the illustrative sketch in Fig. 3.8(a).
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(a) Schematic view of the shower detector (b) Light track of a simulated event in the cameras of two
plane. The SDP defines the plane where the adjacent telescopes of one Eye:Los Morados. The timing
event is occurring, using the geometry of the is indicated by the different colors, where purple represents
triggered pixels. It can be seen that even if the the earliest point and red indicates the latest arrival time.
SDP is fixed, there may be various event geo- The plot has been obtained by using the Offline Framework
metries, as indicated by the numerous arrows [69].

pointing to the ground plane

Figure 3.8: SDP Reconstruction

The geometry of the triggered pixels within the camera enables the reconstruction of
the shower detector plane. However, not all of the triggered pixels are used. The criteria defining
the SDP pixels are:

1. The pixels should not be isolated spatially and temporarily. This is done by ensuring each
valid pixel is not further than 4 pixels away from another SDP pixel and the geometric

center of reconstructed ADC traces must be within 6 us of another SDP pixel’s center

2. The time ordering of the pixels has to be correlated with a physical event, similar to a

cosmic ray induced air shower

The emitted fluorescence light of the SDP pixels creates a hit pattern in the camera,
often referred to as a light track or pixels trace, as it can be seen in Fig. 3.8(b). The SDP pixels
are further used for fitting the SDP plane, by choosing the plane that fits the pointing directions
of the pixels 77. The normal vector of the plane, ﬁspp, is chosen so that its cross product
with the vertical vector pointing from the Eye 7 results in a horizontal vector ﬁ which points
from the Eye towards the shower core. The core is defined as the intersection of the shower axis

with the ground. As a result of this choice, the SDP is independent of the shower direction,
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3.4 FD Reconstruction

meaning that a shower travelling upwards (more details about upward going showers are given
in chapter 4) will have the same SDP as a shower travelling downwards.
Using a x? minimization method, the SDP is found, as the plane which describes best

the triggered pixels:

Xspp =Y _|Tspp - Ti| w; (3.1)

7
where ¢ iterates over the SDP triggered pixels and wj; is related to the sum of the signal within
pixel i. The 2 fit is found to be very accurate, resulting in an uncertainty of 0.08° in the SDP

position, respectively a 0.5° angular uncertainty [71].

3.4.2 Monocular Shower Axis Reconstruction

Once the shower detector plane is fixed, the geometry is reduced to a 2D problem. As mentioned
above, by doing so the number of parameters is reduced to three, out of the five parameters
enumerated in the beginning of this section. As illustrated in Fig. 3.9, the three parameters

needed for describing the event’s geometry are:
1. Tg: the time at which the event is closest to the telescope; it is used a reference time

2. Rp: the shortest distance between the eye and the shower axis; it is always perpendicular

to the shower axis

3. xo: the angle between the horizontal vector pointing from the Eye towards the shower

core and the shower axis

Finding the three parameters of interest is defining the axis reconstruction. The monocular
reconstruction is applied to events observed by at least one FD, which are passing the TLT
trigger. The monocular reconstruction is performed by using data provided by cameras within

one single Eye.

shower core

Ground Plane

Figure 3.9: Geometry of an event seen with only one Eye and used for the monocular reconstruction

Using the geometry illustrated in Fig. 3.9, the expected arrival time of the signal in
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the " pixel of the telescope can be calculated:
7P =Ty + -2 il P tan (XO ; Xi) (32)

where y; is the viewing angle of the i*" pixel, between the horizontal and the shower axis.
First a best guess of the three parameters Tp, R, xo is used and inserted into Eq. 3.2,

together with the corresponding x;, in order to obtain the value of ¢;"”. Further on the expected

time of arrival ¢;"? is compared with the measured time of arrival ¢; and a x? minimization is

performed
_ tezp) 2

Xtp = (t(t)g (3.3)

i
where the sum is performed over all triggering pixels with the centroid time uncertainty ¢"".
The value of the three parameters Ty, Rp, X0, which minimizes the X% p and defines the shower
axis is obtained.

Even if the x? minimization method is very accurate, given the small amount of avail-
able input data, taken from only one Eye, the monocular reconstruction method is prone to
high uncertainties. However, depending on the physics involved, if the primary energy is high
enough and the landing point of the shower allows it, the event can be seen by more than one
eye as well as by the SD, making the stereo and hybrid reconstructions possible. By observing

the event with more than one detector the reconstruction accuracy is significantly increased.

3.4.3 Stereo Reconstruction

The stereo reconstruction uses information from two Eyes which are simultaneously observing
the same event. In this way, both the SDP and the shower axis are obtained using the geometry
provided by the two eyes, resulting in a significant improvement of the geometric reconstruction.
By using the pixels geometry and timing from each of the triggered eyes, the x? fit for the stereo

reconstruction becomes:

X%tereo = X% + 4X?}eo (34)

where x? is related to the pixels timing profile and Xﬁeo is minimizing the pixels geometry. It
can be seen from Eq. 3.4 that the geometry information is more reliable compared to the timing
one. The timing minimization x? follows the same approach as in the monocular case, with the

additional sum over all the triggered Eyes:

_ Z Z ( Eye _ texp,Ey6)2> (3 5)
Xt serr Eye)2 :

Eyes 1t

E E E
where ¢7Y¢, 5P FYe and 7PV

represent the same terms as in Eq. 3.3, corresponding to each
individual eye triggered by the event.

The second term of Eq. 3.4 is very similar to X% pps With the exception that the pixel’s
signal w; is no longer used. This is mainly due to the fact that not all triggered pixels will be

equally reliable. The uncertainty in the pointing direction of the pixels is used instead: Terr.
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The corresponding Xﬁeo takes the form:

Xgeo = D D

Eyes 1

<7r/2 — arccos(7; ¢ - W?%W) (3.6)

(FErern)?

with 7, 2% and ﬁ)g%ep the equivalent terms from Eq. 3.1, corresponding to each triggered Eye.

Shower Axis(S)

Figure 3.10: Geometry of an event seen by two Eyes and used for the stereo reconstruction. F'D; is the
triggered eye with the lowest index, and therefore used as Eye’. In the figure there are also represented
the positions of the shower core in the UTM coordinate system Corejsoo(N1400, E1400), as well as the
shower core determined by each of the eyes together with the parameters of interest. The SDP for each
of the Eyes is sketched with the colored area: red for F'D; and green for F Ds.

The stereo reconstruction differs from the monocular one mainly due to the minim-
ization procedure. In this case the minimization is done directly on the shower parameters
0,0, Teore, Yeore and Ty. A schematic overview of the stereo reconstruction procedure is illus-
trated in Fig. 3.10. The location of the shower core (Zcore,Ycore) is replaced with the UTM
coordinates in terms of Northing and Easting (N1400, E1400), which define the core location at
an altitude of 1400m. By doing so, a universal coordinate system is used and therefore the
different Eye locations can be easily related to each other. The 1400 m altitude corresponds to
the average altitude of the Observatory above sea level. Furthermore, due to the fact that more
Eyes are observing the same event, each of the eyes will provide different values of Ty. Therefore,
the time corresponding to the closest point from the shower axis of the lowest index triggering
Eye (LL =1, LM = 2, LA = 3, CO = 4, HEAT = 5) will replace Ty and will be further referred
to as T)). Since the same event is observed simultaneously by more Eyes, only one value for each
of the shower parameters is expected.

Following the geometry illustrated in Fig. 3.10, the expected triggering time of each

pixel can be calculated as:

Eye Eye  FEye
) (3.7)

t;aa:p,Eye _ TOEye i Rp tan (Xo . X;
C
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Equation 3.7 is very similar to Eq. 3.2, with the exception that it is performed individually for
each of the triggering Eyes. Unlike the monocular reconstruction, the values of nge, XOEye and
TOE Y¢ are calculated using the shower parameters 6, ¢, N1400, F1400 and Tp. The angle between

the shower axis ? and the horizontal ﬁ, X0, is then calculated as:

Xg¥¢ = arccos (%%) (3.8)

where ﬁEye is the horizontal vector pointing from the Eye to the shower core and is defined as:

HPve = ppEve _ pEye (3.9)

Core

where Pg ¥ represents the location of the Eye in UTM coordinates: (Ngl%e, Eg%e, Zl%’)e). F Dggf ;

is the position of the shower core at the same altitude as the Eye and is defined by the three

coordinates (XCOT67 Yeore, Zcore):

core

XEve — Bla00 — ((1400 - Zgjyje) - tan ¢ sin 0) ,

core

Y% — Nijoo — ((1400 — ZE¥%) - tan ¢ cos 0) (3.10)

Zcore = Zg%e
Further on nge is calculated:
REY = [HEv|sin(r — v2¥°) (3.11)

and correspondingly TOE Y€ is calculated as:

Eye P!

PRP Rp
C

TV =Ty + (3.12)

where le%p is the closest point to the shower axis for the lowest index observing Eye, corres-
ponding to 7. Analogously nge represents the point of the closest approach for the current

investigated Eye. Both of them can be calculated as:
PEY = PRV + REY (0, % 9) (3.13)

replacing the Eye with the observing Eye of interest, ngy)% is obtained from:

Eye
whve = 7§ x <gm> (3.14)

The parameters values 6, ¢, N1400, F1400 and T} are further adjusted in order to minim-
ize the value of X%tereo‘ The corresponding values of the parameters represent the most probable
timing and geometry of the investigated event. Due to the fact that both the pixels geometry

and timing profiles are used within the stereo reconstruction, it has the highest accuracy of any
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reconstruction types used in the collaboration. However, as mentioned above, the stereo recon-
struction suffers from the lack of statistics. Not all of the physical events are able to trigger more
than one telescope simultaneously, the process being highly dependent on the physics nature of

the primary cosmic ray.

3.5 The Offline Framework

As mentioned in the beginning of the chapter, the Pierre Auger Observatory is not only the
biggest cosmic ray detector, but it is also a very complex one. Combining different detection
techniques, it is able to simultaneously observe several stages within the air shower development,
being thus sensitive to a large variety of shower parameters. This results in an unmatched
precision in the detection of UHECR induced air showers. Due to its complexity, the coordination
of the responses of different detector types within the Observatory, the tracking of all the recorded
data, as well as accounting for several time dependent variables, is rather challenging and needs to
be properly handled. In order to be able to accurately monitor the different analysis techniques,
translate the detector parameters into useful information towards the physics phenomena and
optimize the productivity, the Pierre Auger collaboration invested in building a precise, powerful

and fully adaptable cosmic ray analysis software, Offline [69].

Dete.cto-r Algorithmsl Event data '
Description ’

Observato Event
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Figure 3.11: The structure of the Offline Framework. The main part of the analysis is handled by
implemented algorithms called modules. The modules can be combined and updated as needed. Each
module can read data from both the detector description and the event data structure, carries out the
analysis and writes the updated information back into the Event data structure [69].

Fluorescence Detector

Surface Detector

Atmosphere

The Offline framework is implemented in C++, taking advantage of the object-oriented
design and of various open-source common tools. Its main purpose is to facilitate the simulation
and reconstruction of cosmic ray induced air showers by using the available detectors within
the observatory. The software is constantly improved and updated according to the growing
detectors and the constant development of the analysis techniques. The framework is composed

of three principal parts, as shown in Fig. 3.11.
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1. Processing Modules

The processing modules are the main blocks of the framework, representing sequences
of self contained steps, often called modules. Each individual module handles a specific
analysis task and is constantly updated by the collaborators. The modules are imported
into the framework using a dedicated macro. The main advantage of this modularization
is the complexity and interchangeability of the code within the collaboration. The ex-
change of algorithms and analysis methods, as well as building of various applications is
facilitated by combining the modules in different sequences. Each module interacts with
the detector description and event data only. By doing so, the compatibility within the
different modules is ensured. Furthermore, the update or exchange in a specific module
does not influence the behavior of another one. In order to perform a specific analysis, the
user has to choose which modules are needed and order them accordingly. This is done via
an XML - based run controller, called Module Sequence. The settings of each module can
be modified via the XML files associated with the respective module. These individual
XML files also contain specific parameters and configurations, which can be changed at any
point according to the user’s needs. The bootstrap file contains all the information needed
for the analysis. It is a central XML - file pointing the modules to their configuration files
and contains the desired modules sequence, as well as additional changes regarding the
parameters of interest. The Offline software can further be compiled via a makefile and

can start the data analysis accordingly.

This user friendly and flexible design ensures the analysis is accessible by any collaborator
and can be easily tweaked according to the specific needs. Standard modules and module
sequences are built within the framework and deal with simulation, reconstruction and

analysis of various events.

. Event Data Structure

The event data structure stores all the variables related to an event. It has dedicated
fields related to raw detector response, simulations parameters, calibration, reconstruc-
tion, Monte Carlo data etc. This data is further used by the analysis modules described
at point 1. The structure is organized in classes, which are divided into categories cor-
responding to the different detector types within the observatory. These classes are then
subdivided, depending on the data type they are storing: Monte Carlo truth, calibration
information, reconstructed parameters etc. The event data structure acts as a pillar for
communication between different modules, which can access the structure at any point
and use the updated values of its constituents. In the case of simulated air showers, the
event itself needs to be given to the framework. This is done by creating an event builder,
which is accessing the event data structure. The detector response is then simulated and
sent to the structure. Eventually the event data structure will contain all the information
about the simulated event. In the case of real showers, the first step is skipped and the
event data structure is giving the detector response and is further providing information

regarding the reconstruction results according to the chosen reconstruction modules.
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3. Detector Description

The detector description is a structure which can be accessed by the modules in a read-
only form, in contrast to the event data structure where modules can also write into. It
provides non-event related parameters, including the configuration and performance of the
detector at a particular point in time, as well as information related to the atmospheric
conditions. Similarly to the event data structure, the detector description also contains
classes divided into categories related to the different types of detectors. The requested
data is passed by the Detector Description to a registry of managers, which are able to
extract specific information from a particular data source. Data sources are divided into
two main types: detector static information, stored in XML files, and time-varying data
regarding atmospheric monitoring and calibration, usually stored in MySQL databases.
By handling the detector information in this way, one can simulate different conditions

and performances of the observatory, allowing for a wide range of possible investigations.

3.5.1 Advanced Data Summary Trees

Since the stored data occupies a tremendously large volume and in order to facilitate the inter-
pretation of the results, the Offline framework also provides access to the tools available through
Cern’s ROOT [72] analysis software.

Furthermore, the Pierre Auger Collaboration has developed its own data structure,
Advanced Data Summary Trees (ADSTs), for storing the numerous variables resulting from the
analysis. All the information provided by the Offline framework and discussed above, including
both detector and event related variables is stored inside the ADST, in the ROOT format.
This can be further on accessed and used for browsing through the events of interest, but more
importantly, it represents the starting point of any dedicated physics analysis, containing all of
the parameters of interest.

Example applications of the Offline framework will be discussed in the next chapters,
as the Offline software has been heavily used for obtaining a significant part of the presented

results within this thesis.
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4

Up-going Air Showers

In general, when discussing cosmic ray induced air showers, the direction of shower propagation
is down-going. This means the primary particle is coming from above, hitting an atmospheric
nuclei and producing the shower cascade described in section 2.2.2. The shower development
thus starts from the top of the atmosphere and moves to the bottom, with secondary particles
eventually being detected at ground. It is most natural to think about air showers in this way,
since the detectors either monitor the particles count at ground or look for showers developing
within the atmosphere. However, up-going extensive air showers are also a physical possibility

if non-traditional CR primaries are considered, for example tau neutrinos [73].

4.1 Up-going EAS

In order for a primary particle to be able to induce an up-going EAS, with a brightness high
enough to be detectable by ground-based observatories, it needs to survive the propagation
through the Earth. Once the particle exits the Earth it can interact with the atmospheric
nuclei, and thus create a particle cascade similar in form to a typical down-going shower. The
main difference affecting the resulting shower evolution is that the first encountered atmospheric
layer in the up-going case will correspond to the bottom atmospheric layer. This reversed
atmospheric profile is extremely important to the study of up-going extensive air showers and
will be discussed in more detail in section 4.3. A schematic overview of the differing geometries
for up-going and down going induced air showers is illustrated in Fig. 4.1(a). These two types
of showers are mainly differentiated by their zenith angles. By convention, down-going air
showers have zenith angles up to 90° : 0o, € [0°,90°], while the corresponding up-going zenith
angles are greater than 90° : 6,, € (90°,180°]. The development of an up-going EAS is also
schematically illustrated in Fig. 4.1(b). It can be seen here that the shower starts to develop at
the bottom of the atmosphere.

If the up-going zenith angle is steep, the surface detectors become very inefficient at
detecting these kind of showers, as the amount of particles at ground is tremendously reduced
and spatially localised at ground. However, the detection of steeply up-going air showers is
possible by using the fluorescence detectors (FDs), which are able to monitor the shower’s
energy deposition directly in the atmosphere (see Section 3.2). Leveraging this fact, a search
for steeply up-going induced air showers has been carried out using the FD of the Pierre Auger
Observatory and constitutes one of the main subjects of this thesis.

As seen in Fig.4.1(a), the primary particle initiating an up-going EAS needs to be
able to traverse the Earth without decaying or loosing all of its energy inside. Because charged
particles have a large cross section, and the density of the Earth is orders of magnitude larger

than that of the atmosphere, up-going induced air showers are generally discussed in terms of
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Figure 4.1: An illustrated view of up-going induced air showers geometry

neutrino initiated showers. This is because neutrinos can survive propagation inside Earth up
to very large distances, and can interact at any point via the charged current (CC) channel to
produce charged leptons. The charged leptons can further initiate the EAS, in exactly the same
manner as explained within Chapter 2. A schematic overview of neutrino induced up-going
showers is illustrated in Fig. 4.2.

The up-going induced EAS is further divided into two main categories, based again on
their zenith angles: Earth-Skimming (ES) and steeply up-going showers. This division is mainly
motivated by the neutrino cross sections, and correspondingly their probability to escape the
Earth, as well as by the different amount of traversed matter for a given zenith angle of interest.
As mentioned above, neutrino primaries are the main candidates in up-going studies since they
are the only particles within the Standard Model (SM) able to survive propagation through the
Earth. However, various Beyond Standard Model (BSM) particles that are able to induce such
showers can also be considered. A specific study in this direction has been performed within

this thesis and is explained in detail in Chapter 7.

4.1.1 Earth Skimming Showers

The ES channel has been widely studied and used in literature in the context of tau neutrino
vy induced air showers. This is because, as mentioned above, in order for an up-going EAS to
be produced, a particle with a sufficiently high cross section and energy has to be created and

interact within the atmosphere. For a tau-neutrino, this charged particle is created as a result
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Figure 4.2: Sketch of neutrino induced air showers. The neutrino has to survive Earth propagation
up to small distances below the Earth’s surface and further on interact via the CC channel in order to
produce a charged lepton. If the lepton in turn escapes the Earth with sufficient energy, it can decay or
interact in the atmosphere, producing an EAS.

of a CC interaction of the neutrino with the Earth’s matter. In order for the charged lepton to
be able to produce a detectable air shower it also needs to escape into the atmosphere. Due to
a high rate of energy loss in dense media (i.e. the crust of the Earth), electrons would quickly
loose all their energy and therefore not escape. Muons are also subject to high energy losses
inside Earth. However it is possible for muons to escape Earth, but they will not decay in the
atmosphere, as their decay length is much larger (~ 10%) than the tau leptons one. As a result,
tau leptons represent the main candidates able to escape Earth and decay in the atmosphere,
thus producing an EAS.

Furthermore, in order for this process to be detectable, the geometry of the primary
neutrinos is very much restricted in terms of their zenith angles. Neutrinos must be almost
horizontally in order to survive Earth propagation and interact close to the surface. The inter-
action point has to be very close to the Earth’s surface in order for the tau leptons to be able to
escape the Earth, and decay in the atmosphere. These criteria are defining the Earth Skimming
showers. The zenith angles of interest are ranging between 6 € [90, 95°].

The ES channel is a very powerful one in terms of detection of neutrino induced air
showers with the Pierre Auger Observatory. Being highly horizontal, these showers can be
detected by the surface detector (SD), taking advantage of its 100% duty-cycle. Several studies
regarding tau neutrinos induced air showers have already been performed by the Pierre Auger
Collaboration [7], [8]. In all of these studies the dominance in terms of exposure of the ES
neutrinos is undeniable. Given the high exposure to these very horizontal showers using the
SD, FD studies towards the same type of showers are redundant: mainly because of the much
reduced duty cycle of the FD.

4.1.2 Steeply Up-going Showers

Steeply up-going air showers have the same characteristics as the ES ones, in terms of Earth

propagation of the primary particle and the corresponding interaction of the resulted second-
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4 Up-going Air Showers

ary. In this context however the primaries are interacting at much steeper zenith angles:
6 € [110°,180°]. The differentiation between the two types of up-going showers is mainly mo-
tivated by their detection methods, as well as the probability of interaction of the primary
particle!. As mentioned above, in order for a primary particle to be able to initiate an EAS, it
has to survive Earth propagation up to smaller distances below Earth’s crust. Since the neutri-
nos represent the only SM particles able to propagate very long distances without interaction,
they could also be considered the main candidates in this case. The resulted leptons able to
produce the EAS are also the 7-leptons, as explained above.

However, in the case of steeply up-going AS, several challenges emerge. The first one is
regarding their detection. The surface detector is not able to properly detect such showers since
the shower front with the resulted secondaries will not reach the ground anymore. However,
since the shower is developing in the atmosphere, the fluorescence detectors (FD) are able to
record and provide valuable information about the shower profile of the investigated EAS. As
the only detector able to observe such events is the FD, this results in a reduced exposure
to steeply up-going EAS, given the reduced FD duty cycle of ~ 14%. Secondly, the survival
probability of the neutrinos inside the Earth is tremendously reduced with steeper zenith angles.
Therefore, in this scenario, under the SM assumptions, neutrinos are highly disfavored as the
main candidates initiating the showers. A concrete observation of these kind of events would

indicate the existence of BSM physics and would need additional studies towards the matter.

4.2 The ANITA experiment

The ANtartict Impulsive Transient Antenna (ANITA) is a balloon experiment directed towards
the observation of ultra-high energy (UHE) neutrinos via the detection of radio Cherenkov pulses
emitted as a result of neutrinos interaction in the Antarctic ice [11]. At their interaction with ice,
neutrinos are initiating particle showers. During their development within the ice, the showers
will be subject to the Askaryan effect: they will present a negative charge excess and will emit
coherent radio Cherenkov radiation.

The balloon has an array of radio antennas attached to it and is overlooking the Antartic
ice, flying at heights of ~ 37km [11]. Several flights of the balloon have already taken place,
and most of the collected data has been analysed. Depending on the weather conditions, the
time of each flight is slowly varying, ranging between 22 and 35 days [74].

Besides detecting neutrinos, ANITA is also able to detected cosmic-ray induced air
showers via the radio emission. The radio signals are produced as a result of the geosynchrotron
emission, which arises when the positron and electron-secondaries of the shower interact with
the geomagnetic field. As a result the electrons and positrons are deflected and will spiral in
opposite directions around the magnetic field lines. As the geomagentic field in Antarctica is
almost vertical, this results in a horizontal polarization of the radio pulses of comisc ray induced
AS. ANITA can detect both direct and reflected cosmic ray events, as it can be seen in Fig. 4.3.
The direct events do not touch the ground, originating from above the horizon [12] and resulting

in a signal with a non-inverted polarity. The reflected events are down-going induced air showers,

'As no dedicated searches using the Pierre Auger Observatory have been performed in the zenith ranges €
(95°,110°) this interval is not further discussed
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Figure 4.3: Schematic overview of the ANITA balloon experiment and the main detection mechanisms.
Picture from [75]

detected via the reflected radio pulses on the ice surface and resulting in an inverted polarity of
the field strength wave-forms [12], [74], [15]. Additionally, the experiment can also detect tau
neutrinos emerging from ice [75].

The distinction between cosmic-ray and neutrino induced air showers is straightfor-
ward. The Askaryan signal produced as a result of neutrino interactions will have a vertical
polarization, due to its passage through the ice-air interface [74].

As mentioned in the beginning of the chapter, up-going cosmic-ray induced air showers
allowed within the SM are discussed in terms of the Earth-skimming channel. The ANITA
experiment is also sensitive to such showers. However, the ANITA collaboration has published
in 2018 the observation of two steeply up-going anomalous events with a cosmic-ray like origin
[15]. The observation of such events has triggered a wide scientific interest, including the research

performed within this thesis.

4.2.1 Anomalous events observed by the ANITA experiment

The ANITA collaboration has reported the observation of two steeply up-going cosmic ray - like
induced air showers during two of their fourth flights [14], [15]. The two events have a hori-
zontal polarity, characteristic to CR induced air shower and a non-inverted polarity, excluding a
reflection in the ice of the CR event. Moreover, the estimated zenith angles are rather steep, of
more than 110° for both events, with estimated primary energies of few tenths of an EeV [13].
For the detected arrival angles the scenario of a 7-neutrino induced air shower is in tension with
both the SM values for the neutrinos cross sections, as well as with the current upper flux limits
on diffuse isotropic neutrinos fluxes [13, 16, 16, 8] .

The corresponding field strength wave-forms of four cosmic ray events detected in
the third flight of ANITA, containing the anomalous events, has been plotted by the ANITA
collaboration and is shown here in Fig. 4.4. The anomalous event is plotted in panel (a). Two
non-inverted cosmic ray events with elevations of few degrees above horizon, as signatures of
the direct CR events, are shown in panels (b) and (¢). In panel (d) a CR event with similar

elevation but with inverted polarity, indicating its reflection at the ice surface, is also shown.
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Figure 4.4: Field strength waveforms of four CR events detected within the third flight of ANITA.
Above each plot the event ID together with the elevation angles are indicated. The anomalous event
(panel (a)) has an elevation of ~ 35° above the horizon. Figure from [15]

The other anomalous event observed in the first flight of ANITA has a similar wave-form as
event 15717147 and is discussed in more details in [14].

The characteristics of the two anomalous events, from flight I (event 3985367) and
flight IIT (event 1517147) respectively, are described in [14] and [15] and enumerated below, in

terms of the main variables of interest:
1. elevation angles: —27.4 4+ 0.3°, respectively —35.0 4+ 0.3°
2. zenith angles (corresponding to the given elevations): 117.4° respectively 125°
3. shower energy: 0.6 + 0.4 EeV respectively 0.56f8:g EeV

As mentioned above, the observation of these anomalous events is in strong disagree-
ment with the SM predictions of neutrinos cross sections, requiring ~ 18 SM interaction lengths
of a vy at 1 EeV [15]. For such an event to be initiated by neutrinos, their cross sections
should be significantly reduced and can’t be explained with the current SM knowledge. How-
ever BSM physics can be involved and various scenarios have been already proposed in literat-
ure [76], [77], [18], [17], [19], [78]. A study towards a BSM scenario of a primary particle with
artificially decreased cross section has been investigated within this thesis. The studied method

and obtained results are presented in detail in Chapter 7.

4.3 First simulations of steeply up-going EAS with the FD of
the Pierre Auger Observatory

As the two discussed ANITA events [15] are in strong disagreement with the SM physics, a
follow-up towards such events is crucial. The Fluorescence Detector (FD) of the Pierre Auger

Observatory is able to detect events with signatures similar to these anomalous events. Therefore
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a dedicated study has been performed in this direction, using the 14 years of available FD data.
This study is described in detail in Chapter 5. The first phase of such a study is represented
by the simulations of the events of interest, which constitute a major part of this thesis. In this
section the first steps regarding the up-going showers simulations and their signatures in the FD
are discussed.

The simulation procedure is divided into two main steps: simulations of the EAS
and simulations of the detector response to such showers. Both steps have been successfully

completed, after several updates to the simulation framework have been implemented.

4.3.1 Simulation of steeply up-going induced air showers using CORSIKA

The extensive air showers have initially been simulated using CORSIKA [79]. It is a widely used
and complex code which is simulating in detail the extensive air showers initiated by high energy
particles. The initiating particles can be chosen from a large variety of primaries, as well as their
parameters in terms of energy, zenith angle, azimuth angle etc. The shower development in the
atmosphere is tracked at each step, together with the resulted secondaries. In order to describe
the hadronic interactions within CORSIKA, different high energy and low energy models can be
chosen by the user. The electromagnetic processes can be described both analytically, using the
NKG [80], [81] treatment, or by using the Monte Carlo technique, within the EGS4 package [82].
More details about the CORSIKA simulation code and user guide can be found in [79].

Neutrinos were chosen in a first step as primary particles to be studied, with zenith
angles 6 € [110°,180°]. The zenith range has been chosen in accordance with the detected angles
of the ANITA events. Lower zenith angles have not been investigated, as the choice of a flat
atmosphere does not hold for § < 110°. However in order to study the observed anomalous
events the chosen zenith range is well motivated.

In order to perform the desired simulations, the CORSIKA program had to be set ac-
cordingly. As a first approach, the SIBYLL [56] model was chosen for the high energy hadronic
interactions and GHEISHA [83] was describing the low energy region. The choice of the inter-
action models was arbitrary at the time, as the first trials were only concerning the possibility
of performing such simulations and the resulted events geometry. The non-curved version of the
atmosphere was chosen.? The UPWARD option, available within the compilation stage, is cru-
cial for the current study. This option is allowing one to treat up-going EAS. As it can be seen
in Fig. 4.5, additional parameters have to be set. One of the parameters of interest is the height
of the first interaction above sea level, which can be set using the keyword FIXHEI as an input.
Once the first interaction is set, the shower development is followed up to the observation level,
which can also be set as an input parameter, by using the keyword OBSLEV. The first natural
requirement is that in such a case the observation level has to be situated above the altitude of
the shower’s first interaction. The value of the observation level was set to OBSLEV = 40 km
above sea level. Since the Pierre Auger Observatory is situated at an altitude of ~ 1.4km a.s.l,
the minimum value of the height of the first interaction will be FIXHEI= Hy; = 1.4km. As the

FD is the only instrument used within the current study, the longitudinal profiles represent the

2For the zenith angles of interest, § > 110° the CURVED option is not required. As mentioned in the CORSIKA
user guide, this option becomes necessary for elevations lower than 20° [84]
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Figure 4.5: Skematic view of the geometry of an up-going air shower as defined in CORSIKA with
the UPWARD version. The height of the first interaction H; is set by using the keyword FIXHEI The
observation level has to be set above this height, with a maximum value corresponding to the top of
the atmosphere. The shower development is followed through the different atmospheric layers up to the
observation level. The standard longitudinal profile written in the output file is sketched in blue. By
setting a fixed value of the injection height Hy via the FIXCHI keyword, the profile is written starting
from the respective altitude, including the red region, as it is seen by the FD. If the first interaction
height is higher than the injection height, the red region will be filled out with the corresponding depth
and a null energy deposit.

Electron neutrinos, v, have been initially used as the main primary particles. Simula-
tions of v, and v, were also considered but it was soon discovered that the leptons decay could
not be forced within CORSIKA at a specific height. Therefore, many times the longitudinal
profiles would be almost empty, given the high altitude of the decay. Additional simulations of
proton induced air showers have been simultaneously studied, given the cosmic-ray like features
of the ANITA events and the better known behavior of such showers. The energy range was
initially rather high, with E,.;,, € [1018:5,1020eV ], in order to insure a proper energy profile
reconstruction®. As the exact altitude of the primary particle initiating the shower is not well
known within the ANITA context, different heights of first interaction have been studied. Since
the Fluorescence Detector is situated at the ground level, the longitudinal profiles need to be
recorded from the very lowest values of the slant depth, even when the particle starts interact-
ing at higher altitudes. In those cases, the lowest values of the traversed depth will have a null
energy deposit (red line of the longitudinal profile in Fig. 4.5). The shower will only start to
deposit its energy in the atmosphere at an atmospheric depth, X1, corresponding to the chosen
height of first interaction H;. By doing so the FD response to the up-going induced AS can be
properly simulated.

This can be achieved within CORSIKA by using both the FIXHEI and FIXCHI
keywords. As explained within the user guide [84], the height of the first interaction, Hi,
can be set by changing the value of FIXHEI By fixing the value of the injection depth, FIX-
CHI = X =~ 875.6 g/cm?, corresponding to the vertical atmospheric depth at the FD altitude,

31t is well known that for low energies the FD exposure will be much lower
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Hpp ~ 1.4km a.s.l, the profiles are written out accordingly. This is sketched in Fig. 4.5.
Moreover, the VERTICAL option regarding the longitudinal profile output file has to be used:
the results are further provided in terms of vertical depth X,. The slant depth X defined in
Eq. 2.5 is further calculated within the Offline [69] software of the collaboration, which is used
for the simulation of the FD response. By using the option SLANT within CORSIKA the pro-
files are correctly calculated but the profile can only be followed starting with the slant depth

corresponding to the first interaction and not from the altitude of the FD, as desired.

| cosd|

(4.1)

4.3.2 Simulation of the FD response to up-going EAS

Having set the showers simulations approach, the second part in the preliminary study regards
the FD response and reconstruction. The first modification implemented in to the Offline soft-
ware was regarding the definition of the slant depth defined in Eq. 2.5. An absolute value of the
cosine term has been added, as shown in Eq. 4.1. Without this change, the slant depth resulted
negative values for the case of up-going showers and therefore the simulations were failing. Using
the Offline framework, the first results of the reconstructed energy profile of such showers have
been produced and are plotted in Fig. 4.6. It can be seen that the dE/dX profiles are having
a rather reversed shape as a function of the slant depth: showers starting at higher altitudes
(larger Hj) only have the very end region of the profile (corresponding to high values of X)
reconstructed and seen by the telescope. This is a clear signature of a wrong interpretation of
the profile in the case of up-going showers. Since the slant depth represents the amount of atmo-
sphere traversed by the particles, a particle starting at the detector level should be observable
from the very few g/cm? up to the end point of the profile. On the contrary, the profile of a
particle starting at higher altitudes would not be seen entirely by the detector, except for the
starting region of its Gaisser Hillas profile, corresponding to larger values of the slant depths
than in the case of particles interacting at ground. In contrast, by looking at Fig. 4.6(d), the
only recorded part of the profile is the very end one, indicating a problem within the simulation

procedure.
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Figure 4.6: First energy deposit profiles (wrong profiles - see text for details) as obtained from the Offline
framework in terms of dE/dX versus the slant depth X, defined in Eq. 2.5. The profiles correspond to
simulated up-going protons with § = 129.5° and primary energy FE, = 3.65 - 10'°eV. The protons are
interacting at different values of H;

By checking the longitudinal profiles resulted from the CORSIKA simulations, the
issue has been detected. The energy deposit is produced in terms of vertical atmospheric depth,

and further on the slant depth is calculated according to Eq. 4.1 within Offline. The difference
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between up-going and down-going induced air showers is strongly related to the atmospheric
borders. A maximum value of the vertical depth coincides to a minimum altitude of the shower,
corresponding to the sea level. A down-going shower reaching the minimum altitude has already
travelled through the atmosphere, and therefore the slant depth will be maximum. An up-
going shower, however, will only start its development at the corresponding minimum altitude,
therefore its slant depth has to increase with the increase of height above sea level. In order
to be able to use Eq. 4.1 and correctly describe the travelled depth of an up-going shower, the
energy deposit profile has to be reversed with respect to the vertical depth. This has been
solved by keeping the resulted values provided by CORSIKA in terms of deposited energy and

secondaries, and reversing the vertical depth correspondingly, as sketched in Fig. 4.7. In this

X=0g/em’ H =100 km X = 1033 g/em’ H=100km
first few g/em”
=
<= g
) &
3 Tz -
§ — 2 2g first few g/cm? g
= H, - 15 =
= 5 < S 2 H, ]
55 g 5k 3
e ER E]
= = < =
g £ 3 i =
5 dE/X =0 E:) first few g/cm dEAX =0
e H, H,
dE/dX =0 dE/IX = 0
X|=1033 g/em’ H=0km =0g/em’ H=0km

Figure 4.7: Illustrated view of the atmospheric profile as resulted from CORSIKA (left plot) and the
corrected profile for up-going induced air showers (right plot). As in the case of down-going EAS the
shower development starts from the top of the atmosphere (minimum X') towards the bottom (maximum
X), the slant depth is defined accordingly and represents the depth a particle has traversed. To keep
the same definition of the slant depth, the atmospheric depth has to be reversed: the shower starts its
development at the bottom of the atmosphere (minimum H;) towards the top (maximum Hy). To reflect
the same behavior in terms of travelled atmospheric depth, the minimum vertical depth will correspond
to the bottom of the atmosphere and will continue to increase up to the top. This will be reflected in
the slant depth as well. The sketch shows two vertical § = 180° up-going shower profiles with different

heights of first interaction H;. The first few g/cm? mark the region where the shower starts depositing
its energy in the atmosphere.

way the particle starts depositing its energy at the lowest depth values. For simplicity, in the
figure a vertical shower (6 = 180°) is illustrated. In the first case (left side of the figure)
the energy deposit profile, as taken from CORSIKA is shown. The first few g/cm? with a
non-zero energy deposit correspond to the very top of the atmosphere, for any height of first
interaction H; of the up-going shower. This corresponds to the region of the profile which would
be reconstructed using the FD and is plotted in Fig. 4.6. Thus, in the case of showers starting at
a high altitude (Fig.4.6(d)), the only visible part of the profile corresponds to the very end region
of the shower profile, while for a shower starting at low altitudes a larger part of the profile is
reconstructed, as the shower is immediately depositing energy in the atmosphere and developing
up to the top of it. However this is wrong, as explained above, since in this representation the

resulted slant depth does not mirror the shower’s traversed depth. In the second sketch from
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Fig. 4.7 the adopted correction is sketched. The same two showers are considered, while the
atmospheric depth is being reversed. In this case the minimum atmospheric depth corresponds
to the minimum altitude, which represents the starting point of the shower development. It
can be seen that in this scenario the first g/cm? corresponding to a non-zero energy deposit are
different for different values of Hy, which is desired. A shower starting at a higher altitude will
start developing later (at a higher value of the slant depth) in the atmosphere. In this case the
reconstructed energy profiles should correctly reproduce the shower development.

After implementing the above explained changes within Offline, the first test results
have been obtained. For a fast check a study has been performed for vertical § = 180°, high
energy lg F'/eV = 19.5, proton induced air showers. The resulted energy deposit profiles,
together with the pixel traces within one of the telescopes camera are shown in Fig. 4.8. The
black dots in the profiles correspond to the data provided by CORSIKA. The red line gives the
Gaisser Hillas curve as plotted within Offline, while the blue line represents the Gaisser Hillas fit
calculated within CORSIKA. The updated profiles start at different slant depths, corresponding
to their height of first interaction: for a H; = 1.4km a.s.l the shower starts to deposit its
energy at a depth of X7 ~ 200g/cm?, while for an altitude of H; = 5km the corresponding
depth is X; =~ 500g/cm?. As sketched in Fig. 4.7, this is the physical result expected for such
showers, as particles interacting higher in the atmosphere, and propagating upwards, will start
their development closer to the top of the atmosphere and therefore at higher values of the slant
depth. Moreover, it can be seen that the energy deposit recorded by the FD is minimum for the
maximum investigated height (Fig. 4.8(d)). The validity of the obtained results is also mirrored
in the corresponding pixel traces. The pixels color code in Fig. 4.8 is related to the arrival
time, purple representing the earlier recorded signal. A shower starting at the detector level,
H; = 1.4km a.s.]; triggers the very first row of the camera pixels, while for a shower starting

higher in the atmosphere only the last pixel rows are triggered.
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Figure 4.8: Correct energy deposit profiles in terms of dE/dX versus the slant depth X, defined in
Eq. 4.1, with the atmospheric correction for the up-going showers applied. The profiles correspond to
up-going vertical protons, §# = 180° with primary energies £, = 10'%-%¢V induced air showers, with
different heights of first interaction H;. The corresponding pixel traces as seen within Los Leones(LL) -
FD site are also plotted.

Within the same study the angle of the first triggered pixel, x1, has been investigated

for different heights of first interaction H; and different positions of the shower core with respect
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4 Up-going Air Showers

to the FD, Rrpp. The two variables can be interpreted by looking at Fig. 3.9, where the geometry
of the monocular reconstruction is sketched. The angle 1 is the angle between the first triggered
pixel and the shower axis. For a vertical event, § = 180°, the distance between the shower core
and the FD location is equal to the R, parameter: Rrpp = R,. By varying this distance,
the FD-FoV can be correspondingly reduced or increased, resulting in a different number of
triggered showers at different heights of first interaction. By simulating a number of 100 proton

0195 eV, the corresponding values

induced air showers, with 6 = 180° and primary energy F =1
of the first triggered pixel angle, x1, have been studied for different values of Rpp. In Fig. 4.9
representative plots are shown, as obtained from simulations with Rpp calculated with respect
to the Los Leones (LL) eye. The choice of the telescope building is completely arbitrary within

this testing stage.
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Figure 4.9: Events triggering the LL Eye, resulted from the simulations of 100 up-going proton (6§ =
180°, E = 10195 ¢eV) air showers, with respect to the angle of the first triggered pixel, x1, within the
camera, at different values of the core-eye distance Rpp. Showers starting at the highest altitudes (green
area) are found to peak towards the highest values of x;.

Most of the triggering events corresponding to up-going showers starting at the detector
level, H; = 1.4km a.s.l, are found to peak around the lowest values of the the first triggered
pixel: within the first 5°. With the increase of the height of the first interaction, the peak of
triggered events is shifted towards higher elevation pixels. This confirms the correctness of the
up-going shower simulation setup. Furthermore, with the increase of the shower core distance,
Rpp, the sensitivity of the FD is increased towards showers starting higher in the atmosphere.

The position of the shower core, (i.e the value of Rpp) also influences the number of
FD sites able to observe the same shower, resulting in the possibility of observing stereo (two
different FD sites triggered) or even triple (three different FD sites triggered) events. The FD
triggering efficiency has been calculated as a function of the Rpp distance for the different event
types and is plotted in Fig. 4.10. Showers starting at the detector level always provide the
highest efficiency, since the telescope is able to follow their profiles in a most consistent way.
The higher the shower starts in the atmosphere, the less pixels will be triggering within the FD
camera, as the shower development is starting at higher altitudes *. The increase in the trigger
efficiency with the increase of the distance Rpp is also visible. For very small values of Rpp
there are no stereo (Fig. 4.10(b)) or triple (Fig.4.10(c)) events, regardless of their height of first

4Note that this is a discussion regarding vertical up-going showers: 6§ = 180°. For up-going inclined air showers
the situation is slightly different, but the principle stays the same: the FD sensitivity is decreasing at higher
values of H; (See Chapter 5)
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4.3 First simulations of steeply up-going EAS with the FD of the Pierre Auger Observatory

interaction. Moreover, for very small values of Rrp, there are no monocular events triggered by

the showers starting high in the atmosphere (black bullets in Fig. 4.10(a)).
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Figure 4.10: Trigger efficiency of the FD for monocular, stereo and triple events, as resulting from the
simulation of 100 up-going proton (f = 180°, E = 10'%5eV) induced air showers starting at different
altitudes as a function of their eye-core distance Rpp, calculated with respect to LL eye position

Once the presented modifications have been implemented and after all the above men-
tioned cross checks have been performed, the simulation of up-going induced air showers and
their correct reconstruction using the FD has been possible. As a result, the next logical step to-
wards a follow up of the anomalous events observed by the ANITA collaboration was to simulate

up-going showers with the observed parameters and check the FD response.

4.3.3 First simulation sets towards a follow-up of the ANITA events

In a first attempt towards checking the FD response and sensitivity to steeply up-going EAS,
showers initiated by both protons and electrons with similar parameters as the anomalous events
discussed in subsection 4.2.1 have been simulated. CORSIKA simulations have been performed
using UrQMD 1.3.1 [85] model for describing low energy hadronic interactions and QGSJET-
IT model [86] for the high energy interactions. The parameters used in the configuration of
CORSIKA, as well as an example of the input file can be found in Appendix A. The main
shower parameters are listed below. For a detailed study, the simulations were done for different
sub-ranges of the parameters of interest, therefore each parameter is also listed together with

the corresponding bin widths. A full azimuthual range has been simulated: ¢ € [—180°,180°].

1. primary particles: proton, electron

[\)

. zenith angle: 6 € [115°,130°] - 5° bin

3. primary energy: Eg € [10'7,10185 V] - 10°? eV bin

S

. height of first interaction: Hy € [1.4,5.4km a.s.l] - 0.5 km bin

The showers have been simulated having a flat in logarithm of energy spectrum. This decision
is motivated by the possibility of re-weighting the events to any desired energy spectrum after-
wards, as well as having enough statistics for all energies of interest. A number of 500 showers

has been simulated for each energy, zenith and height bin.
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4 Up-going Air Showers

As it can be seen in Fig. 4.10 the FD sensitivity to up-going showers is strongly related
to a proper choice of the distance between the shower core and the FD-site. Therefore a prelim-
inary study of the simulated events has been done in this regard. As the maximum sensitivity
is achieved for showers starting at the detector level, showers with H; = 1.4km a.s.l and the
most inclined zenith sub-range 6 € [115°,120°], which are able to trigger the FD from distances
much larger than in the case of more vertical zenith ranges, have been chosen for this prelim-
inary study. The three different energy ranges have been investigated separately, simulating a
number of 500 proton induced air showers per simulation set. The results regarding the number
of triggered events within a given eye are plotted in Fig. 4.11 with respect to the distance Rpp.
Within the simulations the maximum allowed value was set to 40 km: Rpp € [0,40] km, with
showers being uniformly thrown in front of the Eye. A different value for the maximum distance

w5' at which events are still triggering within the FD is reached for different energy ranges.
This is to be expected, given the proportionality between the primary particle energy and its
energy deposit in the atmosphere and having otherwise the same shower parameters (zenith,
azimuth and heights of first interaction). As a result, in order to maximize the simulations effi-
ciency, different maximum distances are set for different energy ranges. For proton induced air
showers, the maximum distance is set: Ry = 15km for Ig Ey /eV € [17,17.5], RE{ = 20km
for 1g Ey / eV € [17.5,18] and R7%* = 30km for 1g By / eV € [18, 18.5].
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Figure 4.11: Triggering proton events resulting from a simulation set of 500 proton induced air showers
per energy range, at a fixed zenith range of 6 € [115°,120°] and fixed interaction height of H; = 1.4km
a.s.]. Simulations are eye centric and Rpp represents the distance between the shower core and the site
of the investigated Coihueco eye.

A similar study has been performed for electron induced air showers, as the shower
profile and correspondingly the maximum Rpp will have different values, given the different
contribution to the electromagnetic component of the shower initiated by the two primaries.
This is mainly due to the fact that an electron induced air shower will mainly feed into the
electromagnetic component, while showers induced by proton primaries result in a significant
muonic component, reducing thus the primary energy fraction deposited in the atmosphere. The
corresponding histograms are shown in Fig. 4.12. The chosen values for the electron induced air
showers are: RP# = 20km for IgFEy /eV € [17,17.5], RE#E = 30km for 1g Ey /eV € [17.5, 18]
and R7 = 35km for Ig Ey / eV € [18,18.5].

Once the maximum value R}7)* has been set for different energy ranges, the simulations
of proton and electron induced air showers were performed. A number of 100 events for each

zenith, height of first interaction and energy bin has been simulated within CORSIKA. Due to
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Figure 4.12: Triggering events resulting from a simulation set of 500 electron induced air shower per
energy range, at the fixed zenith range of § € [115°,120°] and fixed interaction height of H; = 1.4km
a.s.l., as a function of the distance between the shower core and the telescope location

the Offline framework complexity, one CORSIKA shower (with its longitudinal energy profile)
can be re-thrown an arbitrary number of times within the array, in order to produce different
FD responses®. Therefore, the statistics can be easily increased without a very expensive com-
putation time. Consequently, each CORSIKA shower has been additionally thrown 5 times at
different positions inside the array, resulting in a full simulations set of 500 events per zenith,
height of first interaction and primary energy bin. All simulations are eye centric, meaning only
one FD site is being studied, while the other telescope buildings are forcefully turned off. This
is done in order to ensure a proper study of the detector’s response to up-going induced air
showers with the parameters of interest. All telescope eyes are considered in the final study,
as described in Chapter 5. The Coihueco site has been set as the central eye of interest. The
choice of this specific location is motivated by having the HEAT telescope nearby. As HEAT
has a higher elevation when tilted upwards, (30°,60°), as described in Section 3.2, it is of a great

interest in the up-going study.

4.3.4 Additional corrections in the up-going showers simulations

Having enough statistics from the above mentioned simulation sets, additional cross checks have
been made regarding the correctness of the up-going induced air showers simulations. Several
parameters of interest have been chosen and studied in detail. One of the first investigated
parameters which turned out not to be properly calculated in the up-going air showers context,
within the Offline framework, was the depth of the first interaction, X;. This is further used
in the calculation of light profiles and needs to be corrected for in order to have a proper sim-
ulated FD response. Events starting higher in the atmosphere are expected to have a larger
X1, compared to those starting at the detector level (see the right plot in Fig. 4.7). Studying
two different sets of showers, simulated with the same energy and zenith range, but with dif-
ferent heights of first interactions, it was discovered that the first interaction depth X; was not
calculated properly, generating a rather unexpected result.

As can be seen in Fig. 4.13(a) and 4.13(b), showers starting at higher altitudes have

a lower value of X;. The source of the error has been detected and corrected for. The first

5By taking the shower characteristics from CORSIKA, the detector response is re-simulated by placing the shower
core at different positions within the array. The same shower gives different response in the FD depending on
its core localization.
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Figure 4.13: Triggering events distribution in terms of first interaction slant depth, X;, as resulted
from a simulation set of 500 proton induced air showers, with zenith angles 6 € [115°,120°] and primary
energy lg Fy/eV € [18,18.5]. Figures (a) and (b) show the initial distributions for different values of Hi,
together with the average value X7, while figure (c) and (d) show the correct resulted distribution for
the same set of showers.

interaction depth used within Offline was calculated using the height of first interaction, read
from the CORSIKA file. Since the vertical option is chosen, the formula used for getting the
slant depth X7 is the one from Eq. 4.1, with the only difference being that the vertical depth,
Xvert is calculated using the value of Hy. The calculation was done considering an atmosphere
profile with a maximum depth at the lowest altitudes, as is the case for down-going showers,
sketched in the left plots from Fig. 4.7. However, as explained in section 4.3.2, in the case of
up-going induced air showers the atmospheric profile has to be reversed so that the minimum
slant depth lays at the bottom of the atmosphere and increases towards the top. Therefore, this
has to be accounted for as well within the calculation of Xi. In order to correct for this, the
calculated vertical first interaction depth XV¢"*(H;) has been subtracted from the fixed value of
the injection depth, Xy¢"*(Hy), corresponding to the injection height Hy and set by the keyword
FIXCHI within CORSIKAS. The corresponding formula is shown in Eq.4.2.

_ X (H) - Xy

X
! cosf

(4.2)

5This is equivalent with the reverse of the atmospheric profile for up-going induced air showers
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4.3 First simulations of steeply up-going EAS with the FD of the Pierre Auger Observatory

By implementing this change, the atmospheric depth is properly calculated for up-going showers
and the value of the first interaction depth is set accordingly, as it can be seen in Fig. 4.13(c)
and 4.13(d). A second side effect of this correction, is the increase in the total amount of
triggering events for both heights of first interactions. This is to be expected since as a result
of this modification the values of X; are lower and therefore the shower profiles can be properly
followed.

The second parameter that has been checked and needed additional corrections was
Xmaz- Comparing the MC value and the one resulted from the Gaisser Hillas (GH) fit, a
discrepancy between the two variables has been observed. The initial results are plotted in Fig.
4.14(a) and 4.14(b) together with the corresponding average value < X4, >. Since the studied
showers have the same set of parameters, except their height of first interaction Hy, and looking

XGH

at the two sets of values, it is clear the value of X"

is calculated wrong. The reasoning here
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Figure 4.14: Distribution of triggered events in terms of maximum depth, X4, as resulting from a
simulation set of 500 proton induced air showers, with zenith angles 6 € [115°,120°] and primary energy
lg Eg/eV € [18,18.5]. The MC (blue line) and the GH values (red line) of X,,4, are plotted and their
mean is highlighted. Before the new fit procedure, the GH distributions shown in figures (a) and (b)
show contradictory results. After the X,,q, correction from the new fit, the two distributions agree with
each other (figures (c¢) and (d)) and the GH values of X4, have the proper values given the different
values of H;

is similar with the one from the X; case. Showers travelling upwards and starting at higher

altitudes should reach the maximum energy deposit point, X,,qz, higher in the atmosphere.
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4 Up-going Air Showers

Therefore, a higher value of X,,., is expected in the case of showers starting deeper in the
XMC'

maz is calculated based on the energy deposit profile, which

atmosphere. Since the MC variable
has been corrected for the up-going induced AS case, the corresponding distributions provide
the correct expected results. The GH parameters used within the Offline framework are directly
read in from CORSIKA. However, as it has been discussed, in the case of up-going showers used
with the VERTICAL option the atmosphere has to be reversed for a proper interpretation of
the energy deposit profile. Since the fit is done automatically in CORSIKA, the solution was to
re-calculate the corresponding parameters by re-fitting the profile (with the reversed atmosphere
corresponding to up-going showers) with a Gaisser Hillas function and further use the resulted
fit parameters.

The fitting procedure has been performed in two different steps. Since the GH para-
meters provided by CORSIKA and further used within Offline are Np,qz, Xmaz, Xo and A, the
desired Gaisser Hillas function which needs to be fitted is the one defined in Eq. 2.10. However,
working with the longitudinal profile and having direct access to the data in terms of the energy
deposit per atmospheric depth, dE/dX(X), an intermediate step had to be done. The fit has
been first performed in terms of dE/dX.

Xmaz—Xo
dE dE X—X, \ "5 X,ran — X0>
Zix)y= (== B . —_— 4.
ax ) (dX)m (XW - Xo) exp ( X (43)

The main parameters obtained from this fit are (gﬁ) » Xmaz, Xo and A. In order
max

to obtain the value of Nyq., the mean ionization loss rate ceyy is used, according to [87]:

(4.4)

N, = (dE) 1

AX ) pee Oeff(Xmac)
A more detailed description of the new fit procedure together with the parametrization of .y
is given in Appendix B. The distribution of the triggering events resulted after the GH fit is
shown in Fig.4.14(c) and 4.14(d).

No other investigated parameters indicated any problems in the context of up-going
air showers within the current simulation configuration. Therefore, after the above mentioned
corrections were implemented in the Offline framework, the simulation sets described in Sec-
tion 4.3.3 have been successfully reproduced. Both the CORSIKA and the detector simulations

have been uploaded on the local collaboration database.

4.3.5 Simulations of up-going 7-induced air showers: CORSIKA and
TAUOLA

Having the proton and electron induced air shower simulations properly working and not knowing
the origin of the primary particle in the context of the anomalous events, additional simulations
of T-induced air showers are required for a proper follow-up. As mentioned above, results for
different heights of first interaction of the up-going induced AS are crucial, given the uncertainties
of the shower starting point within the ANITA observations. Simulations of 7-lepton induced

air showers are possible in CORSIKA, but the 7 decay point can not be manually set. As a
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4.3 First simulations of steeply up-going EAS with the FD of the Pierre Auger Observatory

result, the 7-leptons have their first interaction height H; set as discussed above, by using the
keyword FIXHEI However, as mentioned in the CORSIKA user guide [79], the first interaction
of the unstable particles will not correspond to their decay. Since within the current study one
is interested in investigating up-going showers with different first interaction heights, setting the
T-decay point at given altitudes is necessary for a consistent analysis.

In order to do so the 7-lepton decays have been simulated separately using TAUOLA
[21] and further on the STACKIN option has been used within CORSIKA. This option allows
the user to take advantage of an input file, containing the secondary particles that result from
any of the previously studied interactions. These secondaries are further used as input para-
meters and the EAS initiated after their collision with the atmospheric nuclei are simulated
accordingly. The first line within the input file contains the total number of secondaries and the
energy of the primary particle. The following lines are dedicated to each secondary separately,
comprising of information regarding the particles’ ID, prp, their energy, Fy, and the three mo-
menta components: pg,py,p.. Once this option is used, the secondaries are read from the file
accordingly and the simulation of the air shower can be done as explained above. By setting
different values of the height of first interaction via FIXHEI the decay height of the 7-leptons
can be fixed as desired by using the corresponding decay daughters with their parameters.

The 7-decays have been simulated using TAUOLA [21]. Since the TAUOLA program
is based on the HepMC event record format, each event comprises several vertices, with the
generation verter describing the main reaction to be studied. Each vertex represents a certain
interaction within the event and is composed of input: I and output: O particles. The input
particles represent the initiating particles of the reaction, while the output ones represent the
resulted secondaries. In the case of decays the input particles represent the mothers and the
output particles are the daughters resulted from the specific decay. The first step towards
the 7-decay studies was to initiate the generation vertex. This has been done by generating
a 7-lepton and considering it as both the input and the output part of the vertex, since the
interest in the current study is only towards the decay products. All the 7-decay branches
have been considered for the current study. Additionally, TAUOLA is giving information about
all secondaries resulting from a 7-decay, including the intermediate mesons. However, within
CORSIKA only the final secondaries are needed, therefore additional modifications were done
in order to have the information regarding only the final state daughters. Finally, a conversion
between the PDG id used for the particle identification in TAUOLA and the particle IDs in
CORSIKA was implemented.

The simulation is initially done in the tau rest frame 7¢js, and the corresponding
momenta and energy values of the secondaries are stored. These parameters are further boosted
along the z-direction according to the desired tau energy, E., and the corresponding energy and

momenta of each secondary are calculated, accounting for the relativistic factors v = % and

B = ﬂ in Bq. 4.5.
Pz = Pe(TCM)
py = py(TeMm)
p- =7 [p:(tem) + BE(Tom)]
E =~ [E(tem) + Bp.(tom)]
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4 Up-going Air Showers

Focusing on the same energy range as in the case of the proton and electron induced
air showers described in Subsection 4.3.3, an energy range of E, € [10'7,10'¥5]eV has been
investigated. 7T-leptons with fixed energies in this range have been simulated for each 0.1 steps in
lgE / eV and their decay products have been stored with the required information in an external
file, which was further passed as an input in CORSIKA. Each event represents a 7-decay and
has an individual file.

A number of 10.000 TAUOLA events have been simulated for each energy range of
0.5 IlgE /eV corresponding to the simulation library. Further on 500 showers per energy bin
have been randomly sampled and simulated in CORSIKA for each zenith and height of the
first interaction, according to the simulation parameters enumerated in Subsection 4.3.3. The
sampling procedure is repeated every time a new zenith and/or height range is considered.

As a result of the above described procedure, the simulation of up-going 7-lepton in-
duced air showers with a fixed decay height is possible with CORSIKA. The resulted showers
have been simulated together with the FD response. Similar to the procedure described in
Subsection 4.3.3, the corresponding maximum distance between the shower core and the FD po-
sition, Rrp has been investigated. A maximum distance of Rpp = 40 km has been chosen. The
trigger efficiency, considering the eye centric detector simulations, resulted from the simulation
of 50.000 7-induced air showers per zenith range per height of first interaction range is shown
in Fig. 4.15. The results for the whole zenith range of interest, § € [115°,130°], and different
different heights of first interaction, H;,” are plotted. The highest efficiency is obtained for the
largest energy range and lowest decay height Hi. Showers starting higher in the atmosphere and
having a high primary energy (red symbols in Fig. 4.15(b) and Fig. 4.15(c)) are able to trigger
the FD from larger distances Rpp.
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Figure 4.15: Triggering efficiency of the FD to up-going 7-induced air showers as resulting from 50.000 7
simulated AS per zenith bin, for the entire zenith range, § € [115°,130°], of interest, for different primary
energy ranges and decay heights, Hi, with respect to the distance between the shower core and the FD
location, Rpp. The symbols represent the data points while the shaded areas represent the corresponding
uncertainty bands

“From here on the decay height of the 7-leptons is referred to as the height of first interaction H;
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4.4 First FD exposure results to simulated up-going air showers

4.4 First FD exposure results to simulated up-going air showers

Having the simulation setup described above properly working, the exposure calculation to
simulated up-going air showers has been possible. The results presented in this section are
considering only the simulations described above, with no additional cuts being applied. This
results in an over estimation of the exposure but it sets the grounds for the in-depth study
described in Chapter 5. Furthermore, another approximation that has to be considered when
analyzing the results within this section is the fact that the described simulations are eye centric.
This means only the response of one eye has been simulated and further on the results have been
extrapolated to the other 3 telescope buildings. Additionally, as no real MC data® has been used
at this stage, the up-time fraction of the FD telescopes has been calculated separately using the
internal database. A more detailed description regarding the up-time calculation can be found
in Appendix C. This procedure itself gives a good approximation of the telescope duty cycle,
but the real MC simulations provide the most up to date information regarding the detector

configuration. The FD exposure has been calculated using the formula:

where A(F) is the detector aperture and ¢ represent the up-time of the FD.
A(E) = / Sep(E) cos 8d9) (4.7)
Q
with Q the solid angle, 6 the zenith angle and S,¢(E) the effective area, defined as:

Serp(E) = / n(E)ds (4.8)

gen

Substituting the value of S.¢;(E), Eq. 4.7 becomes:
A(E) :/ n(E)dS/costin@dH/dqﬁ (4.9)
Sgen 0 ¢

where 7(FE) represents the detection efficiency at a given energy and is calculated as the ratio
between the triggering events with reconstructed energy” and the total number of generated

events

Nrec(E)

n(E) = Nyon(B) (4.10)

Since the simulated events are eye centric, with the shower cores being generated around
the telescope location and isotropically thrown only in front of Coihueco (CO) telescope building,
the generated area Sye, is equal to the area of a semi circle with radius r equal to the maximum

chosen distance: » = R7#’. With the current configuration the results are missing any showers

8Real MC data comprises of information regarding the detector configuration during different time periods and
can be directly accessed within the Offline [69] framework

“not all the triggering events used in the triggering efficiency plot (Fig. 4.15) have a reconstructed energy
within the Offline simulation Framework. In order for an event to have a reconstructed energy it has to fulfill
additional conditions besides the triggering one.
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4 Up-going Air Showers

landing behind the telescopes. However this is accounted for in the general study.

Sgen = — (4.11)

The total FD exposure, considering all five telescope buildings, can be calculated as the sum of

each telescope’s exposure individually

Erp(E) =Eco +Epa+ ELm(E) + ELp(E) + Egpar(E)
= A(E)Co . tup(CO) + .A(E)LA . tup(LA) + A(E)LM . tup(LM) (4.12)
+ A(E)LL . tup(LL) + A(E)HEAT . tup(HEAT)

The individual values ¢, represent the up-time fraction of the different telescope sites,
related to the telescopes duty cycle and performance, and are calculated using the internal
collaboration database. More details regarding the calculation of these fractions can be found
in Appendix C. The time period of interest for the results presented in this section is spanning
from 01.07.2007 up to 01.10.2019.

By extrapolating the results from one eye (CO), to the other three eyes, and using the
individual results from HEAT, considering the equal FoV of the 4 telescope sites, the exposure

can be calculated accordingly by assuming equal apertures of the 4 different eyes.

Erp(E) = A(E)co - tup(CO) + A(E)co - tup(LA) + A(E)co - tup(LM)
+ [‘A(E)CO tup FoV=180°) (LL) +0.9- A(E)CO ’ ZL/up(FoV:162°)(LL)} (413)
+ .A( )HEAT tup(HEAT)

where the two separate terms for LL come from dismantling one of the outer LL telescopes,
which reduces its FoV at 162° after 14.07.2009.

The corresponding exposure for 7-lepton induced air showers with zenith angles 6 €
[115°,130°] and primary energies lg E'/ eV € [17,18.5] are plotted in Fig. 4.16.
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Figure 4.16: FD exposure to up-going 7-induced air showers for different 7-decay heights H;, with a
zenith range 6 € [115°,130°] and primary energies lg ' / eV € [17,18.5]. The plotted results are obtained
under the assumptions mentioned in this section, with the 7 simulations described in Section 4.3.5.
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4.4 First FD exposure results to simulated up-going air showers

It is important to mention that the given results do not consider the 7 propagation
inside Earth. As described in section 4.3.5, the simulated 7s are forcefully decayed at different
heights without considering any previous interactions. A complete study of the up-going 7
induced air showers represents one of the main contributions within this thesis and is described
in detail in Chapter 6. Furthermore, the presented results do not include any event selection,
the only requirement being the simulated events must have their energy reconstructed within
the FD simulations.

The preliminary T-exposure results plotted in Fig. 4.16 confirm the correctness of the
simulation procedure of up-going air showers. The exposure values increase with increasing
primary energy, as is physically expected. Furthermore, the maximum exposure is obtained for
the lowest heights of the shower’s first interaction. Leptons decaying high in the atmosphere
only contribute to the exposure once the primary energy is high enough: for the maximum value
of the investigated decay height, H; = 5.4 km a.s.l. (green symbols in Fig. 4.16), the events
only contribute to the FD exposure once the primary 7-energy is lg £ / eV > 17.4. An additional
study in terms of exposure has been done in order to cross check the effects of events triggering

in the very vicinity of the FD (i.e. small values of Rpp). This was mainly triggered by the very
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Figure 4.17: Percentage of the total FD exposure after the exclusion of events triggering in the very
vicinity of the telescope building as a function of the primary energy, for different cut values of Rpp.

first investigation of a burn data sample'®, where the only events surviving the implemented cuts
at that time were appearing very close to the fluorescence detector. As a result, a cut in terms
of Rrpp has been implemented and the results for up-going 7 induced air showers with a decay
height of H; = 1.4km a.s.] have been plotted in Fig. 4.17 for different cut values. High energy
induced air showers are the least affected in terms of exposure. This is physically understood
since the very low energetic events need to be in the proximity of the detector in order to be
observed and properly reconstructed. This result can also be seen in Fig. 4.15(a), where the
lowest energy range exhibits a triggering peak at very low values of Rpp.

The preliminary exposure results have been calculated for all simulated primaries:

0The definition of the burn data sample as well as the main results regarding the laser rejection and final cuts
are detailed in Chapter 5
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4 Up-going Air Showers

electrons, protons and taus for a first comparison. Figure 4.18 shows the FD exposure for up-
going air showers induced by different primaries at a height of first interaction H; = 1.4km a.s.l,

a primary energy range of lg E'/eV € [17.5,18] and a zenith range of 6 € [115°,120°].
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Figure 4.18: Preliminary FD exposure results to up-going induced air showers for a zenith range
6 € [115°,120°] and primary energy lg E'/eV € [17.5,18] as resulting from a small signal simulation
set without applying any additional cuts. The exposure is calculated without real MC simulations, as
explained within the current chapter.

Starting from these results, it has been decided that, in order to speed up the signal
simulations, and taking into account the unknown origin of the primary particles initiating the
ANITA anomalous events, the follow up can be performed using only one species as a primary.
By presenting the final results in terms of shower deposited energy and height of first interaction
of the initiating particles, the FD exposure will be similar at a given value of the calorimetric
energy for different primaries. Further on, one can consider the propagation process of a given
primary in order to calculate the exposure in terms of the particle energy, starting from the value
of the shower energy. This has been done within this thesis for the case of up-going T-induced
air showers and is presented in detail in Chapter 6.

These simplified results represent the very first confirmation of the ability of the FD of
the Pierre Auger Observatory to observe steeply up-going induced air showers. Since the above
presented studies have been mainly focused on the simulation procedure and implementation of
all the necessary updates in the steeply up-going showers context, a dedicated study towards
such events is required. This research has been performed within the Pierre Auger collaboration

and represents one of the main contribution within this thesis.
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5

Search of Steeply Up-going Air Showers with the FD
of the Pierre Auger Observatory

The anomalous steeply up-going cosmic ray like events observed by the ANITA collaboration [15]
are in strong disagreement with the Standard Model (SM) physics and remain unexplained.
Therefore, a dedicated search for such showers which could either confirm or refute the occur-
rence of the intriguing events represents a major point of interest in the scientific community.
The Fluorescence Detector (FD) of the Pierre Auger Observatory is a good candidate for ob-
serving such phenomena, having a wide Field of View (FoV) and substantial operation time.
A generic search for up-going cosmic ray like induced air showers has been performed within
the collaboration and represents one of the main contributions within this thesis. Preliminary
calculations suggest the resulted FD exposure exceeds the one of ANITA! by a factor of at least
10, emphasizing the importance of the current study. Given its complexity, the search has been
done using the common effort of several people in the collaboration. A generic overview of the
procedure is given within this chapter, with the accent on the signal simulations, which represent
the personal contribution within the working group.

The obtained results are of a major importance to the scientific community. With one
event observed, consistent with the expected background of 0.45 4 0.18, within the ~ 14.3 years
of available FD data, upper flux limits have been set on up-going cosmic ray - like particles with
corresponding shower energies lg E;, / €V € [16.5,18.5) and zenith angles 6 € [110°, 180°], inter-
acting at heights of maximum 9km above the detector level. Besides giving the first stringent
upper flux limits on such anomalous events, the current study also provides the exposure results
in a double differential form, in terms of shower energy, Fg,, and height of first interaction,
H;. This approach of presenting the results is extremely important for the academic community
and represents a pillar towards testing different physical scenarios regarding the origin of such
events. An example application on up-going 7-induced air showers has been investigated, and
the corresponding exposure and upper flux limits have been obtained, using the double differ-
ential exposure results. This study represents a personal contribution and is discussed in detail

in chapter 6.

5.1 Signal simulations

One of the main steps towards any dedicated search is represented by the signal simulations. As
mentioned in the previous chapter, the simulation procedure comprises two parts, the initiating

of the air showers and their development within the atmosphere, and the simulation of the

'Not having access to the ANITA collaboration exposure data, one can only try to estimate their exposure via
dedicated studies. However, the real numbers may differ from the estimated ones.
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5.1 Signal simulations

detector response. The first exposure results obtained from the preliminary simulations stage
have been presented in section 4.4. However, in order to have significant results that are able
to give some insight in the context of the anomalous events, massive simulation sets are needed.
One of the main constraining parameters in this regard is the computing time. Therefore, even
if CORSIKA [79] represents one of the most reliable extensive air shower simulation codes, it
has been decided that CONEX [54] is a more suitable option for the current study 2. CONEX
is a simulation code describing the EAS development in the atmosphere, by combining the MC
method, used in CORSIKA, with the numerical calculation of the cascade equations. The most
energetic part of the shower is obtained via MC simulations, while the low energy sub-cascades
are treated numerically. This approach is offering a tremendous decrease in the computation
time, allowing for a significant increase of the necessary simulations on a shorter time scale. The
limitations in the CONEX simulation code are related to the lateral distribution of the particles:
since the numerical calculations are performed only along the shower axis, only the longitudinal
profile of the shower is recorded. As the FD is the only detection instrument used within the
current study, these constraints do not influence the final results, as the shower development
in the atmosphere represents the main quantity of interest. Moreover, the compatibility of the
results between the two simulation codes has been cross checked. An exemplary plot showing the
agreement of the results is shown in Appendix D.1. Once the simulation code has been decided
on, the simulation parameters have been chosen in order to properly cover the characteristics of

the anomalous events.

5.1.1 Simulation parameters

As it has been mentioned in the previous chapter, it was soon decided to proceed with the
simulation of only one primary particle type. Given the unknown nature of the primary particle
in the anomalous events context, the most suitable presentation of the exposure results is in
terms of shower energy, rather than the primary energy. Since the shower to shower fluctuations
are mainly related to the first interaction, which is fixed within the simulation procedure, the
triggering efficiency of showers initiated by protons, nuclei or electrons having the same first
interaction point, zenith and azimuth angle, will be the same on average for a fixed value of the
energy deposit in the atmosphere, given the shower universality [87]. In the case of unstable
or more exotic particles, the propagation process and decay branches have to be considered
and further accounted for. See chapter 6 for a dedicated study towards up-going T-induced air
showers using the double differential exposure results.

Up-going proton induced air showers have been simulated using CONEX and further on
the detector response has been simulated using the internal Offline framework. The investigated
data ranges from 01.01.2004 up to 31.12.2018, and the obtained results are accounting for all
five telescope buildings existent within the observatory. The shower parameters are set within
CONEX, while the core randomization, first interaction point and detector configuration have
been set within Offline, where the real MC parameters, regarding the FD configuration, are

also used. The main simulation parameters are listed in Table 5.1. 250.000 events have been

2The above presented simulations using CORSIKA for the up-going induced air showers remain the pioneering
step. All the corrections implemented and explained in Chapter 4 are extremely useful as they allow for future
studies of up-going induced air showers with fixed or variable heights of first interaction
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5 Search of Steeply Up-going Air Showers with the FD of the Pierre Auger Observatory

simulated for each energy bin, resulting in a total number of 2 - 106 events per simulation set.
A total number of 1.6 - 107 up-going induced air showers with zenith angles of § € [110°, 180°],
primary energies lg F € e€V[16.5,18.5] and heights of first interaction H; < 9km above the core

have been generated as a desired simulated signal.

CONEX Parameters

Values

Reasoning

Version

Model

ECuts

Primaries

Heore

Energy Range
Energy Sampling
Zenith Range
Azimuth Range

Offline Parameters

Conex 7.3 (r7454)
Sibyll, URQmD
Standard

Proton

1.4km

[10165 CV, 101&5 CV]
flat 0.251g(E/eV) steps
110° to 180°

0° to 360°

Modified for up-going events

Fast

Don’t affect dE/dX

dE/dX ~ universal vs Egq

Altitude of the surface detector

Covers the energy range of ANITA events
Easy to re-weight to any given spectra
ANITA events are steeply up-going
covers the whole azimuth range

Version

Core Randomization
Zenith Randomization
First Interaction
Height Range

RealMC Parameters

trunk (r33623+)

100 x 100 km?2 center on SD825
Flat in cos? 6

Flat distance from core

Up to 9km over H ppre

Includes rand dist., ADST variables

100x100 (from SD825) includes 20 km behind Eyes
Exposure calculated via core tile area 5.1.2

Easy for further decay models study

No significant FD sensitivity for larger heights

FD sites
Date Range

LL, LM, LA, CO, HE
01.01.04 to 31.12.18

All FDs are used in the study

Date range of FDUptime/DBs

Table 5.1: Main parameters used in the signal simulations

The choice of CONEX version is motivated by an additional update implemented in
the code towards up-going induced air showers?. The energy and zenith angles have been chosen
in order to cover all possible ranges of the anomalous events. The minimum investigated zenith
angle is 0,,;, = 110°. Lower zenith ranges have not been investigated, mainly because the ANITA
events are steeply up-going (01 ~ 117.4° and 6; ~ 125°). The second reason for choosing this
minimum value is mainly related to the simulation procedure. For more horizontal angles the
curved atmosphere option has to be considered, resulting in a slightly different signal simulation
procedure. The more inclined zenith angles are however out of the scope of the current search.
The altitude of the shower core position has been set to H.ore = 1.4km a.s.l, corresponding to
the altitude of the observatory. From here on all of the heights are given with respect to Hcope
rather than the sea level (i.e. H = 1 km corresponds to H = 2.4 km a.s.l.). The position of
the shower core is randomly chosen within the Offline framework from an area of 100 x 100 km?
centered on the surface detector station SD825. This station is placed in the middle of the array.
50 km away from this station is covering 20 km behind each of the telescope sites, ensuring the
observation of any event landing behind the eyes. Simulations were performed for different

heights of first interaction, up to a maximum height H; = 9km above the core level. The main

3The calculation of a random zenith angle within a given range in previous versions was only implemented for
down-going showers: 6 < 90°. Since the calculation is based on the cosine of the angle and for up-going
showers 6 > 90° — cos @ < 0, an additional condition has been added for the case of up-going showers. As a
result the zenith is correctly sampled in the up-going case
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5.1 Signal simulations
procedure regarding the events generation is described in more details below.

5.1.2 Events generation geometry

As mentioned above, the shower core is randomly generated in an area of 100 x 100 km? centered
on SD825. By generating an isotropic flux, dN/dSQ is constant, which results in a flat distribution
of the events with respect to the cosine of the zenith angle: dINV  sin8df — dN o cosf. Since
the shower core is constrained to the flat surface, in order to have an isotropic flux of the
generated events on this surface, a correction for the projection at ground is needed. As a

result, the showers need to be generated with a flat distribution in cos? .
dN o< cos fsin@df — dN o cos® 0 (5.1)

The last parameter to be set regarding the events generation geometry is represented
by the height of first interaction of the up-going showers. As this is an unknown parameter
within the anomalous events context, studying the sensitivity and exposure for different values
of H;i is necessary in order to provide a complete study of this kind of events. Therefore, the
events have been simulated at various values of the height of first interaction. Since the height of
first interaction is strongly connected to the zenith angle and the distance of first interaction, a
flat randomization of the distance of first interaction has been chosen for the events generation.
This is the distance between the shower core position and the first interaction point, as it has
been sketched in Fig. 5.1.

first interaction

particle injection

K/\ detector level

shower core

sea level

Figure 5.1: Illustrative view of the shower geometry. Events are simulated flat in distance to the first
interaction, Dy and flat in cos® 6

Since for heights H; > 9km the FD sensitivity is negligible, this has been set as the
maximum investigated value of the first interaction height. In order to avoid simulating showers
with higher Hj, the flat distance generation procedure is divided into two steps. First the height
of the first interaction is generated using a flat distribution with H; € [0,9]km. Then the
corresponding distance along the shower axis is calculated.

H,

D = 2
1™ coso (5.2)
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5 Search of Steeply Up-going Air Showers with the FD of the Pierre Auger Observatory

Using the equalities in Eq. 5.1 and 5.2, it is observed that the event generation with a flat
cos? 6 zenith sampling and a flat distribution of the first interaction distance, up to a maximum
value of DT = H{"* [ cos Opin, Will be equivalent to the simulation of events flat in height
with a cos zenith sampling, since D cosfsinfdf = Hysinfdf = Hi cosf. In order to insure
the correctness of this statement a cross check exercise has been performed and is described in
appendix D.2. As explained in the appendix, in order to maximize the simulation efficiency,
the events are generated with a flat first interaction height H7 distribution and a cos zenith
sampling.

The main advantage of simulating the events flat in distance to the first interaction D1
is having a data set flatly populated with air showers at all heights and distances from the core.
This is extremely important as it offers the possibility of searching for more exotic particles
which could initiate the showers, as it is desired given the tension between the anomalous events
and the SM. Such a study can be done for any BSM particle by considering its propagation and
decay products. As an example application, the obtained exposure results, presented Fig. 5.5,
have been further used in order to get the exposure results in the context of up-going 7-induced
air showers in chapter 6. Moreover, both the point of first interaction as well as the injection
point are written in the ADSTs, resulting in the possibility of re-weighting the events to any
primary scenario. An exercise showing the possibility of re-weighting the event distribution from
being flat in distance to first interaction Dq, to being flat in distance to the injection point Dy,

has been performed and is detailed in Appendix D.3.

5.1.3 Geometry implementation in the simulation framework - Offline

Since the current research of steeply up-going air showers with the FD is unique and repres-
ents a pioneer within the collaboration, several new utilities had to be implemented within
the internal simulation framework, Offline. Some of these have already been mentioned in sec-
tions 4.3.2 and 4.3.4. Further specific modifications were applied in order to properly simulate
the desired geometry detailed in the previous section. As mentioned above, the main shower
parameters (zenith and azimuth angle, primary energy, and the ground level H,..) are set
within CONEX. However, as the current study aims at investigating the exposure results for
different first interaction heights Hi, this had to be implemented within the Offline framework.
The goal was achieved by shifting the resulted longitudinal profiles from CONEX, which are cal-
culated for a fixed injection height at ground, corresponding to the altitude of the observatory
Heore = 1.4km a.s.l. For any such shower, CONEX is used to calculate and provide the height
and depth of the first interaction: HEONEX XCONEX 1n order to shift the profiles along the
shower axis, a random value of the distance of first interaction, D; is chosen: D; € [0, D]**"]
where D" = H{"** [/ cos . The maximum value of the height of first interaction is set, as dis-
cussed above, to H{"** = 9km. The option of setting the value of the first interaction distance
within a given range did not exist in Offline and was implemented as part of this thesis. All of
the updates have been submitted to the collaboration repository and are currently part of the
collaboration software. A schematic representation of the profile shifting is shown in Fig. 5.2.
Once the desired value of Dy is chosen, the shower profile as resulted from CONEX is
used. The shifting is done by making the profile start at the new first interaction depth, X7,
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top atmosphere
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Figure 5.2: Illustrative view of the shower geometry. Events are simulated flat in distance to the first
interaction, Dy and flat in cos? 6

which is the slant depth corresponding to D;. In order to do so, the shifting region marked
with red in Fig. 5.2 and defined by AX = X; — X" is filled with zeros in terms of energy
deposited by the shower. As a result, the longitudinal profile will start at the desired distance
D1 and will be followed up to the top of the atmosphere.

Once this procedure has been implemented in the Offline framework, the signal simula-
tions with the desired parameters and geometries described above have been possible. Addition-
ally, within the current study, there was a need of accessing several parameters via the output
ADST file. As some of the parameters of interest were not accessible within the ADST, with a
special interest on the first interaction, respectively, injection heights and depths, Hy, Hg, X1, Xo,
retrieving them and providing an easy access within the output root file was also achieved within
the same stage. Having the information regarding the desired quantities, a study towards re-
weighting the simulated events to a corresponding distribution flat in distance to the particle
injection point Dy, rather than the existent flat distribution in distance to first interaction D1,
has been performed. Such a study is useful for testing different exotic model hypothesis and it
is presented in details in Appendix D.3.

Besides the signal simulations, a good knowledge of the background is required for a
proper exposure estimation in the context of the up-going induced air showers search. This has

been studied within the working group, and is described shortly in the next section.

5.2 Background studies

For a good estimation of the detector sensitivity to a specific type of events, the existing back-
ground has to be well understood and accounted for. Two main sources can be identified in the
context of the up-going search using the FD of the Pierre Auger Observatory. The first one is
represented by natural factors, coming from the existence of down-going showers with specific
geometries which can be missreconstructed within the FD, as explained in subsection 5.2.1.
The second background component arises from artificial events related to atmospheric mon-

itoring, which is performed using different lasers within the observatory and is described in
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5 Search of Steeply Up-going Air Showers with the FD of the Pierre Auger Observatory

subsection 5.2.2. After dedicated background simulations and laser cleaning methods have been
performed, a common reconstruction procedure has been chosen and applied to both the back-

ground and signal simulations for a proper candidate selection strategy.

5.2.1 Background simulations

Once the main background sources have been identified, a detailed simulation procedure of
such signatures had to be implemented in order to study the detector response to such events.
Eventually, specific cuts have to be applied for an optimum differentiation between signal and
background. Since this study doesn’t represent a personal contribution within the common effort,
only the main procedure of the background simulations is described below for consistency.
Within the up-going induced air showers search, the main background source consists
of down-going events with specific geometries. Since only the FD-data is used within the signal
investigations, as mentioned in the previous sections, no SD data is used for this analysis. As
a result, the core position of such events is not known or constrained by the SD information.
An example of such an event with the given geometry is shown in Fig. 5.3. A down-going air

shower landing behind the telescope site will be missreconstructed as an up-going one.

up-going
reconstruction

down-going
shower

shower core

Figure 5.3: Schematic view of a down-going shower being missreconstructed as an up-going event by
the FD. Since the shower is landing behind the telescope, for two points P and P, on the shower axis,
hy > hs and a1 < ag, resulting in an up-going signature: the signal coming from P, is recorded before
the one coming from Py

Since the impact point of the shower is located behind the telescope, by choosing two
random points on the shower axis, P; and Ps, the following relations between their heights and
angles hold: hy; > ho and a1 < as. As a result, in the telescope CS, the signal emitted from
the position of P» will reach the camera before the signal coming from P;. Consequently, the
reconstructed event will have an up-going signature within the Eye coordinate system.

Moreover, besides the example mentioned above, there are several other geometries
which can result in either a missreconstruction of the event direction or could be reconstructed
simultaneously as both up and down-going. Most of the respective showers are either very
horizontal or have their core located at extremely large distances away from the FD telescope.
Additionally, an extensive air shower doesn’t need to reach the ground in order to be detected by

the FD. As a result, the background simulations were performed by generating the events’ core
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position within a sphere around the observatory. A radius of Rsppere = 90km has been chosen
after several dedicated studies have been performed [88, 89]. A sketch of the generation sphere
together with additional information and the energy dependent parametrization are given in
Appendix E.

In order to properly describe the background, down-going events have been simulated
with zenith angles 6 € [0°,90°] and primary energies of lg E'/eV € [17,20], having their core
position randomly sampled within a sphere around the FD. The primary initiating particles
studied within the background context are protons, Helium, Nitrogen and Iron [89]. The high
and low energy hadronic interaction models are the same as used for the signal simulations. The
background simulations are extremely important in the generic study, as they represent one of
the main parameters used for defining the event selection criteria for discriminating between

false positives and real up-going signals.

5.2.2 Laser cleaning

Besides the above described background events, consisting of down-going showers with spe-
cific geometries and missreconstructed with an upward direction, another dominant background
component in the up-going searches context is represented by laser shots. As described in Sec-
tion 3.3, a continuous monitoring of the atmosphere is needed for a proper interpretation of the
FD data. This is achieved by using dedicated laser shots, fired from different positions within
the Observatory during the data acquisition. As these laser shots are in the upward direction,
numerous up-going laser events are present in the data, representing a background source for
the current study. In order to identify and reject those events that were not properly vetoed
during data taking, a burn data sample constituting of 10% of the total amount of data has
been used. A number of ~ 300.000 events from this sample have been identified as up-going
4. Based on the atmospheric conditions, event time windows (the shooting frequency of the
lasers is well-known), as well as on the known location of the lasers, many of these events can
be identified and further on rejected. These cuts are applied gradually, resulting in a rejection
of more than 50% of the up-going showers present in the burn sample. More information about
this procedure can be found in [90]. This procedure has a very generic character and it is not
constrained to the current study, focusing on the lasers rejection only.

In order to reject as much as possible from the remaining sample of ~ 60.000 up-going
like events in the burn data sample, additional quality cuts have to be implemented. This is
only possible via a combined quality selection of background and signal simulations, as it is

constrained by the study of interest.

5.3 Events selection procedure

Having the signal and background simulation techniques set, a common procedure regarding
the selection of possible event candidates has been implemented. In order to do so, a common
simulation technique regarding the event reconstruction has been agreed on. Four different FD

reconstruction methods have been used in this regard. Further on, additional selection cuts

4The first selection step is only concerning the zenith angle: 6 > 90°
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have been applied to the burn data sample, based on the reconstruction techniques. The final

candidate selection is then performed and the exposure is calculated accordingly.

5.3.1 FD geometry reconstruction strategy

Both the signal events described in section 5.1 and the background events described in sec-
tion 5.2.1 are first simulated using their individual MC parameters, as well as information
regarding the main FD features, including electronics, calibration, triggering, etc. The result-
ing data is further saved into a root file and used as an input for the different reconstruction

techniques enumerated below:
1. MC reconstruction: simulates the FD response using the fixed MC axis and geometry

2. Monocular reconstruction: this is the standard FD reconstruction procedure described

in section 3.4

3. PCGF - up reconstruction: the Profile Constrained Geometry Fit (PCGF) is based
on the scan in the xg variable. xg represents the angle between the shower axis and the
detector plane and is sketched in Fig. 3.9. By definition, the values of this angle determine
the shower direction. For the upward mode, 180° < xg < 360°. Once the shower detector
plane and shower axis are found, as explained in section 3.4, the longitudinal profile in
terms of energy deposit and its Gaisser-Hillas fit, together with the pixels timing geometries
are evaluated. Compared to the monocular reconstruction, the PCGF reconstruction
approach is requiring that the resulting energy deposit for a specific geometry (R, and Tj
calculated using Eq. 3.2) is compatible with its GH function fit. For a fixed value of xo
the corresponding GH profile is calculated and further compared to the measured light
flux inside the telescope. As a result, the likelihood for a fixed xo geometry is evaluated
and the most probable geometry is found. More details about the PCGF reconstruction
method can be found in [91].

4. PCGF - down reconstruction: the PCGF - down technique works in the same way
as the PCGF - up method, with the requirement that it is only restricted to down-going
showers: 0° < xo < 180°.

The profile constrained geometry fit (PCGF') reconstruction method is very important

for the selection of event candidates.

5.3.2 Candidate events

All signal and background simulated events, as well as the FD data surviving the laser cleaning,
are reconstructed using both the PCGF-up and PCGF-down methods. As a result, each shower
is reconstructed with both down-going and up-going corresponding geometries and the favored
one is evaluated. As mentioned above, the PCGF reconstruction results into a corresponding
likelihood for a given xo. Events having a higher up-going likelihood, Ly, > Lgjown, are more
likely to be traveling upwards, making the discrimination between up and down-going extensive

air showers possible. Therefore, a universal variable in terms of the two resulting likelihoods,
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Laown and Ly, can be defined and is further used for a proper discrimination between back-
ground and signal events. This is equivalent with having a null-hypothesis in which events are
considered to be down-going: Ly = Lgown With the alternative hypothesis where the events are
up-going: Ly down = Max(Lyp down)- A log-likelihood method is used by defining the [ variable:
[ € [0,1] so that a value of | = 0 corresponds to a down-going air shower, with an increasing

probability of the event to be up-going as [ approaches the maximum value of 1.

. arctan ( — 218(Ldown/ Lup,down ) /50) (5.3)
/2

with Lyp down = max(Lyy down) represents the corresponding maximum likelihood of the studied
event. When the down-going geometry is favored, Luypdown = max(Lypdown) = Ldown and
I = 0. The higher the value of L,;,, the more an upward-going geometry is preferred, with
Lup,down = max(Lyp down) = Lup and the discriminating I-variable defined in Eq. 5.3 approaching
the value of 1.

Besides the zenith 6 € [110°,180°] and energy 1g Eyin / €V = 16.5 intervals of interest
in the current study, additional selection cuts based on the PCGF reconstruction method are
applied to the burn data sample in order to clean as much as possible of the remaining events
after the laser cleaning. A list containing all the cuts applied to the burn data can be found
at [89]. It is important to mention that no profile-based cut has been applied, allowing for the
general procedure to be used for any kind of exotic particles induced air showers searches.

The described procedure is then applied to all of the events of interest, including
signal, background and cleaned data, as resulted from the 10% burn data sample, and the
resulting events distribution with respect to the discriminating [-variable, as plotted in Fig. 5.4, is
obtained. As can be seen, the background simulations (red symbols) are in good agreement with
the remaining data in the burn data sample (black symbols). Moreover, the distribution of the
signal events (green symbols) has a clear different signature from the background distributions,
with an almost flat behavior with respect to [.

As mentioned above, events with higher [-variable values are more likely to be up-going.
In order to select the genuine up-going events a cut-value on [ has to be set. This has been done
by fitting the background events distribution (red symbols in Fig. 5.4) with and exponential
function and calculating the corresponding integral upper limit for a CL = 95%, obtained if
no candidates are observed after unblinding, for any given value of [. The chosen cut value
corresponds to the minimum upper integral limit obtained and has the value of [ = 0.55. A
more detailed description of this procedure as well as representative plots can be found in [92].

Once the cut value of [ = 0.55 has been defined, a clear discrimination between can-
didate and background events can be performed. Using this value, the expected number of

background events can be calculated®:
Npkg = 0.45 £0.18 (5.4)

As a result, the unblinding of the entire data set has been performed and the final

results have been calculated.

5The number of background events can be obtained from the background fit function at a value of I = 0.55
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Figure 5.4: Distribution of signal (green symbols), background (red symbols) and cleaned burn data
sample (black symbols) events in terms of the ! discriminating variable. The background simulations are
following the cosmic rays energy spectrum [93]. Since the burn data sample represents only 10% of the
total events, the background has been waited accordingly for a better comparison. The signal events are
not weighted to the 10% sample and therefore represent the total number corresponding to a 100% data
time. Figure taken from [92].

5.4 Results

Having the signal and background simulations set and the burn data sample properly cleaned,
and having set the final selection criteria (I > 0.55), the unblinding of the entire ~ 14.3 years
data set (01.09.2004 - 31.12.2018) has been performed. One event candidate n.q,q = 1 has been
found as the result of the unblinding, passing all the selection criteria discussed above. This
number is compatible with the expected background ny, ~ 0.5 in Eq. 5.4 6. As a result, after
calculating the corresponding exposure resulted from the signal simulations passing the selection
criteria, upper limits have been set on the flux of up-going cosmic ray - like particles with shower
energies 1g £ / eV € [16.5,18.5] and zenith angles 6 € [110°,180°], having their first interaction
at heights up to 9 km.

5.4.1 Exposure

Once the final cuts are applied, the exposure calculation regarding the signal simulated events
passing the [ > 0.55 cut has been performed. As mentioned above, it has been decided to provide
the FD exposure to up-going induced air showers in terms of shower energy, given the unknown
nature of the primary particle initiating the anomalous ANITA events. Furthermore, since the
resulting exposure depends on the shower’s first interaction point, a double differential approach
is chosen. Consequently, the exposure results are presented in a two dimensional form, in terms
of shower energy, Fyp,, and height of first interaction Hy. Similarly to the procedure described

in section 4.4, the energy dependent exposure is defined as:

S(Es ) = A(Esh) AT (55)

5The candidate event has all the features expected for background EAS events
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where A(FEyp,) is the fluorescence detector aperture at a specific shower energy Eg, and AT
represent the FD operating time: AT = 14.3yr. In order to ensure a proper result regarding
the FD up-time, a time dependent detector simulation [94], accounting for the FD configuration

at a given time has been used. The FD aperture is further defined as:
A(Eq) = / Seff(Esp, 0) cos0.dS (5.6)
Q

where €2 is the solid angle, ¢ is the zenith angle and Se¢f(Esp,6) is the effective FD area for the

given shower energy and zenith angle:

Sers(Bans0) = [ 0(Ea,0) (5.7)

gen

Sgen Tepresents the generation area. It is the 100 km x 100 km area at ground where the simulated
shower cores have been randomly thrown as described in section 5.1. n(Fgp, ) represents the

detection efficiency in terms of events passing the selection criteria, nseected(Esn, 0) and is defined

as:
nselected(Esha 9)
Egn,0) = 5.8
77( " ) ngenerated(Eshv 9) ( )
As a result, the FD aperture becomes:
A(Esh) = / ds - /n(Esh,G) cos@sinfdb - / do
e ’ ¢ (5.9)

:Sgen’/U(ESh,Q)COSQd9~/d¢)
0 ¢

Taking into account the uniform event generation in terms of azimuth, ¢ € [0°,360°] and intro-

ducing the aperture in Eq. 5.9, the FD exposure becomes:

E(Esp) =21 - Sgen - AT - /n(Esh, 6 cos 0 df
[4

5.10
A2 - Sgen - AT - Z n(Esp, cos ;) - cos ;- A cosb; ( )

where 0 € [110°,180°] and i iterates over the whole zenith range. In order to get the correspond-
ing differential exposure in terms of height of first interaction, the value of the first interaction

height H; is fixed. The exposure becomes:

d€ 1
E(Esh, Hl) =27 - Sgen . AT . ;T’(Eshv COS Hi, Hl) . AH

. cosB; - A cosb; (5.11)
where AH; = 0.5 km represents the preferred height bin width.
The resulting exposure of the FD of the Pierre Auger Observatory to steeply up-going
cosmic ray-like induced air showers with zenith angles 6 € [110°,180°] are presented in Fig. 5.5.
The division of the zenith range into different sub-ranges provides a further input and
additional information regarding the applicability of the presented results for different primary

particles scenarios. The exposure results for three zenith sub-ranges # € [110°,124.2°],6 €
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Figure 5.5: Double differential exposure of the FD to up-going cosmic ray - like induced air showers,
with primary energies g F' / eV € [16.5,18.5] and zenith ranges 6 € [110°,180°], in terms of shower energy
E,, (z-axis) and height of first interaction Hy (y-axis). The color code on the z-axis shows the exposure
as defined in Eq. 5.11, for each AH; = 0.5km, with the corresponding values shown in the figure. The
presented results have been shown and discussed in [92].

(124.2°,141.3°] and 6 € (141.3°,180°] 7 are plotted in Fig. 5.6. As expected, the dominating
channel corresponds to the most inclined zenith interval, which is the decisive one for showers
with low calorimetric energies: lg Egp, / eV < 17.6, as well as for showers interacting high in the

atmosphere.

5.4.2 Upper flux limits

As mentioned above, after unblinding the whole data set, one event has been observed, ngs = 1,
which is consistent with the expected background of ny;, ~ 0.5. As a result, integral upper flux
limits have been set on steeply up-going cosmic ray - like air showers. The approach used in [92]
is using the Rolke limit [95] for the expected number of events, N 95% under the assumption
of 1 background event for a confidence level CL = 95%. The integral limit for shower energies
Eg, > 107 eV, corresponding to a CL = 95% is defined as:

N95%

FO%(Eg, > 107%eV) (5.12)

< E>

where < £ > represents the average weighted exposure corresponding to shower energies Fg, >

101756V and is calculated as:

Jg.,>101m5 Eo E(Esn)dEsp,
fE5h>1017~5 Es?dEsh

<&>= (5.13)

Using the exposure defined in Eq. 5.10, the upper integral flux limits on up-going

"The zenith ranges have been chosen according to a cos @ sampling, by dividing the whole range in 3 equal zenith
bins in terms of cosf. This ensures an equal distribution of the generated events for each cos 6 and H;.
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Figure 5.6: FD double differential exposure in terms of height of first interaction H; and shower energy
Ep, to up-going cosmic ray - like induced air showers with primary energies lg F /eV € [16.5,18.5] and
first interaction heights H; < 9km for three different sub-zenith ranges. The numbers in the figure
represent the FD exposure per each AH; = 0.5km, as defined in Eq. 5.11.

cosmic ray - like induced air showers, with primary energies 1g E'/eV € [16.5,18.5] and zenith
angles 6 € [110°,180°], interacting at heights up to 9km above the detector level, have been set
using the FD of the Pierre Auger Observatory. The limits are calculated and provided for two
different energy spectra, v = 1 and v = 2. The obtained integral upper flux limits, as published
in [92], are 8:

F,?i?o(Esh > 10'%eV) = 3.6 - 1072 em s Lyr!

F95%(E 1017.5 V) = 8 —20 -2 1 -1 (514)
25 (Esn > eV) =8.5-10"" cm™ “sryr

By providing the exposure results in a double differential form, as plotted in Fig. 5.5 and
Fig. 5.6, any physical scenario can be tested and upper limits on the corresponding particle fluxes
can be set. A specific application of these general results towards the calculation of exposure and
upper flux limits regarding up-going 7-induced air showers has been studied, representing one
of the main personal contributions, and is presented in detail in chapter 6. Furthermore, using
the upper bounds on 7-induced air showers, a BSM scenario of up-going particles propagating
through Earth and interacting with matter within the last few km distance, resulting in the

creation of 7-leptons, has been studied and is discussed in chapter 7. The two applications

8More information about the calculation of the integral upper flux limits can be found in [92]. Since this doesn’t
represent a personal contribution within the up-going search only the final results are presented in the thesis.
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presented within the next chapters serve as a proof of concept and emphasize the importance of
the generic search for up-going induced air showers with the FD of the Pierre Auger Observatory,

as well as its wide applicability within the scientific community.
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6

Steeply up-going m-induced air showers

Up-going showers with the high elevation angles and corresponding energies of the anomalous
events observed by the ANITA collaboration [15], shortly described in section 4.2.1, can be
potentially explained by particles with very low cross sections which are penetrating the Earth
and interacting very close to the surface. As the 7-leptons have a range that can reach up to
50km inside rock at ultra-high energies, the charged current (CC) interaction of 7-neutrinos,
vy + N — 7+ ..., producing 7-leptons has been initially considered as a main candidate.
However, as already mentioned within the previous chapters, this potential scenario has been
disregarded due to the large attenuation length of neutrinos at the corresponding zenith angles
and energies. The required neutrino fluxes that would produce such events exceed the flux
constraints published by Auger and IceCube [96, 13, 16]. Given the tension of these events with
the Standard Model (SM) of particle physics, various Beyond Standard Model (BSM) scenarios
have been proposed in the literature as an alternative interpretation. Many of these, such as stau
decays [19], heavy dark matter [17], sterile neutrinos mixing [18], etc. result in the production
of T-leptons. Therefore, the generic search for up-going cosmic ray-like showers using the FD of
the Pierre Auger Observatory and detailed in chapter 5, is recast within this chapter in terms
of T-leptons induced air showers.

In order to ensure the wide applicability of the presented results, T-leptons are invest-
igated independently of their production mechanism. Consequently, the 7-leptons are directly
generated both inside Earth and in the atmosphere, with an intensity proportional to the media
density, ensuring thus the different interaction rates of any hypothetical particles in different me-
dia. The generated 7s are propagated, taking into account their energy losses inside the Earth,
until their decay point. All 7-decay branches are considered and the resulting daughter particles
are further investigated in terms of their contribution to the shower energy FEg;. The resulting
distributions of 7-decay induced air showers are evaluated in a two dimensional form, in terms
of shower energy and height of first interaction Hi, similarly to the double differential exposure
plots shown in Fig. 5.5 and Fig. 5.6. The exposure of the FD of the Pierre Auger Observatory
to up-going 7-induced air showers is obtained by folding the double differential exposure results,
obtained from the generic search in chapter 5, with the 2D distribution of 7-decay induced air
showers. As a result, the effective exposure of the Observatory to steeply up-going air showers
produced by 7-leptons generated both inside and above! Earth by an unspecified mechanism is
obtained, as it has been briefly presented in [97]. This can be further used in order to provide
corresponding upper bounds on the 7-lepton fluxes. The final results are provided in terms of
the primary lepton energies, as this is the main quantity of interest in a subsequent study of

BSM particles resulting in the creation of 7-leptons (see chapter 7).

Lr-leptons generated in the atmosphere do not have a significant contribution to the total exposure results, given
the much lower atmospheric density when compared to the Earth’s density: patm < 1073g/cm3
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6.1 Simulation of 7-leptons

The proper simulation of 7-leptons represents the first and most important step towards study-
ing the FD response to up-going 7-induced air showers and further on setting upper bounds
on the corresponding fluxes. The simulation code developed for this study used NuTauSim [20]
directly as a base. The original version of the code treats the production of 7-leptons that result
from CC interactions of tau neutrinos, v;, inside the Earth. Since in the current approach the
origin of the 7s is disregarded, one of the main implemented changes is regarding the direct
generation of 7-leptons, ensuring thus an agnostic simulation with regard to their production
mechanisms. Moreover, since in the current study the 7-leptons are injected both below and
above the Earth’s crust, the code has been enhanced by allowing the particle generation directly
in the atmosphere in addition to the Earth generation. As a result, the leptons are directly
injected both below and above Earth and are further followed up to their decay point. The 7-
decays are being modelled using TAUOLA [21], where all of the decay branches are considered.
The energy losses in the atmosphere are neglected, as they are minimal given the low atmo-
spheric density. The 7-propagation and tracking, together with their energy losses have not
been modified, but the reporting of the decay secondaries has been enhanced. Only the second-
aries contributing to the calorimetric energy deposit are considered, as daughter particles like
muons and neutrinos will not contribute to the shower energy. The secondaries of interest are
reported from TAUOLA [21], together with their species and energy contribution to a specific
7-decay. The energies in TAUOLA are calculated in the 7-leptons rest-frame, as described in
section 4.3.5. Consequently, the energies of the secondaries are also provided in the rest frame
of the 7. As a result, the ratio F;/m.,, corresponding to the energy fraction carried away by
the daughter particles, is saved in the input file, and is further used in order to calculate the
corresponding energy of the secondary i for a known 7 decay energy Egecay-

Fi(Buccny) = Pacony - (6.1)

T

Once the 7-leptons decay, their decay energy Egjecqy, together with the resulting sec-
ondaries, in terms of species and energies, as well as the corresponding value of the 7-decay
distance, are stored in an output file and can be further accessed. This simulation procedure
is contained within the newly modified version of the NuTauSim [20] code, OnlyTauSim, which

represents the implemented framework used for the current analysis.

6.1.1 OnlyTauSim: 7 simulation software

T-leptons are injected both inside and above Earth and their behavior is further followed. Since
the resulted simulations will be folded with the up-going generic search results in terms of
exposure, the same parameters are desired, specifically the shower energy and height of first
interaction. As explained within section 5.1.3 and emphasized in Appendix D.2, there are two
different ways of generating events in terms of their geometry: either flat in height with a cos6
zenith sampling or flat in distance with a cos? § sampling and with a maximum distance, D,,qz,
cut. Given the decaying nature of the 7-leptons, it has been decided to proceed with the second

option, of injecting the leptons flat in distance. The value of the maximum injection distance
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6 Steeply up-going T-induced air showers

above the detector level is then defined by Eq. D.1 and shown here again for consistency:

Hpow 9 km

D = =
M oS Omin  cos 110°

~ 26.3km (6.2)

In order to find the minimum value of the injection distance, which will correspond
to the maximum distance of 7 injection inside the Earth, the primary energy range has to
be defined. Since the shower energy is defined by E, € [10'6-5 1085 eV], the initial energy
of the 7-leptons has to be correspondingly higher considering the energy losses inside Earth.
Moreover, the energy carried away by the neutrinos resulted from any 7-decay, as well as the
muons resulted from the muonic decay channel, which do not contribute to the shower energy,
has to be considered. As a result 7-leptons with primary energies lg Ey /eV € [16.5,20] have
been investigated. The lower limit coincides to the minimum shower energy, while the upper
energy is chosen according to the maximum observed energies.

Having the desired primary energy range, the maximum injection distance inside Earth
can be determined. Since for the current study the 7-leptons need to exit the Earth without
decay, the maximum injection distance inside Earth represents the distance below which no
event is able to exit into the atmosphere with energies above 10'6?eV. In order to find this
value, dedicated simulations of ~ 10° 7 events injected inside the Earth with primary energies
lgEy/eV € [16.5,20] and injection distances up to 100 km, Dggp € 0,100 km] have been
performed. The results are plotted in Fig. 6.1, where all the 7-leptons injected inside Earth (blue
symbols), as well as s surviving the Earth propagation (red symbols) are shown. It can be seen
that 7s injected at distances greater than Dpggr¢p = 40km are either decaying or loosing energy
during the propagation, and they are therefore not exiting into the atmosphere. Consequently,
the maximum injection distance inside Earth has been chosen: D4z Eartn = 50 km 2. The value
of the maximum distance also has the consequence of having an almost constant Earth density:

PEarth ~ 2.6g/0m3 for any D < Dynaz, Barth, = 50 km.
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Figure 6.1: 7-leptons surviving Earth propagation (red symbols) as resulted from a simulation of ~ 10°
7s injected up to 100km inside the Earth (blue symbols) with primary energies lg Ey /eV € [16.5,20],
with respect to their injection distance inside Earth, Dgg.¢h

As a result, 7-leptons with primary energies Fy € [1016°102] eV are generated, follow-

2The choice of a 50 km maximum distance, rather than 40 km as suggested from Fig. 6.1, is ensuring the coverage
of any additional events missing due to limited statistics
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ing a spectrum dN/dE x E7 with v = —1, —2. Due to energy losses and decays, the location of
the leptons injection is of key importance. The injection distance, D;y;, is defined as the distance
between the injection point and the Earth’s surface along the 7-lepton propagation axis (negat-
ive when the injection is inside Earth and positive when in the atmosphere). A number of 1077
events are injected flat in distance, both below and above Earth, with D;,; € [—50,26.3] km. 7-
energy losses in the atmosphere are minimal, given the low atmospheric density, and are therefore
neglected in the current study. Given the constant Earth density for the distances of interest,
this also has the consequence of removing the zenith dependence in the 7-simulation stage. As
a result, the simulations are performed for a fixed zenith angle ® and further on extended to
the entire zenith range of interest. The zenith angle is further taken into account and has an
important role in the calculation of the first interaction height H;, as detailed in section 6.1.2.

The flat distribution in Dj,; is further re-weighted using the media density, in order
to account for different interaction rates of any hypothetical particles which could create the

investigated 7-leptons in different density media. The weights are calculated accordingly:

1 ZHianO

patm(Hinj) . .
PEarth ’ Hln‘] > O

w(Hinj) = y (6.3)

where paim( Hinj) represents the average atmospheric density profile as a function of the height
above the Observatory: Hinj = Dinjcos and pgern = 2.6 g/ cm? is the constant Earth density.

The main 7-generation method is sketched in Fig. 6.2. Depending on their injection
point, the 7-leptons are treated slightly different. As already mentioned, the main difference is

regarding the energy losses, which are neglected once the leptons reach the atmosphere.
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Figure 6.2: Schematic view of 7 simulations. 7 decays which might trigger the FD are illustrates with
red color.

3Since the T-simulations are performed flat in distance, the zenith angle is not used at all in the simulation stage,
everything being evaluated in terms of propagation distance.
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6 Steeply up-going T-induced air showers

T-leptons inside Earth

All 7s injected inside Earth (cases 1-4 in Fig. 6.2) are subject to energy losses. The

generic equation for the 7 lepton energy loss rate when propagating through any material is:

(25 = —a(B0) - o(En) - B (6.4)
where a(E;) represents the energy loss due to ionization processes, which can be considered con-
stant for the investigated lepton energies, a =~ 2 x 105eV/cm?/g. The second parameter, b(E,),
includes the energy loss contributions from bremsstrahlung, pair production and photonuclear
interactions. At the energies of interest (E, > 10'6?¢V), photonuclear interactions represent
the largest contribution to the energy losses, being at the same time the main source of un-
certainties, given the limited knowledge in the parton distribution functions at those energies.
There are several models describing this process and the corresponding parton functions. Within
the current study, we adopt the energy loss model of the ALLM [98] parametrization for the
potonuclear processes, as detailed in [20].

For a given primary energy and injection distance, the 7-leptons are propagated in
small steps inside the Earth, from the injection point up to the surface. The step length is
calculated based on the local density, the corresponding 7-lepton energy and the fraction of
energy lost in each step, f = 1073, according to [20]:

E,

< dE,

dL = ————
W> " PEarth

- f (6.5)
At each propagation step the decay probability is calculated:

m
Pdecay(ET) =1—exp ( —dL- ETcTtT> (6.6)
where dL represents the propagation step defined in Eq. 6.5, m, ~ 1.777 GeV /c? is the 7-mass,
t, is the mean 7-lifetime, corresponding to a mean decay length of d, ~ 86.93 - 104 cm.
The propagation distance is further advanced by the step dL and the 7-lepton energy
losses within this step are accounted for, according to Eq. 6.4. The propagation process is

repeated until one of the following outcomes appears:

1. The 7-lepton decays inside Earth (case 1 in Fig. 6.2): the resulting event will not contribute

to the 7-decay distribution within the FD - FoV, as it doesn’t survive Earth propagation;

2. The 7-lepton reaches the minimum energy Eipreshorq = 10162 eV (case 2 in Fig. 6.2): due
to energy losses inside Earth, depending on their primary energy and injection distances,
the leptons are loosing a significant amount of energy; since in the generic study described
in chapter 5 the minimum investigated energy corresponds to E,, = 1065 ¢V, leptons with

energies below this limit are disregarded

3. The 7-lepton reaches the Earth’s surface without decay and energies above Ejpeshord (cases
3 and 4 in Fig. 6.2): events surviving Earth propagation are further tracked in the atmo-

sphere, as detailed below.
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6.1 Simulation of T-leptons

T-leptons in the atmosphere

The treatment of the 7 events in the atmosphere is following a similar approach as in
the case of the Earth propagation, with the main difference of energy losses being neglected, due
to the low atmospheric density. The propagation is also performed gradually, in small steps. In

order to keep a similar tracking step length, the value of dL is defined as:

1

e Patm(Datm) (6.)
where in the first iteration, Dgyn = Diynj for events directly injected in the atmosphere, and
Dy = 0 for events surviving Earth propagation and further entering the atmosphere. The
definition of the atmospheric density has been chosen according to [99], for a reference zenith

angle # = 180°.
As described above, at each propagation step the decay probability is evaluated, ac-
cording to Eq. 6.6, with dL defined in Eq. 6.7. As no energy losses are considered, the propaga-
tion distance is then further incremented and the procedure is re-iterated until one of the two

following scenarios takes place:

1. The 7-lepton decays in the atmosphere, at a distance Dy < D4, (cases 3 and 5 in Fig. 6.2):
the decay distance of the 7s in the atmosphere is defined as the distance from the surface of
the Earth to the point of decay and coincides with the injection distance Dg of a 7-induced

air shower;

These represent the main candidate events which could contribute to the FD exposure to
up-going 7-induced air showers, since they are decaying within the potential field-of-view
(FoV) of the FD

2. The 7-leptons escape the atmospheric region of interest, defined by D4, from Eq. 6.2,
without decay (cases 4 and 6 in Fig. 6.2): events not decaying within the FD-FoV are not

further followed as they will not contribute to the exposure results.

The injection distance, D;y;, the decay distance, Dgecqy, together with the primary
energy, Lo, as well as decay energy, Fgecqy, and decay products are saved for all 6 cases enu-
merated above and sketched in Fig. 6.2, with events being flagged accordingly. They can easily
be accessed for further analysis and investigations. As a first cross check, the distribution in
terms of primary T-energy and decay distance has been investigated separately for events injec-
ted inside the Earth and for those directly injected in the atmosphere, considering a flat energy
injection spectrum, v = —1. The presented results are obtained before applying the re-weighting
procedure related to the different media, defined in Eq. 6.3, and therefore correspond to a flat
injection distance. The decay distance is calculated with respect to the Earth crust, having
positive values for events decaying in the atmosphere and negative ones for 7-leptons decaying
inside Earth. A total number of 1077-events have been simulated, for a fixed zenith value,
with primary energies lg Ey /eV € [16.5,20] and injection distances D;n; € [=50, Dinas), with
Dz =~ 26.3km according to Eq. 6.2.

Only ~ 8% of the 7-leptons are found to survive Earth propagation and decay in the

atmospheric region of interest. As can be seen in Fig. 6.3(a), most of the events decaying deep
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6 Steeply up-going T-induced air showers
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Figure 6.3: Distribution of 7-leptons decays as a function of their primary energies (y—axis) and decay
distance with respect to Earth’s crust (x—axis); negative values of the distance indicate decays below the
Earth’s crust

inside Earth, at the lowest values of the decay distance, corresponding to small propagation
distances, are the lower energy ones, where the decay probability is much higher. The higher
the 7 leptons’ primary energy is, the more they can survive the propagation process, shifting
the events distribution towards higher decay distances. Events that survive Earth propagation
and decay within the atmosphere, Dgeeqy > 0km, thereby contributing to the FD exposure,
are dominated by high initial energies of the 7-leptons. The low energy 7s mostly decay at
relatively small distances above the Earth’s surface and are mainly represented by events injected
at small distances below the crust. Due to energy losses inside Earth, the corresponding decay
energies in the atmosphere are much lower, increasing thus the decay probability. The decay
distribution resulting from 7s directly injected in the atmosphere is shown in Fig. 6.3(b). Since
the energy losses are neglected, the decay probability and injection distance represent the only
influencing factors. As a result, most of the decays in the atmosphere are represented by low
energy 7-leptons. For higher primary energies the decay distance increases, yielding events with
maximum investigated energies decaying mostly at high distances in the atmosphere. Many of
those events will exit the atmospheric region of interest without decay.

Since the 7-leptons decaying in the FD-FoV (D4, ~ 26.3 km) represent the candidates
contributing to the FD exposure to up-going 7-induced air showers, studying their behavior is
of particular interest. In Fig. 6.4 the distribution of all 7-leptons decaying in the atmosphere up
to Dipaq, as resulted from both injection media, is plotted. This represents the starting point of
the up-going 7 induced air showers study. Moreover, as the 7s injected inside Earth are prone to
energy losses, their decay energy represents the energy available to the shower in the atmosphere.
Therefore, in Fig. 6.4(b) the distribution of decaying s is also represented in terms of their decay
energy Egecay. Leptons that survived Earth propagation represent the majority of decays at
small distances above Earth’s surface, while the atmosphere injected 7s are mainly contributing
to higher distances and low energies region. Most of the high primary energy 7s decaying
within the FD-FoV are events injected inside the crust, which due to energy losses reached the

atmosphere with significant lower energies, increasing thus their decay probability. The majority
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1
Decay distance [km] Decay distance [km]
(a) T-leptons decaying above Earth, in the atmospheric (b) 7-leptons decaying above Earth, in the atmo-
region determined by the FD-FoV in terms of their spheric region determined by the FD-FoV in terms of
primary energy their decay energy

Figure 6.4: Distribution of 7-events decaying in the FD-FoV, with respect to their decay distance
(z—axis) and primary energy (Fig. 6.4(a)) respectively their decay energy (Fig.6.4(b)). The presented
distributions are obtained before applying the different media density re-weighting defined in Eq. 6.3.

of events in Fig. 6.4(b) at distances Dy € [0.5] km and decay energies 1g Ejecqy / €V € [16.5,17.5]
is dominated by such 7-leptons injected inside Earth with high primary energies. Depending
on the injection distance, different primary energy ranges contribute to this region: high energy
events injected deep inside the crust survive Earth propagation and exit Earth with significantly
reduced energies, which determines their decay at very small distances. Events injected directly
in the atmosphere contribute mainly to high values of the decay distance. However, in the
presented plots the different media density and the corresponding events re-weighting in Eq. 6.3
is not accounted for. Since the atmospheric density has much lower values poim =~ 1072 pEarh,
the distribution of events decaying in the FD-FoV will be governed by 7-leptons injected inside
Earth and surviving their propagation up to the surface.

As the FD exposure to up-going cosmic ray - like induced air showers, presented in
chapter 5, is studied in terms of shower energy Ey; and height of first interaction Hy, a similar
approach has to be used within the 7-leptons case. The 7 decays presented in Fig. 6.4 have to
be evaluated in terms of the same parameters. The event distribution in terms of decay energy

Egecay (Fig. 6.4(b)) represents the starting point towards calculating both Egj, and Hj.

6.1.2 Modeling 7-lepton decay induced air showers

As previously discussed, the 7-decays are simulated using TAUOLA [21], accounting for all 7-
decay branches. Not all daughter particles resulting from a 7-lepton decay contribute to the
calorimetric energy deposited in the atmosphere. Secondaries such as neutrinos and muons will
cross the atmospheric region of interest without any interaction. Therefore, one of the features
of the OnlyTauSim code is the reporting of all the secondaries with their corresponding energies
and further on focusing on those which meaningfully contribute to the shower energy Ejy,.

Consequently, the energy resulting from 7-decays and available to the resulting atmospheric air
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6 Steeply up-going T-induced air showers

shower initiated within the FD-FoV (cases 3 and 5 in Fig. 6.2) is calculated by

Esh = ZEl (Edecay) ) (68)

where i iterates over the secondaries with a relevant energy contribution: 7+, 70 K+ KO e*.
E;i(Edgecay) represents the energy of each daughter particle calculated using the 7-decay energy
FEjecay, according to Eq. 6.1. If the resulting energy is comprised in Eg, € [1016510185 eV]
corresponding to the shower energy interval studied within the up-going cosmic ray-like induced
air showers search, detailed in chapter 5, then that event falls within the range of exposures
reported in [92] and is shown in Fig. 5.5. As a result, the specific event can be further used in
order to adapt the generic up-going search results to the up-going 7-induced air showers scenario.

However, as the FD exposure in Fig. 5.5 is given both in terms of shower energy Fgp
and height of the first interaction Hi, the point of first interaction of up-going 7-induced air

showers is also required.

First interaction point of 7-induced air showers

In order to calculate the distance to first interaction, Dj, of the 7-induced air showers decaying
in the FD-FoV as represented by cases 3 and 5 in Fig. 6.2, the decay distance Dyg, as provided by
OnlyTauSim code is used. As it represents the point of shower injection, the value of Dy has to
be extended by an additional depth X7, corresponding to the combined first interaction depth of
the daughter particles. X; is calculated on an event by event basis, by using the average mean
free path of the daughter particles, weighted by their energy:

X1 = ;X{ : El(gjzc“y) (6.9)
where i again iterates over the secondaries 7+, 79 K+ KO e and the sum is regarding all
secondaries i present in the specific 7-decay. The values of X{ represent the mean first interaction
depth for each particle type.

Depending on the secondary species, the average first interaction depth < X? > has
different values. Charged pions 7% and Kaons K*, K° have the same average < X1 > for the
high energies of interest.

< XTI >=< X' s XK S (6.10)

Moreover, the value of the first interaction depth from Eq. 6.10 is energy dependent, given the
cross section dependence on the energy. The corresponding values have been calculated using
CONEX [54] simulations with high energy hadronic interactions modeled by Sibyll [56]. Using
the results provided by CONEX for pion energies of interest lg E' € [16.5,18.5], an interpolation
in terms of energy has been performed. As a result, the energy dependent value of the average

first interaction length of charged pions and Kaons is defined as:
< XJ(gEj)>=a+b-1gEj+c¢-(IgE;)? +d- (g E;)? (6.11)

where j iterates over 7%, K* and K°. The resulting polynomial coefficients in Eq. 6.11 obtained

88



6.1 Simulation of T-leptons

as a result of the fitting procedure are: a = 655.3 +6.75,b = —80.03 £ 1.13,¢ = 3.58 £ 0.06,d =
—0.05 + 0.001. Both, the CONEX data (black bullets) and the interpolation function (red
line) are plotted in Fig. 6.5. The average value < X > is decreasing with the increase of the
particles energy, ranging between ~ (59 — 47) g/cm? for charged pions and Kaons with energies
lgE/eV € [16.5,18.5].

<X,> [gem?]

L o L L
40 16.5 17 175 18 185
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Figure 6.5: Average first interaction depth of charged pions, as provided by CONEX, with respect to
the particles energy (black bullets) fitted with the interpolation function defined in Eq. 6.11 (red line)

The average first interaction depth of electrons is equal to the radiation length in air

(N32), and is energy - independent. According to [100], the corresponding value is:
< X¢ >=36.66g/cm? (6.12)

The 70 secondaries are assumed to immediately decay into 2 photons, therefore the

average interaction depth for the neutral pions is considered to be equal to that of the photon:
0 9 e 2
< XT >= - < X{ >=47.14g/cm (6.13)

As the values defined in Eq. 6.11, 6.12 and 6.13 represent the average result, for each
of the secondaries of interest the corresponding X? is extracted from an exponential probability

distribution f(x) defined below, in order to insure the correctness of the results.

f(z) = <X1{> - exp < — <)2>) (6.14)
To smoothen the results, this procedure is carried out 100 times for each 7-decay and each
result is further given a weight of 1/100. Once the value of X} has been extracted from the
exponential distribution, the value of the first interaction depth, corresponding to a given 7-
decay is calculated according to Eq. 6.9.

The resulting distribution of X is then folded with the atmospheric density profile in
order to translate the results from depth of first interaction towards first interaction height H;.
To do so, both the decay distance in the atmosphere Dy, as provided by OnlyTauSim, as well
as the zenith angles 6 are needed. The procedure is detailed below and sketched in Fig. 6.6.
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6 Steeply up-going T-induced air showers

o Zenith dependence: from Xy to Hq

As stated above, due to both the constant density inside Earth at the investigated
injection distances, and the neglected energy losses in the atmosphere, as well as the flat injection
of the leptons in distance, the zenith angle does not affect the r-simulations up to their decay
points. However, it has a crucial role in the calculation of H;. Therefore, all T-events (cases 1
- 6 in Fig. 6.2) are further studied within the investigated zenith angle range 6 € [110°,180°],
by re-throwing the simulation set with a flat cos?# sampling in 30 different zenith bins*. For
each resulting zenith angle the height of first interaction is calculated, starting from the decay

distance Dy and translating it to the corresponding decay height Hy:
Hy = D cosb (6.15)

The atmospheric density profile is further used in order to translate between height and vertical
atmospheric depth. Consequently, the average first interaction depth X; from Eq. 6.9 needs to

be translated in terms of vertical travelled depth for each zenith bin.
XPert = X cos 6 (6.16)

Since the atmospheric profile needs the vertical

Top Atmosphere

depth with respect to the top of the atmosphere, and XV¢"*
represents the travelled depth, as sketched in Fig. 6.6, the X - X
decay height Hy from Eq. 6.15 needs to be translated in First i"AteraCtion point y Y
terms of atmospheric depth in order to obtain the corres-
ponding first interaction vertical depth. In order to do so, - X% =X, cos 8
the atmospheric density profile, fas,(H) is needed. =
| H,
o Atmospheric profile: from X1 to Hy Y Y _Decay point
The atmospheric profile is used for the conversion between o
height above the sea level and atmospheric vertical depth. °
The adopted parametrization within this study uses the o
same parameters provided within the internal Offline sim- Sea Level \ Hae = 1.4 kmn
ulation software [69] and is detailed in Appendix F. Since Bottom Atmosphere

the heights considered in the atmospheric modeling are cal- Figure 6.6: Schematic view illus.

culated with respect to the sea level and the decay height trating the calculation of first inter-

from Eq. 6.15 is by default calculated relative to the de- action height H; for 7s decaying in
the atmosphere at a height Hy with

secondaries having an average first
to be considered within the transformation. Consequently, interaction depth X;

tector level, an additional term of Hy; = 1.4km a.s.l. has

the corresponding vertical depth of a 7-lepton decaying at a

height Hy above the core level is obtained:

X" = fatm(Ho + Haer) (6.17)

4The flat sampling in cos? @ and the flat injection distance up to Dy, ensures the same event geometry as in
the general up-going search (See section 5.1.3 and Appendix D.2 for more details).
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6.1 Simulation of T-leptons

Since the depth in the atmospheric modelling f a4, (H) is calculated with respect to the
top of the atmosphere, in order to use this model fatm(Xyert) and to obtain the corresponding
first interaction height H; of 7-decays, the vertical atmospheric depth of the first interaction
with respect to the top of the atmosphere is needed. This can be easily obtained by subtracting
the vertical travelled depth of the first interaction, XV¢"? from the vertical atmospheric depth
corresponding to the decay point Xy¢*. Consequently, the height of the first interaction, above

the detector level, Hq, of an up-going 7-induced air shower is obtained:
Hy = faum(X§" — X7") — Hyey (6.18)

The first interaction distance D; can be further calculated for each zenith angle 6 € [110°, 180°].

H,y
D = 1
! cos b (6.19)

As the 7 events are simulated flat in injection distance Dy with a cos? § sampling, in
order to follow the event geometries adopted for the generic case and detailed in section 5.1.3,
the maximum first interaction height investigated in the generic study, H{"** = 9km is taken
into account. Therefore, only 7T-events with first interaction heights Hy < H,4. are further
considered, as limited by the FD-FoV to up-going air showers.

As a result, up-going 7-leptons with zenith angles § € [110°,180°], decaying in the
FD-FoV (cases 3 and 5 in Fig. 6.2), with shower energies (Eq. 6.8) Ey, € [10'615 10185 V]
and heights of first interaction (Eq. 6.18) H; < H,,q, = 9km, represent the main candidates
contributing to the FD exposure to 7-induced air showers.

A number of 30 different zenith bins have been chosen with a cos?€f sampling for
the study of up-going 7-induced air showers with § € [110°,180°]. As expected, most of the
interacting events correspond to the most inclined zenith bin (< 6 >= 111.28°), given the H{"**
cut: D; -cosf < H**.

x10°

= 0.35-

0-25M‘H\HHM‘H\HHM‘H\HH\HHMH
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Figure 6.7: Total number of 7-leptons decaying in the FD-FoV

The maximum number of events decreases with increasing zenith angle, with a polyno-
mial behavior in terms of cos . This can be seen in Fig. 6.7, where the total number of 7s decay-
ing in the FD-FoV, with a maximum first interaction height H{"** = 9km and shower energies
lg Eqp, / €V € [16.5,18.5], is plotted for different zenith angles. The red line corresponds to the fit-
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6 Steeply up-going T-induced air showers

ting function: NF°V(0) = a-cos? 0+b-cos f+c with a = 2.12:105+£2.4-10% b = —5.84-10°£3.57-10*
and ¢ = 6.33- 105 £+ 1.28 - 10%.

The distribution of 7-decay induced air showers within the FD-FoV is plotted in Fig. 6.8
in a double differential form in terms of height of first interaction H; and shower energy Fgj,.
Six different zenith angles are shown for comparison, with the average value of the zenith angle

< 0 > corresponding to the specific zenith bin. Besides the varying number of interacting events

A <0>=111.28° x10° <0> = 125.53° x10° <> =137.57° x10°
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Figure 6.8: Distribution of 7-decay induced air showers in the FD-FoV, in a double differential form,
with respect to the height of first interaction H; and shower energy Egj, for different average zenith angles

at different zenith angles, another interesting feature is observed concerning the heights of first
interaction H;. The majority of events are interacting at low values of H; for the most inclined
zenith angles, forming a bump at H; < 1.5km and low shower energies for < § >= 111.28°.
For more vertical zenith angles, most of the 7-events interact higher in the atmosphere, moving
the event distribution towards higher values of Hi. This is physically understood and shows
the correctness of the obtained results: events decaying at a known distance Dy will have a
correspondingly higher value of the decay height Hy with the increase of the zenith angle,
according to Eq. 6.15. This results in a lower value of the vertical atmospheric depth Xy, as
sketched in Fig. 6.6. Moreover, as inclined showers are crossing a larger amount of atmosphere
than the more vertical events, they would interact at correspondingly smaller vertical depths.
Consequently, the first interaction depth defined in Eq. 6.16 will have significantly lower values
for the most inclined zenith angles. As a result, it is expected that the more vertical 7-induced air
showers interact higher in the atmosphere than the most inclined ones, which can be observed
in the obtained results. The event distribution in terms of shower energy is not dependent
on the zenith angle, as the calculation of the shower deposited energy in the atmosphere is
only dependent on the 7-primary energy and its decay products. As explained within this

chapter, the 7-simulations are performed in a one dimensional way up to their decay in the
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6.2 FD exposure to up-going T-induced air showers

atmosphere. Consequently, the event distribution in terms of shower energy is influenced only by
the corresponding decay energy of the 7-leptons within the FD - FoV, and follows the distribution
plotted in Fig. 6.4, in terms of Egecqy and decay distance. As the shower energy F, defined in
Eq. 6.8 is always smaller than the decay energy, due to secondary daughters that do not deposit
their energy in the atmosphere, the majority of events are interacting up to lg Eyp, / eV < 17.125,
while the bump in Fig. 6.4 is up to Ig Edecay/eV < 17.5.

6.2 FD exposure to up-going 7-induced air showers

In order to get the corresponding exposure of the fluorescence detector to steeply up-going 7-
induced air showers, the double differential exposure to cosmic ray - like induced air showers, as
obtained from the generic study and plotted in Fig. 5.5 is used. As mentioned in the previous
section, a similar double differential representation is needed for the 7-leptons decaying in the
FD-FoV and represented with red arrows (cases 3 and 5) in Fig. 6.2. Such a distribution has
already been plotted in Fig. 6.8, for different zenith angles. Considering the entire studied zenith
range, # € [110°,180°], the double differential distribution of all 7-decay induced air showers
with a maximum first interaction height H"** = 9km and shower energies in the range of
interest, lg Es, / €V € [16.5,18.5], is obtained and plotted in Fig. 6.9 for a v = —1 primary
energy spectrum. As expected from Fig. 6.8, most of 7-leptons decaying in the FD-FoV are
interacting at low heights of first interaction H; and low shower energies. As the shower energy
increases, the majority of 7s will interact at higher values of Hy, given the correspondingly higher

primary energy and reduced decay probability.
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Figure 6.9: The distribution of 7-decay induced  Figure 6.10: The distribution of detector sensitiv-
air showers within the FD-FoV, for a v = —1 en- ity, as obtained from the FD exposure to up-going
ergy spectrum. cosmic ray like induced air showers

In order to get the corresponding distribution of 7-lepton induced air showers which
would trigger the FD and would be selected as candidates within the FD analysis, the double
differential exposure from the generic study (Fig. 5.5), is used. The number of 7-leptons recorded
by the FD can be obtained as:

E(Eshy Hl)

Neviggr (Bsn, H1) = Nr.pov (Esn, H1) - 5o
gen

(6.20)

where, according to the general study described in chapter 5, Sgen = 10*km?, AT ~ 14.3yr and
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180°
Q=27- [ sinfdf. The resulted double differential distribution, which will further be referred

110°
to as the detector sensitivity, %, is plotted for consistency in Fig. 6.10.

By combining the two distributions, according to Eq. 6.20, the up-going 7-leptons in-
duced air showers which would trigger the FD, Nyyigq. +(Esh, H1), and will be further used in the
corresponding exposure and upper flux limits analysis, are obtained and presented in a similar
form, in terms of shower energy and height of first interaction. The corresponding distribution
is plotted in Fig. 6.11. Both Nypigg+(Esp, H1) and Ny pov (Esp, Hi) distributions are dependent
on the primary energy spectrum. As this dependence is cancelled out within the exposure calcu-
lations, in order to simplify the notation, the spectral index v dependency is not used. However,
the energy spectrum effect becomes important in the upper flux limits results, presented in sec-
tion 6.3. Therefore, the equivalency between Nipiggr(Esh, H1) = Niriggr(Esh, H1;7) is noted

here for consistency.
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Figure 6.11: The distribution of 7-lepton induced air showers, selected as candidates in the FD analysis,
for a v = —1 energy spectrum

The FD exposure to 7-induced air showers can be presented in different forms, depend-
ing on the investigated case of interest. As outlined in section 6.1.1, all 7-leptons variables are
stored and can be further accessed at any time. This leads to the possibility of presenting the
exposure results both in terms of 7-leptons energy at injection, i.e. the primary energy, and in
terms of 7-decay energy. Since each bin (Egp, Hy) in the double differential distribution of 7-
decay induced air showers N; pov (Esp, H1) is populated by several events with different primary
and decay energies, each event in each bin needs to be back-tracked, through the OnlyTauSim
code, to the corresponding energies. By doing so the distribution N gy (E|Esp, H1) of T-events
contributing to the given bin (FEg,, H1) is obtained in terms of the energy of interest, E. The
corresponding exposure in terms of the energy of interest F, for a given (Eg, Hy) bin, is ob-
tained by folding the generic exposure E(Fgp, H1) defined in Eq. 5.11 and plotted in Fig. 5.5,
with the ratio of the 7-leptons decaying in the FD-FoV and the number of generated events at
the given 7-lepton energy FE:

NTFOV(E ‘Esha Hl)
NgenT(E)

E(E |Egy, Hy) = - E(Bgp, Hy) (6.21)
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6.2 FD exposure to up-going T-induced air showers

The final exposure is then obtained by integrating &, (FE |Esp, H1) over all shower energies and
heights of first interaction considered, which is achieved by summing over all bins in terms of
Eg, and Hi:

E(E) =) & (E|Eq, Hy) (6.22)
Esp, Hy

The FD exposure to T-induced air showers is thus obtained. The exposure results can
be presented both in terms of 7-decay energy, and in terms of 7-primary energy, depending on
the physical scenario of interest. As a result, the energy F in Eq. 6.21 and 6.22 can be further
replaced either with Fge.qy or with the primary energy Ey. Each of the two scenarios is useful

for investigating different phenomena and are discussed in further details.

6.2.1 Exposure in terms of 7-decay energy: comparison to CR-like EAS

The exposure in terms of 7-decay energy represents the case of interest for a direct comparison
to cosmic ray-like induced air showers and therefore to ANITA estimated exposure. No official
estimates regarding the ANITA exposure have been yet published by the collaboration. How-
ever, given the cosmic ray - like signature of the anomalous events, it is expected the exposure
calculation would be performed accordingly. The 7-decay energy represents the analogous of
the cosmic rays primary energy. Therefore, for an exact comparison between cosmic ray-like
induced air showers and 7-induced air showers, the number of generated events has to be prop-
erly chosen. As a result, for this scenario, not all generated 7s are considered. Leptons which
decayed or have been killed inside Earth due to energy losses will never exit Earth and therefore
will further be disregarded, given the cosmic rays induced air showers nature®. Consequently,
within this approach, the number of generated 7-leptons, Nyey, -, will only refer to 7s which have
a non-zero probability of exiting Earth, represented by cases 3-6 in Fig. 6.2.

The exposure to 7-lepton induced air showers, with a non-zero probability of exiting
Earth, is calculated starting from the double differential distributions of 7-leptons in the FD-
FoV N: pov(FEsh, H1), using the generic search results, £(FEsp, H1), as explained above. By
back-tracking the T-events to their decay energy, and correspondingly replacing E — Ejecqy
in Eq. 6.21 and 6.22, the exposure is obtained as a function of the 7-decay energies. This is
further compared to the corresponding energies of proton-induced air showers and the results
are plotted in Fig. 6.12.

As it has been emphasized within section 5.1.1, presenting the exposure results in
terms of the calorimetric energy and height of first interaction, and by forcing the shower’s first
interaction point, allows for universal results in terms of exposure to cosmic ray - like induced
air showers. As a consequence of this universality, only proton showers have been simulated.
Therefore, even if the exposure results in terms of shower energy FE,; are not dependent on
the primary particle, the corresponding results with respect to the primary energy are only
provided for protons. The FD exposure to proton induced air showers, contributing to the double
differential exposure plotted in Fig. 5.5, is increasing with the primary energy, as it can be seen

in Fig. 6.12. This behavior is expected, given the flat generation in heights of first interaction,

5As detailed in chapter 5, CR-like induced air showers are generated at different heights above the core level.
Therefore, in order to make a one-to-one comparison, only T-events exiting Earth or generated above it have
to be considered.
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Figure 6.12: FD exposure to up-going protons and 7-induced air showers as a function of the protons
primary energy, respectively the 7 decay energy. The proton results are obtained up to a maximum
energy of lg E' / eV = 18.5, corresponding to the maximum simulated energy within the general study.

and the increasing FD sensitivity towards higher energies. As most of the 7-leptons decaying in
the FD-FoV and plotted in Fig. 6.9 are leptons surviving Earth propagation, a different behavior
is observed in the exposure results in terms of energy. The exposure to T-induced air showers
has a similar behaviour to the proton ones, up to a decay energy of 1g Ejecqy / €V = 18.5, where
it reaches its maximum. For higher values of the energy the 7-exposure starts to decrease. This
is due to a lower 7-decay probability with higher lepton energies. Moreover, the overall FD
exposure to 7-leptons is always lower than the one for proton induced air showers. The majority
of T-leptons are decaying at small heights and low shower energies, as shown in Fig. 6.9, where the
FD sensitivity is minimum (Fig. 6.10). By contrast, as the cosmic ray - like induced air showers
are generated flat in H; and shower energy Ej, the resulting candidates peak corresponds to
the maximum detector sensitivity.

Given the strong tensions with the SM physics, different hypothetical scenarios have
been proposed in order to explain the nature of the ANITA anomalous events. In order to test
any such hypothesis, exposure results and corresponding fluxes need to be provided in terms of

primary energies.

6.2.2 Exposure in terms of 7-primary energy: towards BSM scenarios

Since the main goal of the current study is to provide a frame for testing several BSM scenarios
which result in the production of 7-leptons, exposure results in terms of the 7s primary energies
are required. Consequently, all injected 7-leptons (cases 1-6 in Fig. 6.2) are considered and
contribute to Ny, .. By back-tracking all 7-induced air showers from the double differential
distribution plotted in Fig. 6.9 to their energy at injection, Ey, and by replacing £ — Fjy in
Eq. 6.21 and 6.22, the exposure can be calculated correspondingly. The FD exposure to 7-
leptons generated both below Earth, within a less than 50 km path, and above Earth, with a
production rate mirroring the relative interaction rates in matter, is obtained. The exposure
to steeply up-going 7-induced air showers is plotted in Fig. 6.13 with respect to the T-primary
energies Ey. The results for the entire studied zenith range, 6 € [110°,180°] (green bullets), as

well as for three different zenith sub-ranges, corresponding to the ones investigated within the
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generic search, are displayed in the figure.
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Figure 6.13: FD exposure to up-going 7-induced air showers as a function of primary energy, for different
zenith angle ranges

Two different behaviors are observed in Fig. 6.13. The first one is represented by the
increase in the exposure with energy, up to lg Ey / eV = 18.7. Even if the exposure is increasing
with the energy, as expected, its rate growth is decreasing. This has a pure physical origin.
The increase in the FD sensitivity and 7-leptons survival rate inside Earth with higher energies,
is competing with the decrease of T-decay probability. Consequently, more Ts are escaping
the atmosphere without decay. For primary energies lg Ey /eV 2 18.7 the exposure is quickly
flattening. This is an edge effect, determined by the maximum investigated shower energy of
10'82 eV in the general study, given the ANITA anomalous events context. As the primary
lepton energy increases past this value, the corresponding shower energy Fg, starts to exceed
this limit. Therefore, even if the FD sensitivity would increase for these higher energy events,
they are cut off the analysis. However, this is compensated for by the increasing rate of 7-
leptons survival inside Earth. If the energy range in the general study would be extended, the
FD exposure to 7-induced air showers would continue to increase for Ey > 1087 eV, with the
rate of exposure increase slowing down. This increase would continue up to some energy, where
the increase in the FD exposure and 7 survival probability inside Earth would be insufficient to
compensate for the longer lifetime of 7-leptons inside the atmosphere. This would lead to an
exposure peak, followed by a flattening and then decrease at the highest energies. The increase
in the investigated shower energies would in turn translate into better upper flux bounds than
those provided below. Extending the general study to higher energies is planned for the near

future.

6.3 Upper flux limits on up-going 7-induced air showers

After unblinding the whole data set, from 01.09.2004 - 31.12.2018, 1 event candidate has been
found to pass the analysis cuts. This is consistent with the background expectation of nyy, =
0.4540.18 in the full energy range. As a result, upper flux limits can be set on steeply up-going

air showers using the FD of the Pierre Auger Observatory. The upper bounds on cosmic ray
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6 Steeply up-going T-induced air showers

- like induced air showers have been presented and discussed within section 5.4.2 and in [92].
Having the exposure results to up-going 7-induced air showers (Fig. 6.13), corresponding upper
flux limits can be calculated. This is done using the Feldman Cousins (FC) approach [101]. The
corresponding limit that can be obtained for a 95% CL when 1 event is observed and consistent
with the expected background of ny,, = 0.45 £ 0.18, leads to a flux that would result in an
expected number of events Npo = 4.05.

The differential upper flux bounds on 7-induced air showers, in terms of leptons primary
energies, are obtained by back-tracking the candidate events from Fig. 6.11 to their primary
energies, as explained in the previous section. As a result, the number of FC candidates required
per energy bin, Nrpc(Ep), so that a total number of Np¢ is observed in the full energy range is

calculated as:

Nro(Ey) = 22C Niriggr(Eo7) (6.23)
Nbins Z NtriggT(E07 /Y)
bins

where Np;pns represents the total number of primary energy bins investigated and Nepigg +(Eo, )

is obtained by back tracking the 7 candidates in Fig. 6.20 to their primary energy Ep:

NtriggT(EOary) = ZZNtriggr(EO |E8haHl;7) (6'24)
Esh H,

The spectrum effects are folded in Npco(Ep), via the different distributions of the 7 candidates,
Niriggr(Eo, v). The flux limits can be further calculated by using the exposure defined in
Eq. 6.22, in order to translate the FC candidates Npc(Ep) into the corresponding flux:

Npc(E
P = ;(ZEO;’) (6.25)

Following the above described procedure, upper flux limits are set on all injected 7-
leptons, represented by cases 1-6 in Fig. 6.2. Consequently, upper bounds on 7-leptons injected
both inside Earth, within a less than 50km path, and above Earth, with an injection rate
proportional to the media density, are obtained using the FD of the Pierre Auger Observatory.
The results are provided for two different 7-energy spectra: v = —1 and v = —2, with respect to
the leptons primary energy Ey. The limits for 7s with zenith angles covering the entire zenith
range 0 € [110°,180°] have been presented in [97] and are plotted in Fig. 6.14

The upper flux limits for a spectral index v = —1 (black bullets in Fig. 6.14) follow the
exposure behavior presented in Fig. 6.13. Consequently it is also influenced by the maximum
investigated shower energy in the general study, as explained in section 6.2.2. The limits for a
v = —2 energy spectrum also follow the exposure trend, up to an energy of lg Ey /eV ~ 18.7,
after which they start to get weaker. This is expected given the leptons injection spectrum:
dN;/dEy ; x Ey, 72_ . The corresponding upper flux limits have also been calculated for the three
different zenith angle sub-ranges and are plotted in Fig. 6.15. As expected from the general
exposure results plotted in Fig. 5.6, and mirrored in the FD exposure to T-induced air showers
shown in Fig. 6.13, the most stringent upper bounds are obtained for the most inclined zenith
angles (brown bullets in Fig. 6.15).

The obtained upper flux limits on up-going 7s, created within a maximum range of
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Figure 6.14: C'I = 95% flux upper limits on steeply up-going 7-induced air showers for different primary
energy spectra
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Figure 6.15: CI = 95% differential upper flux limits on steeply up-going 7-leptons created at less
than 50 km inside Earth vs Fy energy, for 1 observed event passing the analysis cuts, consistent with
Nprg = 0.5, for different 7 zenith angle ranges and energy spectra.

50 km distance inside Earth and up to 9 km height above it, serve as a proof of concept regarding
the wide applicability of the FD exposure results to cosmic ray-like air showers, presented in a
double differential form in terms of shower energy and height of the first interaction. Following
the approach presented within this chapter, any exotic primary scenario can be tested, as long
as the decay length, decay branches and energy loss inside Earth, as well as the average first
interaction depth of the resulted secondaries, are known.

Furthermore, the importance of the presented 7 study is that it can be easily extrapol-
ated to various BSM scenarios which result in the creation of 7-leptons. As mentioned above,
various such hypothesis already exist and are aimed towards explaining the ANITA anomalous
events. By folding in the respective cross sections and using the presented upper flux limits, any
such model can be constrained. A dedicated study in this regard has been performed as part of

this thesis and is described in detail in chapter 7.
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7

Beyond Standard Model Particles

As it has already been pointed out, the standard model (SM) physics can not explain the
production of T-leptons with the investigated energies and elevation angles. The required diffuse
neutrino fluxes needed for the creation of such showers would exceed the current flux constraints
published by both the Pierre Auger [96] and IceCube [16] collaboration. However, several Beyond
Standard Model (BSM) scenarios resulting in the production of 7-leptons have been proposed
[19], [78], [17]. In all such theoretical predictions the BSM particles need to have a significantly
lower cross section than the SM neutrino one, gy, in order to survive Earth propagation at
the given energies and zenith angles.

A dedicated study of hypothetical BSM particles propagating through Earth and in-
teracting within the last 50 km distance below the surface, resulting in the creation of T-leptons,
has been investigated and is presented in detail within this chapter. Having already studied
the behavior of T-induced air showers and the FD response to such events (see chapter 6), such
scenarios can be further tested. By using the above presented upper flux limits to 7-induced air
showers, plotted in Fig. 6.14, several BSM models have been investigated for a large range of
cross section values. Upper bounds on the hypothetical particles are correspondingly obtained,
and the optimum value of the BSM cross section, which results in the strongest upper limits, is
found. Two different cases are investigated in detail: an energy-dependent cross section and a
fixed cross section scenario. In both of these cases the particles are generated with zenith angles
corresponding to the range of interest, # € [110°,180°]. An energy transfer of 50% between the
BSM candidates and the 7-leptons is chosen. The value of the energy transfer can be easily
changed according to the needs. However, the final results will not be affected significantly, as
explained in appendix G.

Based on the dedicated follow-up of the ANITA anomalous events with the FD of
the Pierre Auger Observatory, the presented results represent the first constrains of a BSM
scenario producing 7s with the investigated signatures. Furthermore, the current study shows the
importance of the steeply up-going 7-lepton induced air shower results and how any theoretical
model resulting in the production of 7s can be tested. By using the provided upper flux limits
in terms of 7-primary energy and folding in the corresponding cross sections, any such scenario
can be correspondingly constrained.

Furthermore, the study has been extended to the Earth Skimming (ES) channel. By us-
ing the already published SD exposure results of the Pierre Auger collaboration [7], [8], combined
upper limits on various BSM cross sections have been set using the Pierre Auger Observatory.
The combined results refer to air showers with zenith angles 6§ € [110°,180°], as resulted from
the FD study, and 6 € [90°,95°], corresponding to the ES channel. By doing so, the capacity
of the Observatory to constrain a large range of both SM and BSM scenarios resulting in the

production of 7-leptons is demonstrated.
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7 Beyond Standard Model Particles

7.1 BSM scenario: BSM particles — 7-leptons

In order to test any BSM scenario and correspondingly constrain the hypothetical particles,
the probability of such a particle to produce the 7-leptons studied within chapter 6 has to be
evaluated. The investigated model considers a hypothetical BSM particle with a reduced cross
section, which survives Earth propagation and interacts within the last 50 km distance. As a
result of its interaction, 7-leptons are created, as sketched in Fig 7.1. The produced 7s can in
turn exit Earth and induce air showers, which can be detected by the FD of the Pierre Auger
Observatory, as detailed within the previous chapter.

50 km T Auger
fiducial volume

BSM

Figure 7.1: Schematic representation of the investigated BSM scenario: the hypothetical BSM-particle
(red arrow) crosses the Earth without interacting, due to the reduced cross section, and creates 7-leptons
(blue arrow) within the last 50 km distance below the surface. The 7s can further initiate EAS and be
detected by Auger.

Having the corresponding upper flux limits on steeply up-going 7-lepton induced air

showers, ®-(Ep, ;), the required BSM flux can be further calculated:

1

Ppsm(Epsm) = @-(Eo,7) - m

(7.1)
where ®(Ey, ;) is plotted in Fig. 6.14 and P(BSM — ) represents the probability of such
particles to create the investigated 7s. The BSM particle energy Epgps is related to the energy
of 7-leptons via the investigated energy transfer. Since the current study is a hypothetical
one, the value of the energy transferred to the 7s is not known. Therefore, Epsyr = 2 - Eo r,
corresponding to a 50% energy transfer, has been chosen. However, the results have also been
investigated for different energy transfer values. The difference in the corresponding flux upper
bounds resulted is not relevant, given the several orders of magnitude difference obtained for
various BSM cross section values, as shown in Fig. 7.7 and highlighted in Appendix G.

As can be seen in Fig. 7.1, the particles need to survive Earth propagation up to small
distances below the crust and further on interact within the last 50 km distance. As a result,
two different processes define the probability of 7 creation. Therefore, as shown in Eq. 7.2, the

BSM probability to produce 7-leptons can be defined as:

P(BSM — T) = Psurvive, BSM * Pint BsM (72)
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7.1 BSM scenario: BSM particles — T-leptons

In order for any BSM particle to be able to cross such a significant amount of matter
without interacting, the corresponding cross section needs to be lower than the SM neutrino
ones. The corresponding survival probability inside Earth, Pgyrvive, BsM, is going to increase
with the reduction of the cross section. However, the interaction probability within the last few
km distance, P, s, will decrease with a smaller cross section. Consequently, a competition
between the two probabilities in Eq. 7.2 is present. This leads to the conclusion that an optimum
value of the BSM cross section, which maximizes the 7-production probability P(BSM — ),
and correspondingly gives the strongest flux upper limit needs to be found.

For a conclusive study, the two probabilities present in Eq. 7.2 are carefully investigated
for each zenith angle # € [110°,180°]. The probability P(BSM — 7) is then obtained by

integrating over the zenith range of interest, as detailed below.

7.1.1 Survival probability inside Earth

The particles are initially propagated in small steps inside Earth, with their survival probability
being evaluated at each step. Since the investigated 7-leptons are created from a maximum
distance D% = 50km below the surface, the maximum propagation length inside Earth,

Lz, needs to be evaluated accordingly:

Lyas = 2RE cos — DIM9* (7.3)

ing, T

where Rp = 6378km is the Earth radius, 6 is the investigated zenith angle and D% is the
maximum 7-injection depth inside Earth, as set for the 7-leptons study within the previous
chapter. At each propagation step the surviving probability is evaluated, taking into consid-
eration the various Earth density layers, as defined within the Preliminary Earth Model [102].
The amount of traversed density layers is defined by the maximum propagation length Ly,q:, as

sketched in Fig. 7.2.
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Figure 7.2: Illustrative view of the simulation procedure. The maximum distance the BSM particle can
propagate through Earth, L,,q., (red line) is defined by the zenith angle 6 and the maximum 7-lepton
injection depth (blue line). Depending on the value of L., a different number of Earth layers L;, with
the corresponding density p;, are traversed.

For an accurate representation, a number of n = 2 - 6378 propagation steps have been
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7 Beyond Standard Model Particles

chosen, corresponding to a propagation length of Al = 1km. The probability for a particle to
survive after the propagation step 4, up to the distance l;, is further defined in Eq. 7.4

i Ng o
Psurvive,i (0; lz) = exp < — lz cos 0 - pl)

(7.4)
where [; cos 8 represents the propagation distance. After each propagation step, the step length

Al is added to the propagation distance, such that:
li =11+ Al (7.5)

This process is repeated until the propagation length [; cos is equal to Ljq.. After each
propagation instance, the corresponding value of the Earth density p; at a travelled distance
l; cos 0 is evaluated, according to the Preliminary Earth Model [102].

The probability of a particle with a zenith angle 6, to survive Earth propagation up to

the maximum distance L,,q, is then obtained:

—Ny -0 cosb o)
Paurvive(0; Limaz, 0) = exp | ——7——— - Z; li- m] (7.6)
i—

where N4 =~ 6.02214 - 1023 mol ! is the Avogadro’s number, M = 33.4g - mol~' represents

the molar mass, calculated considering the Earth’s chemical composition from [103]. The sum

is calculated up to the total number of propagation steps n(#), which satisfies the condition
ljcos O < Ly, as explained above.

The survival probability inside Earth has been calculated for a fixed value of the cross

section, ogyy = 0.77 - 10731 cm?, for all zenith angles of interest: 6 € [110°,180°] and is plotted

in Fig. 7.3. This value corresponds to the SM charged current (CC) neutrino cross section at an

energy of E, ~ 10%° eV, according to [99] 1. As expected from Eq. 7.6, the survival probability
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Figure 7.3: Probability of a particle with a fixed cross section ogy; = 0.77 - 1073 cm? to survive Earth
propagation up to a distance of 50 km below the surface, as a function of the zenith angle

is decreasing with the increasing zenith angle. As more vertical zenith angles will cross a bigger

amount of the Earth’s matter, they will correspondingly traverse more Earth density layers.

'The numerical value of the cross section ¢ is not of a particular interest in this stage of the study. It can be
changed or set to any other value. The main focus here is on the results obtained at the reduction of o.
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7.1 BSM scenario: BSM particles — T-leptons

Consequently, the behavior of the survival probability with respect to 6 is strongly related to the

traversed depth inside Earth by the particles under different zenith angles: X (0) = cos H-Tg) Li-pi.
The dependency of the traversed depth X () on the zenith angles is plotted in Fig. %741 For
completeness the Earth density with respect to the radius Rp is also plotted. As seen in
Fig. 7.2, the most vertical zenith angles 6 ~ 180° will cross all the density layers, resulting in a

significantly longer traversed depth.
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Figure 7.4: Traversed matter inside Earth for different incidence angles of the incoming particles
(Fig. 7.4(a)). The most vertical zenith angles cross a larger amount of Earth matter, passing through all
density layers with the corresponding density values (Fig. 7.4(b))

The cross section o plays a crucial role in the survival probability, according to Eq. 7.6.
Therefore, by reducing the interaction cross section o value, any particle propagating inside
Earth will have an increased survival probability. This results in a higher flux at a depth of

50km below the surface, where the 7-leptons are injected.

7.1.2 Interaction probability within the last 50 km distance below Earth

In order for any hypothetical particle to be able to create the investigated 7s, surviving the
Earth propagation represents only one of the requirements. Additionally, the particles need
to interact within the last 50 km distance below Earth in order to produce the 7-leptons, as
sketched in Fig. 7.1. Consequently, the interaction probability within this distance needs to be
evaluated. Since the 7s are injected flat in distance, as mentioned within the previous chapter,
and the Earth density at the corresponding distance is constant, pEarth(Dm?fT) ~ 2.6g/cm?,
the interaction probability will be independent on the zenith angle #. The cross section value
o, is therefore the main factor which influences the probability of any particle to interact within

the last 50 km fiducial volume:

max max
—Dini" - pEartn (D7) - Na - o

- (7.7)

Pint(Dipi'0) =1 — exp

ing, T

with N4 the Avogadro’s number, M the molar mass defined within the previous section and

D75 = 50km the maximum injection distance inside Earth of the 7-leptons.
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The interaction probability has also been evaluated for the same SM cross section of
osy = 0.77-1073! cm? and is plotted in Fig. 7.5, with respect to the zenith angle 6 € [110°, 180°].

The independence of the zenith angle is observed.
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Figure 7.5: Probability of a particle with a fixed cross section ogy; = 0.77-1073! cm? to interact within
the last 50 km distance below Earth with respect to the zenith angle 6

The reduction of the cross section o will result in a lower value of the interaction
probability, according to Eq. 7.7. As a consequence, the BSM cross section opsys can not be
infinitely reduced: even if more particles survive Earth propagation, the 7-leptons production

would be lower, given the reduced interaction probability value.

7.1.3 Probability of a BSM particle to produce 7-leptons

Since any hypothetical particle that would create the studied 7s needs to survive Earth propaga-

max

tion and further interact within the ij, i

distance , the corresponding 7-production probability
at a given zenith angle 0 is defined as the product of the two likelihoods:
P(BSM = 7)(,0) = Peuruiue(6, Linaz, ) - P (D37 ) (7.8)
A competing process between the survival probability inside Earth defined in Eq. 7.6
and the interaction probability within the last km appears, when the cross section value is
reduced. This implies that by reducing the SM cross section by several orders of magnitude,
the probability P(BSM — 7) is going to increase, reach a maximum value and further on
decrease again, when the interaction probability becomes dominant. The cross section value
corresponding to the maximum probability P(BSM — 7) will be further referred to as the
optimum BSM cross section. At this value of opgys the corresponding hypothetical particle
fluxes are minimal, resulting in the most stringent upper flux limits.
In order to cross check the competitive process and correspondingly find the optimum
cross section value, the probability of the BSM particle to create 7-leptons has to be properly
evaluated. Both the Earth survival and the interaction probabilities are calculated for a fixed

zenith angle 0, with 6 € [110°,180°]. The corresponding value of the 7-production probability,
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7.2 Flux limits on BSM particles producing steeply up-going T-leptons

P(BSM — ), is obtained by integrating over the whole zenith range of interest:

6=180°
P(BSM — 7) (0) = / P(BSM — 7)(0,6) df (7.9)
6=110°

Different BSM scenarios can then be tested by decreasing the value of the standard
model cross section ogpr. The competitive behavior of the 7-production probability P(BSM —
7) with the decrease of o is observed in Fig. 7.6. The lowest value of P(BSM — 7) ~ 3.4-1073!

corresponds to the SM case with ogy; = 0.77 - 1073 cm?. By decreasing the cross section,

! TR TS NSNS S N AT ST S A SR L
-40 -38 -36 -34 -32 -30
lg o/ cm?

Figure 7.6: Probability of a hypothetical particle with zenith angles § € [110°, 180°] to produce T-leptons
within the last 50 km distance below Earth, with respect to the corresponding cross section. The highest
cross section value corresponds to gy = 0.77 - 103! cm?

the probability is starting to increase. Having a BSM cross section reduced by one order of
magnitude, opsyr = 1071 - o5y = 0.77 - 10732cm? the probability increases by ~ 26 orders
of magnitude. The increase in the probability continues up to an optimum value of oggy =
10205y, after which point it starts to slowly decrease again. The optimum cross section value
marks the region where the required BSM particles flux is minimum, corresponding to the most
stringent upper limits. By further decreasing the cross section value, the interaction probability
within the last 50km distance Pim(Dimn?fT,a) starts to dominate, as the survival probability
inside Earth Psyyive(0) is already maximized. This results in lower values of P(BSM — 7) and

correspondingly weaker upper flux bounds.

7.2 Flux limits on BSM particles producing steeply up-going
T-leptons

Following the above described procedure, the resulting BSM particle fluxes, required to produce

the 7-lepton fluxes discussed in Chapter 6.7 and plotted in Fig. 6.14, can be calculated:

1
BSM — 7)(0)

Ppsm(o; Epsm) = ©7(Eo,7) - B (7.10)

The conversion between the hypothetical particle’s energy Epgys and the 7-leptons

energy Ey , is obtained by using a fixed value of a 50% energy transfer, resulting in Epsyr =
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2 - Ep,r. Given the unknown BSM process, the choice of this value is somewhat arbitrary and
only motivated by several dark matter scenarios [104], [105]. However any other value can be
easily implemented and tested for. A first exercise for a 100% energy transfer, Epsyr = Eo -
has been studied and the results are shown in Appendix G. As it can be seen in Fig. G.1, the
chosen energy transfer rate is having an insignificant contribution in the resulted upper limits
when compared to the cross section effects.

Two different BSM cases are studied within this thesis: a fixed cross section value at
any given energy and an energy-dependent cross section. As this is a hypothetical study, both
scenarios are pertinent. In any such scenario, the main approach is following the same procedure

described in the previous section.

7.2.1 Fixed cross section

2 is considered for all of the

A fixed value of the standard model cross section ogps = 0.77-1073! cm
energies of interest. Given a 50% energy transfer between the BSM particle and the investigated
7-leptons, this leads to Eggy € [2- 10152 2. 1020 eV]. The probability of such hypothetical
particles to create T-leptons has been plotted in Fig. 7.6, for various BSM cross sections. Using
the resulted P(BSM — 1) values and introducing them in Eq. 7.10, the corresponding upper
flux limits on BSM hypothetical particles with zenith angles 6 € [110°,180°], are obtained for a
CL=95%. The BSM results, together with the T-induced air showers (red bullets) are plotted in
Fig. 7.7. The fluxes are obtained for an £~2 7-lepton energy spectrum. Following the 7-creation
probability behavior, the flux upper limits are significantly improved with the reduction of the
SM cross-section, resulting in ~ 26 orders of magnitude improvement when the cross section is
decreased by only one order of magnitude: opgyr = 0.1 - ogps. By comparing the resulting SM
upper bounds (light blue bullets in Fig. 7.7) with the current upper bounds on diffuse neutrino
fluxes published in [8], the incompatibility between such events and the standard model theory

becomes evident.

10%
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e  BSM:ogg, =1E-10g,
e BSM: oy, =1E-20g,
BSM: 0gq, =1E-3 0y,
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Figure 7.7: Upper flux bounds for a CL = 95% on steeply up-going (6 € [110°,180°]) BSM particles
producing 7-leptons. Results are obtained considering a fixed value of the SM cross section, ogy =
0.77 -1073L em?, at any given energy. The upper bounds on a flux of 7-leptons produced within the last
50km below ground (red bullets) are shown for comparison.

By decreasing the cross section with several orders of magnitude, various BSM scenarios
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7.2 Flux limits on BSM particles producing steeply up-going T-leptons

are investigated. The most stringent BSM upper bounds are obtained for the optimum cross
section oy = 1020 gs. For lower values of the cross section the flux limits are getting weaker,
given the competing process between the survival probability inside Earth and the interaction
probability within the last few km distance, as discussed above.

Moreover, as an energy transfer between the hypothetical particles and the studied 7-
leptons have been considered, the corresponding upper bounds are shifted towards higher energy
ranges than in the 7s case. However, given the fixed SM cross section value, the BSM upper fluxes
are following precisely the 7 upper bounds behavior with respect to energy. The only influence
of the BSM study in this case is shifting the upper bounds up and down, corresponding to
different interaction cross sections studied. This characteristic is vanishing once a cross section
energy dependence is considered, in which case the flux upper bounds behavior with respect to
energy is influenced by both the 7-leptons fluxes as well as the cross section energy dependence
model. Such a scenario has been investigated in detail using the SM cross section for the CC

neutrino channel, ooc(FE), as explained below.

7.2.2 Energy-dependent cross section

In order to extend the applicability of the current study, a second approach considering a pre-
defined cross section energy dependence is investigated. The chosen cross section energy de-
pendence is the standard model one for the charged current neutrino-nucleon cross section,
osm(E) = occ(E), as taken from [106] and using the middle parametrization. The cross sec-
tion behavior for the energy range of interest is plotted in Fig. 7.8 for consistency. The SM

values are plotted with light blue, corresponding to the highest cross section values.

0=0gy e o0=1E1la0g,
r e 0=1E2a0g, 0 =1E-3 gy,
10731 0=1E-40,, © 0=1E50g,
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Figure 7.8: Model in which the energy dependence of the CC neutrino-nucleon cross section, occ(FE)
from [106] is applied to the BSM particles. BSM values are obtained by gradually decreasing the SM
(light blue bullets) cross section values

Various BSM scenarios are investigated by reducing the corresponding cross section
values by several orders of magnitude. The energy dependence is kept intact resulting in a BSM
cross section defined as:

opsm(E)=10""-ogp(E) (7.11)

where m > 0 represents the reduction factor. Various BSM scenarios have been tested, corres-

ponding to a maximum value of m = 5. The obtained results are discussed in detail below.
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7 Beyond Standard Model Particles

The Earth survival probability and interaction probability within the last 50 km dis-
tance are evaluated as explained above, for the given energy. Thus, Eq. 7.6 and Eq. 7.7 remain
unchanged, with the exception that the energy dependence of the cross section is accounted for:
o — o(FE). As a result, each of the probabilities are gradually evaluated for each zenith angle 6

at a given energy E:

_NA-UJ\(/[E) COSH‘Zli'Pz} (7.12)

Psurvi'ue(ea Linaz, g, E) = exp

respectively

Pt (D" 0, B) = 1 — exp

ing, T

—DI (DI ) Ny - o(E
[ g PEarth(Ding%) - Na - o )} (7.13)

M

This in turn results in a corresponding energy dependent probability of hypothetical

particles with zenith angles 6 € [110°,180°], to create the investigated 7-leptons:

6=180°
P(BSM = 7) (0, E) = / P(BSM — 7)(o, E,6) df (7.14)
6=110°

with P(BSM — 7)(o, E, ), analogous to Eq. 7.8, representing the probability of a hypothetical
particle with zenith angle 6 and energy E to create the investigated 7-leptons. The obtained
values of P(BSM — 71)(o, E,0) are plotted in Fig. 7.9, using the corresponding cross section
values shown in Fig. 7.8.

The probability of the hypothetical particle to create the studied 7-leptons is evaluated
considering different BSM scenarios. The SM case, corresponding to the CC neutrino-nucleon
cross section values at the energies of interest is plotted in the top left panel of Fig. 7.9. This
results in the lowest values of P(BSM — 7)(0, E), since the particles will interact during their
propagation inside Earth and therefore not survive up to the 50 km distance below. As discussed
above, the most horizontal zenith angles (light blue) have a significantly higher probability
to survive Earth propagation without interacting, given the smaller amount of matter they
are traversing. As the cross section is increasing with energy, the probability of any particles
to traverse the Earth without interaction, Psyrive(€, Limaz,0, F), is decreasing, according to
Eq. 7.12. As at those cross section values the survival probability inside Earth is very low,
it will directly influence the evolution of the particle’s probability to produce 7-leptons with
respect to energy. When reducing the cross section by one order of magnitude, the probability
is significantly increasing. For the most inclined zenith § = 110° and highest energy Fpsyr =
2.10%9 ¢V, the probability is increasing by ~ 16 orders of magnitude. However, given the similar
probability behavior between the two o = ogpr and o = 0.1 - ogps cases (first two top panels in
Fig. 7.9), it is clear that the survival probability inside Earth is still the main factor influencing
P(BSM — 7). This suggests that the cross section should be further decreased in order to
obtain a higher 7-creation probability.

Higher 7-production probabilities are further observed for the o = 1072 - 553/ scenario
(top right panel in Fig. 7.9). Here the probability P(BSM — 7)(0, E) starts to increase with

energy, and therefore with a higher corresponding cross section value, suggesting that the Earth
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Figure 7.9: m-production probability at different zenith angles as a function of energy. Various BSM
scenarios are plotted in the 6 panels. As the values of P(BSM — 7)(0, E, ) are much lower for the first
two cases, the corresponding y-axis have different ranges compared to the rest of the panels. This is done
on purpose in order to observe the zenith dependence

survival probability starts to be maximized, and the interaction within the last few km is becom-
ing dominant. This effect is visible for all zenith angles up to an energy of E ~ 10° GeV. The
most horizontal zenith angles have a constant increase for the entire energy range of interest,
while for the most vertical cases P(BSM — 1) starts to decrease after a certain energy. This is
again due to the different amount of traversed matter: as the most horizontal zenith angles will
cross a very small portion of Earth, a reduced cross section by 2 orders of magnitude is able to
maximize their survival. As a result, the interaction within the last few km becomes dominant
for these events, resulting in an increased probability with respect to energy, according to the
cross section energy dependence. In the case of the more vertical events, smaller values of the
cross sections are needed in order to maximize their survival through Earth, given the fact that
they cross a bigger amount of matter. As a result, at small cross section values (lower energies)
they can survive Earth propagation and therefore have an increasing 7-production probability
with respect to energy. However, as the cross section is increasing with energy, the survival
probability starts to decrease again, according to Eq. 7.12. This results in an increase, followed
by a plateau and a further decrease for the most vertical zenith angles, having the maximum
7-production probability value at different energies (cross sections), as it can be seen in the

figure.
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By further decreasing the cross section values, the zenith angle dependence starts to
vanish. This is physically understood, as for sufficiently low cross section values, the survival
probability inside Earth is maximized at any incident angle. Consequently, the interaction
probability within the last few km distance below Earth, Pmt(Dm?fT), becomes dominant. As a
result, the 7-production probability is always increasing with respect to energy (bottom panels
in Fig. 7.9). Another consequence of maximizing the survival probability inside Earth is the
decrease in the resulting probability of hypothetical particles to create 7s with lower BSM cross
section values. This is pointing to the competitive behavior between P(BSM — 7)(o) and the
BSM cross section. As mentioned above, by artificially decreasing the cross section by several
orders of magnitude the probability P(BSM — 7)(o) is increased up to a maximum value,
corresponding to an optimum opgys. After this point it starts to decrease again, as it is mainly
influenced by the interaction probability within the last few km distance. This can be already
seen in Fig. 7.9, by comparing the top right and bottom three panels values 2.

The competitive behavior can be better studied once the integration over the zenith
range of interest, 6 € [110°,180°], is performed. As stated in the beginning of this subsection,
the cross section energy dependence results in a corresponding energy dependent integrated
probability of any particle to produce the investigated 7-leptons. The resulting P(BSM —
7)(0, E), defined in Eq. 7.14, is plotted in Fig. 7.10, for the BSM energies Eggys € [2- 1062 2.
10%° eV], corresponding to a 50% energy transfer. As discussed above, the probability P(BSM —
7) decreases with the increasing of energy for the 0 = ogyr and o = 0.1 - ogps cases, given the
cross section energy dependence and the corresponding low survival probability inside Earth. By
further reducing the cross section values, the integrated probability has an increasing evolution
with energy. This is due to the fact that for such low cross sections the survival probability
inside Earth is maximized, and therefore the interaction probability within the last few km

distance is the main influencing factor. This also has the consequence of significantly lower
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Figure 7.10: Probability of a hypothetical particle, P(BSM — 1), with zenith angles 6 € [110°, 180°], to
produce 7-leptons within the last 50 km distance below Earth, when a 50% energy transfer is considered.
The cross section energy dependence is following the SM CC neutrino-nucleon cross section, oo (E),
from [106].

2As the probability values for 0 = osa and o = 0.1 - ogar are much lower than for the other 4 investigated
scenarios, the y-scale is different. This represents a compromise, as the probability evolution for different
zenith angles could not be observed otherwise, which is desired for the discussion.
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7.2 Flux limits on BSM particles producing steeply up-going T-leptons

values of P(BSM — 7)(F) with further reduction of the cross section. This can be seen by
comparing the probability values for the last three BSM investigated scenarios, corresponding
to opsym = 1073050, osm = 1074 o4 respectively opsar = 107504, plotted in Fig. 7.10,
where the decrease of cross section results in lower values of P(BSM — 7)(E) over the entire
energy range.

Furthermore, in the case of an energy-dependent cross section, the optimum cross
section value corresponding to the maximum 7-production probability is also energy dependent.
For energies Epsyr > 108 eV the probability is maximized for an optimum cross section of
oBsm ~ 1072 o4y, while for lower energies the optimum value is found at oy ~ 1071 - ogr.
This is again due to the lower cross sections at those energies, and correspondingly higher survival
probabilities inside Earth. Additionally, at the lowest energies £ < 10'7-7 eV, the decrease of
the cross section by more than 3 order of magnitude results in lower values of P(BSM — 7)(E)
than those obtained for the SM case. This is explained by the competitive process between the
Earth survival and the interaction within the last km with respect to a reduced interaction cross
section.

The corresponding upper flux bounds can be further calculated for the different BSM

scenarios with an energy dependent cross section model and a 50% energy transfer.

1
BSM — T)(O', EBSM)

®psv(o(Epsm), Epsar) = ©-(Eo,7) - B (7.15)

The obtained upper flux limits, corresponding to a 95% C'L, on steeply up-going (6 €
[110°],180°]) hypothetical particles producing 7-leptons within the last 50 km distance below
Earth and transferring 50% of their energy to the 7s are plotted in Fig. 7.11. The resulting
upper bounds for the SM case, with only CC neutrino interactions considered, are plotted in
light blue. Since the neutral current (NC) neutrino-nucleon cross sections are lower than the CC
ones, the resulting probability which would account for both CC and NC neutrino interactions
would be lower. As the current study is not dedicated towards neutrino-induced air showers,
the regeneration effect is also neglected. An in-depth study regarding the effects of the neutrino
regeneration on the 7-leptons exiting Earth can be found in [20].

The BSM scenarios, obtained by reducing the SM cross section by several orders of
magnitude, while keeping the same energy dependence, are plotted with dark green - brown
bullets in Fig 7.11. Since the minimum energy of the 7-leptons which are required to induce the
extensive air showers triggered by the FD (see chapter 6 for more details) is Ey ,» ~ 10173 eV,
the minimum energy of any hypothetical particle producing them is Eggy ~ 2 - 10173 eV.
This has the result of having an almost energy independent optimum cross section value of
opsm(E) ~ 107205 (F), since the low energy region is almost entirely disregarded. However,
as seen in Fig. 7.11, the first energy bins corresponding to Epgy < 10'®eV have a different
optimum cross section of opsa(E) = 0.1 - ogar(E), corresponding to the integrated probability
values from Fig. 7.10.

Similar to the fixed cross section case described in the previous section, the artificial
reduction of the interaction cross section is resulting in much more stringent flux upper bounds
on various BSM scenarios. Since the interaction cross section increases with energy, this effect is

much more prominent at the highest energies. Consequently, the best improvement in the flux
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Figure 7.11: Upper flux limits for a CL = 95% on steepy up-going (6 € [110°,180°]) BSM hypothetical
particles producing 7-leptons (red bullets) within the last 50km distance below Earth. The results
are obtained using a 50% energy transfer and an energy dependent cross section, using the SM energy
dependence model of the CC neutrino-nucleon cross section.

upper bounds, corresponding to the optimum cross section opgar ~ 1072 - ogas, at the highest
energy, lg Epsy / eV &~ 20.23, is on the order of ~ 19 orders of magnitude. By comparison,
the upper bounds at the lowest energies, lg Epgas / eV &~ 17.61 and an optimum cross section
opsym = 0.1 - ogpr are improved by = 2.5 orders of magnitude. Consequently, the cross section
energy dependence is also an influencing factor in the upper bounds evolution with respect to
energy. As a result, the hypothetical particle fluxes will be influenced both by the 7-leptons
upper limits at a given energy, as well as by the corresponding interaction cross section energy-

dependence model.

7.2.3 Reduced 7 energy losses within several BSM scenarios

The energy loss model, dE;/dX, used in the dedicated 7 simulations presented in chapter 6 is
based on the ALLM [98] parametrization of the photonuclear processes. As discussed within
the current chapter, this represents the main source of uncertainties, given the limited data at
the corresponding energies. Several other parametrizations exist, resulting in lower values of
dE;/dX. Consequently, an additional study regarding the energy losses effects on the corres-
ponding flux upper bounds in several BSM scenarios has been investigated. In order to do so,
the energy loss is artificially reduced by a given factor n. This results in turn to a corresponding
increase of the maximum distance inside Earth from which the 7-leptons can escape with no de-

cay and energies Ey, > 10'0° eV, as long as the Earth density can be considered approximately

constant. .
(dET> 1 (dET>
dX /) n \dX /), 1um
and (7.16)
D;knj,maz =n: Dinj,max
The constant density approximation holds up to maximum distances of D, ... ~

200km. At deeper distances inside Earth the density values start increasing significantly?. This

3The Earth density is in fact not constant for the 200km distance: pgartn € [2.6 g/cmz, 3.38 g/ch]. However
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in turn results in a maximum decrease of the energy loss model.

It is important to mention that, under the constant density approximation, the artificial
reduction of the 7-energy losses and corresponding increase in the maximum injection distance
below Earth, is not affecting the 7-leptons study results. The average number of 7s escaping
Earth and their energy distribution stays the same, within the statistical fluctuation. The only
difference is that the leptons are able to escape Earth from deeper distances inside. However, the
energy reduction and implicitly the increase in the 7-injection distances is going to influence the
hypothetical particles results. As the propagation distance inside Earth is decreased, the survival
probability is going to increase, according to Eq. 7.12. Consequently, the overall probability

*

inj,maz 1S €xpected to

of the hypothetical particles to create 7-leptons within the distance D
increase. Thus, the strongest upper flux limits on BSM particles with # € [110°,180°] are
obtained for a minimum investigated value of the 7 energy loss, corresponding to a maximum
injection distance. The 95% CL integrated upper bounds for various BSM scenarios are plotted
in Fig. 7.12, as a function of the investigated energy loss model. The maximum investigated
distance coincides to Dy, ; 1,4, = 100 km, corresponding to a reduction factor n = 2. For a better
visualization, the resulted upper bounds corresponding to o(E) = ogp(E) are plotted separately
in Fig. 7.12(a). The limits are improved by a factor of ~ 2 for the minimum investigated energy
loss: dE;/dX = 0.5 (dE;/dX)arrym- However, this improvement is extremely small when
compared to the several orders of magnitude gained by reducing the cross section values, as it
can be seen in Fig. 7.12(b). Consequently, a reduction of the 7 energy losses, under the above

mentioned assumptions, does not have a significant effect on the obtained BSM results.
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Figure 7.12: 95% CL integral upper flux limits on hypothetical particles with 6 € [110°,180°] which
are surviving FEarth propagation and produce 7-leptons within the last few km distance below Earth, as
a function of various 7-energy loss models

The presented upper flux bounds, studied for both a fixed cross section and an energy-
dependent cross section scenario, emphasize the wide applicability of the steeply up-going -
induced air showers results presented in chapter 6. Following a similar approach, any theoretical

model aiming to explain the anomalous ANITA events [14], and resulting in the production of

for the purpose of this exercise an average value of < pgartn >= 3.0 g/cm2 is considered
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T-leptons can be correspondingly constrained, as long as the cross section energy-dependence is
known. Given the non-observation of any candidate event above the expected background, the
current research highlights the broad capability of the Pierre Auger Observatory to set stringent
upper bounds on various hypothetical models resulting in the production of ultra-high energy,
steeply up-going (6 € [110°,180°]) T-leptons. Furthermore, the current results can be extended
to the Earth-Skimming (ES) channel (6 € [90°,95°]), using the dedicated neutrino searches
published by the collaboration [7], [8].

7.3 BSM particles in the Earth-Skimming channel

The Pierre Auger Observatory has a high sensitivity towards the detection of 7-leptons resulting
from CC tau-neutrinos, v,, interactions in the Earth’s crust. The 7s leave the Earth and further
decay in the atmosphere, initiating thus Earth-Skimming extensive air showers. In order for the
v, to produce such showers, they need to have highly inclined zenith angles. As discussed within
the previous sections, the more vertical the events are, the more amount of the Earth matter
they traverse. Given the neutrino interaction cross sections values, the Earth-Skimming channel
in Auger is defined by zenith angles 6§ € [90°,95°]. Such neutrino-induced air showers, with
energies E, € [1017,10%° eV] can be observed by using the Surface Detector of the Pierre Auger
Observatory. Several neutrino searches have been performed by the collaboration [96], [7], [8],
[10], [107]. As no candidate event has been found, corresponding upper flux limits have been
set on various neutrino sources.

Using the the already published results in terms of upper flux limits and exposure on
neutrino induced air showers [7], [8], a similar BSM scenario can be applied to the ES channel. A
hypothetical particle with a reduced energy-dependent cross section opgas(E) defined according
to Eq. 7.11, with zenith angles 6 € [90°,95°] and energies Epgys € [10'7,10%° V], is propagated
through Earth and its probability to create 7-leptons within the last 50km distance below
the surface is evaluated. In order to translate the neutrino upper bounds published in [8] to
corresponding upper limits on BSM particle fluxes, the exit probability of the 7-leptons pesit

defined in [8] and [7] has to be re-evaluated correspondingly.

7.3.1 Probability of ES 7-leptons produced by BSM particles to exit the
Earth

The probability of an Earth skimming 7-lepton, produced by a v, inside the crust, to emerge in
the atmosphere, pesit, is calculated in the dedicated neutrino searches [7], [8]. Both CC and NC
interactions, as well as v; regeneration are accounted for. Since the current study is only con-
sidering CC interactions, the probability of a 7-lepton to emerge from Earth is correspondingly
calculated for this scenario. The BSM probability to produce the leptons within the last 50 km
distance P(BSM — 7)(o, E) is therefore convoluted with the 7-leptons probability to escape
the fiducial volume. Consequently, the probability of an ES 7-lepton with energy Ej -, produced
by a hypothetical particle with energy Epgps within the last few km distance, to escape Earth

is defined as:

P*(BSM — 7)(0,Epsm, Eo,-) = P(BSM — 7)(0,Egsn) - PY“P?(Ep, +) (7.17)
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where P(BSM — 7)(0, Egsr) is defined according to Eq. 7.14, for 6 € [90°,95°]. The probab-
ility of 7-leptons to escape Earth, P£*P¢(Ey ), is not influenced by the different cross section
values, being only related to the 7s propagation®. This probability has been calculated for the
T-energies of interest, using the OnlyTauSim code described in section 6.1.1 and is plotted in
Fig. 7.13. Given the constant Earth density pgam =~ 2.6g/cm? at the distances of interest,
D < 50km, inside Earth, and the flat injection in distance, the results are independent on the

zenith angles. The 7 probability to exit Earth without decay, P£%“P¢, is increasing with the
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Figure 7.13: Probability of 7-leptons produced within the last 50 km distance below Earth to exit in
the atmosphere, as a function of their primary energy. Results are obtained for a flat energy v = —1
spectrum in an energy range Ep , € [10'6-5,10%°] eV with 7s injected flat in distances up to 50 km

leptons energies, given the corresponding decrease in the decay probability at higher energies.
The T-energy losses inside Earth are further contributing to this evolution in terms of energy.

In order to obtain the probability of an ES 7-lepton produced by a hypothetical particle
to escape, P*(BSM — 1), defined in Eq. 7.17, the probability of such particles to produce 7s
within the last 50km below Earth, P(BSM — 7), has to be further evaluated. Using the
CC neutrino-nucleon cross section energy dependence, ogy (E) = occ(E) from [106], the BSM
scenarios are obtained by gradually decreasing the SM value by several orders of magnitude.
The investigated BSM cross section values are the same as in the steeply up-going case, plotted
in Fig. 7.8. The probability of a hypothetical particle with a zenith angle 8 and energy E to
create T-leptons within the last 50 km distance below Earth, P(BSM — 7)(o, E,0) is obtained
according to Eq. 7.8. The corresponding values of P(BSM — 7)(o, E,0) for the ES channel
with 6 € [90°,95°] at the energies of interest £ € [10'7,102°] eV are plotted in Fig. 7.14 for
various BSM scenarios.

Two main important aspects are immediately observed when comparing the probability
of 7-production in the steeply up-going case with 6 € [110°,180°], illustrated in Fig. 7.10, with
the ES case corresponding to 6 € [90°,95°], plotted in Fig. 7.14. For a cross section corresponding
to the SM scenarios, (first panel in both figures), the probability P(BSM — 7) is maximized
for the Earth skimming channel. This is physically understood, as the very horizontal events
are traversing a very small amount of Earth’s matter, as discussed within the previous sections.

As a consequence, the survival probability inside Earth is already maximized for the most

4In the case of the steeply up-going showers this probability is accounted for within the 7 simulation procedure,
described in section 6.1.1
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Figure 7.14: Probability of a hypothetical particle with zenith angles € [90°,95°] to produce T-leptons
within the last 50 km distance below Earth with respect to its primary energy, for different values of
the zenith angle §. The cross section energy dependence oo (E) from [106] is used. The probability
P(BSM — 7)(0, E, ) is investigated in several BSM scenarios, plotted in the 6 panels.

horizontal events. As the interaction probability represents the main influencing factor in this
case, the 7-creation probability, P(BSM — ), is increasing with the increase of energy, given
the corresponding cross section increase with energy. This is seen for the most horizontal zenith
angles (red and orange bullets corresponding to § = 90.11° respectively § = 90.68° in Fig. 7.14)
at all energies. For slightly more vertical angles 6 > 91°, the probability is increasing up to
a certain energy, after which point it starts to decrease again. This behavior can be seen in
the steeply up-going case as well, for a opgy = 1072 - ogas scenario. The reasoning for this
behavior is the same in essence: as more vertical zenith angles cross a larger amount of matter,
the survival probability inside Earth is correspondingly lower. As the interaction cross section
is increasing with energy, the corresponding events have a lower chance of crossing the Earth’s
matter without interaction. However, as already discussed, (see Eq. 7.14) in order to obtain
P(BSM — 7)(0,E) in a given zenith range, an integration over the zenith angles of interest
is needed. Consequently, the most horizontal events are having the strongest influence in the
overall behavior.

The second important difference observed between the steeply up-going and ES channel
comes from the study of several BSM scenarios. As discussed above, in the 6 € [110°,180°] case,

by decreasing the cross section by several orders of magnitude, the probability of a hypothetical
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7.3 BSM particles in the Earth-Skimming channel

particle to produce 7-leptons within the last few km below Earth can be significantly increased.
The opposite situation is seen in the ES case, where the cross section reduction is resulting
in lower probabilities. This is again due to the fact that the interaction probability within
the last km below Earth is dominant for the Earth skimming events. Moreover, as the last
few km distance below Earth is considered, the interaction probability within this distance
is independent on the zenith angle, as shown in Fig. 7.5. As a consequence, once the Earth
survival is maximized for all zenith angles, the probability of a hypothetical particle to produce
7-leptons P(BSM — 7)(o, E) is the same for any 6. This is observed in the bottom 3 panels,
corresponding to oy < 103 - o9, of Fig. 7.9 and Fig. 7.14.

As seen in Eq. 7.17, the 7-production probability P(BSM — 7)(o, E) is only one of
the terms needed for estimating the ES 7-fluxes. However, as the probability of 7-leptons to
exit Earth P£*“P¢(Ey ;) is not influenced by the different cross section values, it will only lower
the final P*(BSM — 1) value, without changing the obtained results for any BSM cases. This
can be seen in Fig. 7.15(a), where the probability of a hypothetical particle to create the s,
P(BSM — 7) is plotted for the the 0 = ogas case. In the Fig. 7.15(b) the resulting probability
of a hypothetical particle to create 7-leptons which would exit the Earth, P*(BSM — 7),
defined in Eq 7.17 is plotted for the zenith angles of interest.
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(a) Probability of a hypothetical particle to produce (b) Probability of a hypothetical particle to produce
T-leptons in the last few 50 km distance below Earth 78, within the last 50 km below Earth, which exit the
Earth and can further decay in the atmosphere

Figure 7.15: Influence of the 7 escape probability P2°¢*P¢ on the expected number of T-leptons created
by a hypothetical particle and entering the atmosphere. Results are presented for a ¢ = og)s scenario

The 7 probability to exit Earth without decay, P£%“*P¢(E), reduces the final probability
P*(BSM — 7). This effect is especially important at low energies £ < 10'%eV. As the 7
energies are increasing, the escape probability is also increasing (see Fig. 7.13) and approaches a
maximum value. For a one to one comparison, the results in Fig. 7.15 are obtained considering a
total energy transfer between the BSM particle and the 7-leptons: Epgyr = F-. This is further
changed in the context of upper flux bounds, as described in section 7.3.2.

As discussed in the beginning of the subsection, the values of the 7 escape probability
are independent on the interaction cross section values, having the overall effect of decreasing
the total probability P*(BSM — 7) values. Consequently, as seen in Fig. 7.14, the ES channel

is going to be most sensitive to the SM case and gradually loose its sensitivity to any BSM
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scenario with a reduced cross section. This effect is further reflected in the corresponding upper
flux limits plotted in Fig. 7.17.

7.3.2 Flux upper bounds on BSM particles in the ES channel

Since in the ES case the exit probability plays a crucial role in the exposure calculation [8], this
has been re-evaluated accordingly for the different BSM scenarios, as explained in the previous

section. According to Eq. 3.2 from [8], the SD exposure to earth-skimming events is defined as:

Ees(Ey) ://// / /|cos€|sin9pem-t Pdec €gs AdAdOd¢ dE; dhge. dt (7.18)
A 0 ¢ Erhge t
In order to calculate the corresponding exposure to BSM particles producing 7-leptons
with zenith angles 6 € [90°,95°], the exit probability, peyir, in Eq. 7.18 is replaced by the
corresponding P*(BSM — 1) defined in Eq. 7.17. Additionally, the neutrino energy E, is

further referred to as the hypothetical particle’s energy Epgps. Thus, the exposure becomes:

Ees(Ey) = Eps(Epsm)
with (7.19)
pexit(E,,, 9, ET) = P*(BSM — 7‘)(0, EBSM, 9, ET)

Having access to the collaboration data, the other terms in Eq. 7.18 are directly accessed
during the calculation and remain unchanged. As the exposure results are provided in terms
of neutrino energies, additional calculations need to be performed in order to translate it in
terms of 7-lepton energies. This is of a particular importance for the further considerations of
the energy transfer. Consequently, additional MC simulations have been implemented in this

regard.

Energy transfer to 7-leptons

In order to properly calculate the corresponding upper bounds on BSM particles in the ES
channel, an energy transfer to 7-leptons has to be considered. Therefore, the exposure results
from [7] and [8] has to be provided in terms of T-leptons energies. As seen in Eq. 7.18 and 7.19,
the only factor depending on both E; and F, comes from the probability of a particle to create
a 7-lepton which would in turn exit the Earth, pe,i(Ey, 6, E;). Having direct access to the
collaboration data used in the dedicated searches, and using the fact that the energy dependence
of the exposure is mainly influenced by the most horizontal zenith [9], the disentanglement
between E; and E, in Eq. 7.18 has been achieved. Therefore, by fixing the zenith angle to
Opmin = 90.11°° and calculating the 7 exit probability for a total energy transfer E, = E., the

detector identification efficiency with respect to the neutrinos primary energy is obtained.

E(Ey)

Dexit (Em Hmm) sin gmm COS emzn

Eff(E) = (7.20)

This coincides with the minimum zenith investigated in [7], [8], [9].
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7.3 BSM particles in the Earth-Skimming channel

where perit(Ey, Omin) = P*(BSM — 7)(0, Epsa, Omin) has been calculated for o = ogps and
is plotted with red bullets in Fig. 7.15(b). The resulting efficiency for the neutrino energies of
interest, as obtained within the dedicated ES studied from [7], [8] is plotted in Fig. 7.16 with
black bullets.

Having the neutrino energy dependence, the results can be further translated in terms
of the 7-lepton energy. As in the dedicated neutrino searches, the parton distribution results
from [108] have been used for the energy transfer calculations, the same data is further used.

The corresponding Bjorken-y distributions are directly taken from [108], with y defined as:

_E, - E,

i (7.21)

Y

In order to obtain the T-energy distribution, a MC simulation has been used. For each neutrino
energy F,, a number of 1000 CC interactions have been simulated and the resulting 7-lepton en-
ergy distribution has been obtained according to Eq. 7.21. The resulting identification efficiency
in terms of F; is plotted with red bullets in Fig. 7.16. This would coincide to the corresponding

efficiency for a total energy transfer: E, = E;.
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Figure 7.16: Identification efficiency (defined in Eq. 7.20) of the SD of the Pierre Auger Observatory to
v, ES induced air showers, as a function of the neutrino energy, when different energy transfer rates to
the 7-leptons are considered

As it can be seen in Fig. 7.16, the identification efficiency is increasing up to F, =
10'® eV, where it reaches a maximum and then starts to decrease again. This is physically
understood as a competing effect between the detection efficiency and the 7-decay probability.
As the energy increases, the shower detection is improved, while the probability of 7-leptons to
decay decreases (see Eq. 6.6). As different energy transfer rates are considered, higher neutrino
energies are needed to produce the studied 7-leptons. This results in a shift of the corresponding

identification efficiency towards higher energies, as observed in Fig. 7.16.

In order to be consistent with the steeply up-going BSM searches detailed in sec-
tion 7.2.2, a 50% energy transfer between the BSM particles and the 7-leptons is investig-
ated: Epgsy = 2 FE,. The corresponding identification efficiency is plotted with blue bullets
in Fig. 7.16. The resulting values of the identification efficiency are inserted back in the ex-

posure formula in Eq.7.18. The probability of a hypothetical particles to produce 7-leptons
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within the last 50km distance below Earth, which would in turn decay in the atmosphere,
P*(BSM — 7)(0, Egsy = 2 E;,0, E;) is calculated according to Eq. 7.17.

Having the exposure results in terms of the BSM particles energies, corresponding to
a 50% energy transfer to 7-leptons, the flux upper limits for a 95% CL for the ES channel can
be obtained, according to [7], [8]:

3.02

| Bty Ees(Epsm)dEpsm
Epsm

- Enzy (7.22)

Pps(Epsm) =

where 3.02 is the Feldman-Cousin [101] factor corresponding to non-observation of events when
no background is expected, taking into account the systematic uncertaintiesS.

Various BSM scenarios are studied, similar to the steeply up-going case described in
section 7.2.2, by artificially reducing the SM cross section gy (E) by several orders of magnitude.
The corresponding 95% CL upper flux bounds on hypothetical particles with zenith angles
0 € [90°,95°], interacting within the last 50 km distance below Earth and producing 7-leptons
which enter the atmosphere, are obtained and plotted in Fig. 7.17.
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Figure 7.17: Upper flux limits for a 95% CL on ES (f € [90°,95°]) hypothetical particles creating
7-leptons within the last few km distance below Earth for several BSM scenarios

As expected from the probability of 7-production P(BSM — 7) in different BSM scen-
arios, plotted in Fig. 7.14, the most stringent upper bounds are obtained for the SM scenario
(light blue symbols in Fig. 7.17). This is again confirming the fact that the Earth Skimming
scenario represents a golden detection channel for the standard model neutrino nucleon inter-
action cross sections. The upper bounds are gradually weakening by one order of magnitude
when the BSM cross section is correspondingly decreased by the same factor, as expected from
the probability P(BSM — 1) of such highly inclined particles to produce 7-leptons within the
last few km below Earth. The resulting upper bounds on ES hypothetical particles for o = ogps
represent one of the most competitive limits set on neutrino induced air showers at the corres-
ponding energies. As a result, the ES channel is providing an unmatched sensitivity towards

SM particles, while the steeply up-going channel is more sensitive towards BSM scenarios. This

In the dedicated searches from [7] and [8] a 90% CL is studied. In order to properly combine the resulted flux
U.L for both the steeply up-going and ES channels, the same CL needs to be used. This is why a CL = 95%
is used for the ES channel, while the systematic uncertainties are kept intact
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is showing the ability of the Pierre Auger Observatory to constrain a large variety of physical
models, by combining the obtained results from both the SD and FD.

7.4 Combined upper limits on BSM particles: ES and steeply

up-going 7-induced air showers

Using the above presented results for both the ES channel and the steeply up-going 7-induced
air showers, various BSM scenarios can be strongly constrained. Consequently, competitive
upper flux limits on hypothetical particles with zenith angles 6 € [90°,95°] and 6 € [110°, 180°],
traversing the Earth and creating 7-leptons within the last 50 km distance have been obtained.
The resulted differential combined upper bounds are plotted in Fig. 7.18, for a 50% energy
transfer to the 7-leptons and an energy-dependent interaction cross section o(E) 7. As discussed
within the previous section, the ES channel provides competitive upper bounds for the SM case,
where the steeply up-going showers result in very weak U.L. Consequently, the combined upper

limits are following the ES ones, as seen in the top left plot from Fig. 7.18. With the reduction of
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Figure 7.18: 95% CL flux upper limits on hypothetical particles surviving Earth propagation and produ-
cing Earth-Skimming (black triangles: 6 € [90°,95°]) and steeply up-going (red bullets: 8 € [110°,180°])
7-leptons within the last 50 km distance. The resulting combined upper limits at are plotted with blue
bullets, for different investigated BSM scenarios.

the cross section, several BSM scenarios are tested, where the steeply up-going channel provides
stronger upper bounds and becomes the influencing component for the combined results. The
limits improvement by several orders of magnitude between ¢ = ogps and ¢ = 0.1 - ogps for
this channel can be observed by comparing the first two top plots in the figure. The weaker
limits for the steeply up-going case (red bullets in Fig. 7.18) at low energies are due to the

very low FD exposure at the corresponding energies, as seen in Fig. 6.13. However, at energies

"The energy dependence of the cross section is the CC neutrino-nucleon occ(E) from [106].
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Epsy > 108 eV, where the FD exposure becomes significant, the steeply up-going channel
provides the most stringent upper bounds for the investigated BSM scenarios.

In order to properly visualize the Auger upper bounds for different BSM cases, and
correspondingly find the optimum cross section value which maximizes the r-production prob-
ability, the integrated combined upper flux limits are provided in Fig. 7.19. Three main features
are observed in the evolution of the integrated upper bounds with respect to the cross section.
A first minimum is obtained for the SM scenario, where the ES channel is providing an un-
matched sensitivity. With the decrease of o the U.L are initially weakening, up to a value of
opsym = 0.3 - o5, where a maximum is reached. This is due to the fact that the entire zenith
range 6 € [90°,180°] could not be investigated. As there are no dedicated searches for 7-induced
air showers with zenith angles # € [95°,110°], the detector sensitivity at those elevations is
unknown. Therefore the corresponding cross section ranges mark the region where the ES chan-
nel is the main dominant component in the combined upper limits. Even if the 7-production
probability is increased for the steeply up-going case, the resulted 7-lepton upper flux bounds
are not sufficiently improved. By further decreasing the cross section, the upper limits start to
strengthen again, as the steeply up-going channel starts to become dominant. A second min-
imum, corresponding to the optimum BSM cross section opgayr =~ 10% - ogys is obtained. The
competitive behavior between the survival probability inside Earth and the interaction probab-
ility in the last few km causes the increase in the upper bounds at cross sections lower than the
optimum value. At those values the survival probability inside Earth is already maximized, and
therefore the probability of hypothetical particles to create the 7-leptons is mainly influenced
by the interaction probability below the surface, which is decreasing with the decrease of the

cross section.
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Figure 7.19: 95% CL integral upper flux limits on hypothetical particles with 6 € [90°,95°] and 0 €

[110°,180°], producing 7-leptons within the last 50 km distance below Earth, when a 50% energy transfer
is considered, with respect to different interaction cross sections.

The results in Fig. 7.19 are presented for different energy ranges, as well as for the entire
energy range of interest: Eggps > 10173 eV. The best upper bounds are obtained in the SM case,
with E2-® = 2.55-107 GeVem 25 tsr!, followed by the result at the optimum cross section,
opsm = 1072 - ogar, of E? - ®ggyr = 2.85- 1072 GeVem2s st~ This emphasizes again
the wide capability of the Pierre Auger Observatory to constrain both SM and BSM scenarios

resulting in the production of 7-leptons in a 50 km distance below Earth.
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Conclusions and Future Prospects

In this thesis, the response of the Fluorescence Detector of the Pierre Auger Observatory
to steeply up-going showers has been investigated. A generic search for cosmic ray-like air
showers, with calorimetric energies lg Ez;, / €V € [16.5,18.5] and steeply up-going zenith angles
6 € [110°,180°], motivated by the ANITA observations of two anomalous events with energies
of few tenths of an EeV [14, 15, 13] and elevation angles higher than 20° above the horizon, has
been performed within the Pierre Auger collaboration. The available FD data from more than
14 years has been analyzed, and no event excess over the expected background has been found.
Consequently, upper flux limits have been set on such cosmic ray-like air showers. Moreover, the
obtained FD exposure is provided in a double differential form, in terms of shower energy and
height of first interaction. This approach of presenting the results is extremely important and
useful for theoreticians, as any primary particle scenario can be further adapted and constrained.

An example application of extending the generic exposure results in terms of upper
bounds on the fluxes of steeply up-going 7-induced air showers has been implemented and
described within this thesis. This was achieved by simulating 7-leptons with zenith angles in the
range of 110° — 180° and primary energies between 1065 — 10?9 ¢V. For a maximal flexibility,
the leptons are generated independent of their production mechanism. Consequently, 7s are
directly injected both below and above Earth, with an injection rate proportional to the media
density. The 7-leptons are propagated through Earth, where the energy losses are accounted
for, and followed in the atmosphere up to a maximum height of 9km, defined by the FD field
of view from the generic search. 7-leptons decaying in the FD-FoV are further used in order
to estimate the FD exposure to steeply up-going 7-induced air showers, by using the double
differential exposure results in terms of cosmic ray-like air showers. Given the non-observation
of any candidate event above the expected background, this is then translated to upper flux
limits on up-going 7s produced within 50 km distance inside Earth up to 9km above it. The
95% CL upper flux limits have been calculated for two different primary leptons energy spectra
and can be easily re-weighted to any desired energy spectrum. Both the exposure results and the
upper bounds on the 7-lepton fluxes have been calculated for the entire zenith range of interest,
as well as for three zenith sub-ranges. The highest sensitivity is obtained for the most horizontal
zenith scenario, with the strongest upper bound of E? - &, = 1.68 - 1072 GeVem 2s tsr!
for a primary energy of E, ~ 10'87eV. As the generic search in terms of cosmic ray-like air
showers represents a skeleton of this analysis, the obtained results are strongly influenced by
the maximum energy investigated within the general study. This can be clearly observed in the
exposure results to 7-induced air showers. Consequently, the obtained upper flux bounds and
exposure results correspond to steeply up-going 7 air showers initiated by 7s decaying in the
sensitive volume of the FD of the Pierre Auger Observatory and limited to a maximum shower

energy of 10'®5eV. An improvement in the 7 upper bounds could be obtained if the energy
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range of the general study would be increased past this value. An energy extension within the
signal simulations in the cosmic ray-like air showers study is planned for the near future.

By using the obtained results in terms of upper flux limits on 7-induced air showers,
several BSM scenarios which produce 7-leptons can be further tested, by folding in the respective
cross sections. Any theoretical model aiming to explain the existence of the steeply up-going
events with the observed energies, needs to consider a significantly reduced interaction cross
section of the proposed particle, in order to be able to survive Earth propagation. Such a
scenario has been presented within this thesis, where hypothetical BSM particles are investigated
by propagating them through Earth. Interactions happening within the last 50 km below surface
are assumed to produce T-leptons which can be detected by the FD. Several BSM models have
been studied by artificially reducing the standard model neutrino-nucleon CC cross section by
several orders of magnitude and further evaluating the probability of the hypothetical particles
to produce the investigated 7-leptons. Two main instances are investigated in detail: an energy-
depended cross section scenario, as well as a fixed cross section value at any given energy. In
both of these cases an energy transfer of 50% between the hypothetical particle and 7-leptons
is considered. It has been also shown that the cross section can not be infinitely reduced, given
the competing behavior between the survival and the interaction probability within the last few
km. Consequently, an optimum value of the BSM cross section of oggy = 1072 - ogas has
been found, which maximizes the hypothetical particle probability to produce the T-leptons and
leads to the most stringent upper flux limits. The obtained results represent the first constrains
on a BSM scenario resulting in the production of 7-leptons in the context of steeply up-going
(0 € 110°,180°) air showers and emphasize the importance of the presented 7 study. Following
a similar approach, any theoretical scenario can be correspondingly tested and constrained by
using the obtained upper flux limits on 7-induced air showers.

Taking advantage of the multiple detection techniques of the Observatory, the BSM
study has been extended to the Earth Skimming (6 € [90°,95°]) channel. Using the already
published results in terms of upper flux bounds on tau-neutrinos obtained with the Surface
Detector [7, 8], the SM cross section has been correspondingly reduced in order to obtain the
different BSM scenarios of interest. This results in extremely competitive upper flux limits for the
SM case, with a gradual weakening of the upper bounds for lower cross sections. This behavior is
physically understood, given the very inclined nature of such events. The wide capability of the
Pierre Auger Observatory to constrain a large variety of theoretical models, both SM and BSM,
resulting in the production of 7-leptons within the last 50 km distance below Earth, has been
revealed. The CL = 95% integral combined upper limits on particles producing steeply up-going
6 € [110°,180°] and ES 6 € [90°,95°] 7-leptons with energies E > 10'7 eV, have been obtained for
a large range of cross sections. The best upper bounds of E2-® = 2.55-107? GeVem ™ 2s Lsr™!
are obtained for the SM case, where the interaction cross section is equal to the energy-dependent
CC neutrino-nucleon cross section from [106]. However, this limit is closely followed by the BSM
case corresponding to an optimum cross section of oggy(E) = 1072 - o5p/(E), which results in
an upper limit of £? - ® =2.85-1079GeVem 25 tsr .

An immediate improvement regarding the BSM study would be the coverage of the

entire up-going zenith ranges. As the zenith range of 6 € (95°,110°) has not been studied yet
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8 Conclusions and Future Prospects

within the collaboration, sensitivity and exposure information about this channel are missing.
This is why in the presented combined upper limits, this interval is skipped. This has an
immediate influence on the combined integrated upper limits, and can be clearly seen in Fig. 7.19.
As discussed in the respective section, the strongest bounds are obtained for the highest value
of the cross section, corresponding to the SM one. By reducing this value the limits are initially
getting weaker, resulting in a first peak at opgyr = 0.3 - ogps. This feature is due to the fact
that the ES channel is loosing sensitivity as the 7-production probability at those zenith angles
is decreasing with lower cross sections. Even if for the steeply up-going channel the probability
is increasing with the cross section decrease, the increase is not sufficient to overcome the ES
channel for any cross section higher than opgyr = 0.1 - ogps. If the 8 € (95°,110°) zenith range
would be considered, the limits would slightly improve within this region (o € [0.1- o, osM]),
as the survival probability inside Earth would start to increase for the corresponding angles.
This would result in a smooth transition in the integral upper limits, without the peak at
opsm = 0.3 -0gp. As no exposure results are available, it is difficult to predict the exact
shape of the combined integrated limits, but if the corresponding sensitivity would be similar
to the one in the ES or steeply up-going channel, an almost flat behavior is expected for the
corresponding region. The obtained results for 0 = ogps as well as ¢ < 0.1-0 would not change,
as the 95° — 110° channel would only significantly contribute within the transition region. For
lower cross section values the corresponding 7-production probability would rapidly decrease,
given the events inclination and the steeply up-going channel would be the dominant component.
Signal simulations for this zenith range have already been discussed and corresponding results
are expected in the near future.

As there are no published results regarding the exposure of the ANITA experiment,
it is difficult to compare the presented results in terms of steeply up-going induced air showers
with the FD of the Pierre Auger Observatory to the expectations of the ANITA collaboration.
However, by performing the dedicated search and finding no candidate events above the expected
background, the Pierre Auger collaboration was able constrain such event signatures by setting
stringent upper limits on the fluxes of any primaries with cosmic ray-like signatures. Further-
more, as a result of the personal contribution presented in this thesis, 7-leptons induced air
showers have also been investigated within the anomalous events context, resulting in stringent
upper bounds on the 7 fluxes. This study and the obtained results are of a particular import-
ance for the scientific community, as many theoretical scenarios resulting in the production of
7-leptons and aiming to explain the ANITA observations have already been proposed. BSM
scenarios which would produce such 7s have also been investigated as part of this thesis, serving
as a direct example application of the 7 study and representing the first attempt to constrain
such events. The wide capability of the Pierre Auger Observatory to test such theoretical models
has been presented, by providing integral upper limits on hypothetical particles which would

create ES and steeply up-going 7-leptons within the last few km below Earth.
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CORSIKA input files and configuration

For the very first stage of the simulation sets presented in subsection 4.3.3, CORSIKA-76900
was used, representing the newest available version at the time. For configuring it, in addition to
the QGSJET II-04 and UrQMD1.3.1 models for the high and low energy hadronic interactions,
the flat detector array has been chosen. Additional options needed for the simulations are:
UPWARD, NUPRIM, THINNING. With the above configuration, an example input file, used
for the simulation library discussed in subsection 4.3.3 is shown. The input file shown in Fig. A.1
simulates a proton induced air shower with a first interaction height H; = 1.4km a.s.l. For
different values of Hy the keyword FIXHEI can be changed accordingly.

DATBAS T

DIRECT '/lustre/caracas/ProtonCorsikaThinlE-4/Height®/THINIE-4ProtonEl7.5_18_thetall5-120/data/’
ECTMAP 10000

ECUTS 0.3 6.3 6.003 6.003

ELMFLG T T

ERANGE 316227766.016838 1000000000

ESLOPE -1

EVTNR 349

FIXCHI 875.539

FIXHEL 148080 ©

HADFLG @ 6 B © 0 2

HOST cluster

LONGI T 20 T T

MAGNET 19.4 -14.1

MAXPRT 1

MUADDI T

MUMULT T

NSHOW 1

OBSLEV 4000000

PAROUT T T

PHIP -180 180

PRMPAR 14

RADNKG 20000

RUNNR 349

SEED 347953 @ @

STEPFC 1

THETAP 115 120

THIN ©.8601 31622.7766016838 160

THINH 1 180
USER caracas
SEED 347954 @
SEED 347955 ©
SEED 347956 ©
SEED 347957 @
EXIT

0]
¢
8
@

Figure A.1: CORSIKA input file for simulating up-going proton air showers with primary energy E €
[1017-5,10'8] eV, zenith angle 0 € [115°,120°] and first interaction height H; = 1.4kma.s.l
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B

Gaisser Hillas fit for up-going induced air showers

The fitting procedure uses the longitudinal energy deposit profile provided by CORSIKA in the
Jong output file. The first step is to calculate the X400, Xo, A and (dE/dX )mes parameters
by using the function defined in Eq. 4.3. This is done by using the TMinuit package [109].
After defining the fitting function (Eq. 4.3) together with its parameters, the minimization is
done by the package using the chisquare method. A starting value has to be given for each
parameter before the minimization process can start. For the case of X4, and (dE/dX)maq
the first guess was chosen as the maximum value from the longitudinal profile provided by
CORSIKA. In the case of Xy, since it is related to the injection height, the first guess was
setting it Xo = 10g/cm?. For the fourth parameter, A = 70g/cm? was set as a first value, as
explained in [110]. The resulting fit function for a proton induced air shower, with § = 117.5°,
primary energy lg Fy / eV = 18.23 and height of first interaction H; = 5.4 km a.s.1, together with

its parameters is shown in Fig. B.1.

25 [ XoH, = 144559 glcm?
[ (dE/dX)>" = 2.5874 PeV/(gicm?)
2 [ XY = 1413.49 glem?
(dE/dX)Ye = 2.61049 PeVi(giem?
15

® CORSIKA data
® MC interpolated value
—— GHFit

dE/dX [PeV/ (g/cm?)] [km]

=
IIII|IIII|IIII|II"

e A

M P TR T AR
0O 200 400 600 800 1000 1200 1400 1600 1800
X [g/lem?]

Figure B.1: Energy deposit profile of an up-going (6 = 117.5°) proton induced air shower, with a
primary energy of lg Ey /eV = 18.23 and a height of first interaction of H; = 5.4km a.sl. The GH
function (red line) is correctly describing the data (black bullets), providing a reliable value of X,

The black dots represent the CORSIKA data as resulted from the longitudinal file,
the blue point corresponds to the Monte Carlo value of X4, and the red curve represents the
correct new calculated Gaisser Hillas function for up-going induced air showers, as described in
section 4.3.4. The GH fit values of X4, and (dE/dX )ma. are highlighted, together with the
MC values. The fit describes the data behavior correctly, resulting in a correct representation
of the longitudinal profiles of up-going air showers.

Since the GH fit parameters further used within the Offline framework are X4, X0, A

and Ny, an additional step has to be performed in order to get the corresponding value of
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B Gaisser Hillas fit for up-going induced air showers

Niaz- The corresponding GH function has been defined in Eq. 2.10 and is rewritten here for

consistency:

Xmaz_X()

X — XO A Xmax - XO
_ Amaz — 40 1
N(X) Nmaa: (Xmaz - XO) P ( A > (B )

In order to calculate the corresponding value of N4z, the mean ionisation loss rate, aess(X) is

used, according to [87]:

dE 1
N(Xnmaz) = | —= —_— B.2
( ) <dX>max aeff(Xmax) ( )
where o rr(X) is defined as:
c1
aeff(X):W+C4+C5‘S (B3)

In Eq. B.3, the parameters ¢; — c5 depend on the low-energy threshold for electrons and gamma-

rays used in the simulations !

. The corresponding values have been previously defined in [87]
for a value of the low-energy threshold of F.,; = 1MeV and have been extrapolated within
the Offline framework for values up to F.,; = 3MeV. The remaining parameter in Eq. B.3, s,

represents the shower age and is defined as:

3
"7 1+ 2Xpmae/X) B4

For the desired value of X = X4, the shower age $(X4.) = 3/2. By replacing the corres-
ponding value of s in Eq. B.3 and further on using the resulting value of e f(Xmaz), the Nyaa
parameter is correctly calculated. The corresponding value is replaced within Offline for the
case of up-going air showers simulated with CORSIKA and using the VERTICAL option for the
output of the longitudinal energy deposit profile.

Lparticles below the energy threshold are no further followed within the simulation procedure
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Calculation of the FD up-time fraction

As mentioned in Chapter 3.2, the FD has an ~14% duty cycle. As various factors can intervene,
like weather conditions and/or technical issues, the duty cycle of each telescope can vary. In
order to properly monitor the telescope functioning, the data containing the main parameters
is stored within the collaboration database. A root tree with information regarding the ADC
variances, the shutter fraction, the telescope up fraction, the eye up fraction, as well as the GPS
nanosecond of the given time period, is created monthly.

Since the simulations presented in Chapter 4 represent a very preliminary procedure,
no real MC data has been used. Therefore, in order to properly calculate the up time fraction
of the telescope, the monitoring database information has been used. The investigated time
period was 01.07.2007 - 01.10.2019. The information is stored for each telescope at each eye.

The general formula for calculating the up-time fraction of each eye is:

Ntelescopes

Z Shutter Fraction8ADC); - TelescopeUpFraction; - EyeUpFractionpye - AT
tup(Eye) = =1

Ntelescopes

(C.1)
where AT represents the entire period of time, and 7ejescopes = 6 for LL, LA, LM, CO, respect-
ively Nietescopes = 3 for HEAT. The information regarding the shutter fraction, the telescope up
fraction and the eye up fraction is taken directly from the root database file.

Having access to the entire database, the decrease in the FoV of LL eye, corresponding
to the dismantling of one of the outer LL telescopes, starting from 14.07.2009, has been accoun-
ted for. After this period, part of the pixels in Bay 1 and Bay 6 stopped working, reducing
thus its FoV to 162°. Therefore, in the case of LL the data has been divided into two differ-
ent time periods, resulting in the two different terms used in Eq. 4.13: t,ppov—1800)(LL) and
tup(Fov=1620)(LL).

In the case of HEAT telescope an additional step regarding its tilting position has
been taken. Since HEAT can be tilted both in the downward position, which is mainly used
for calibration, the data taking is only achieved when the telescope is in the upward position.
Information regarding the tilting position can also be accessed from the internal database. There
are three kind of information provided: upward tilted, downward tilted and undefined. Within
the present study only the upward tilted position was considered. Therefore in case of HEAT
an additional loop was needed in order to access the tilting information.

The resulted up-times of the telescopes, for the data period 01.07.2007 - 01.10.2019

are:
1. t,p(CO) = L.774Tyr

2. tup(LA) = 1.703 yr
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C Calculation of the FD up-time fraction

3. tup(LM) =1.794yr
4. tup(LL) = tup(FoV:lSOO)(LL) + tup(FoV:162°)(LL) = 027 —l— 1475 = 1745 yI'

5. tup(HEAT) = 1.124yr

These values have been further used for the first exposure calculations presented in Section 4.4.
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Signal Simulations for the cosmic-ray like up-going
EAS

D.1 Transition from CORSIKA to CONEX in the signal

simulations

The switch from CORSIKA to CONEX in the extensive air showers simulation has been adopted
due to the need of massive simulations towards the study of up-going induced air showers with the
FD of the Pierre Auger Observatory. The much reduced computing time required for CONEX
represents the main motivation. Furthermore, since the FD observes the longitudinal energy
deposit in the atmosphere, using CONEX should not affect the final results in terms of the FD
sensitivity and exposure. However, before proceeding with the mass simulations, a cross check
has been performed. A number of 5 - 10%, and 2 - 10* proton induced air showers have been
simulated with CORSIKA and CONEX respectively. The showers have the same parameters,
with primary energies Ilg E /eV € [17.5,18], zenith angles 6 € [115°,120°] and fixed height of
first interaction H; = 1.4km a.s.l. Moreover, the same high (QGSJETII-04) respectively low
energy (Urqmd) models have been used for describing the hadronic interactions. The obtained
results are plotted in Fig. D.1 in terms of FD exposure during 1 year,' for one of the telescope
buildings (CO). The exposure calculation method is the preliminary one described in section 4.4.
In both of the cases the maximum distance between the telescope building and the shower core

has been chosen to R%%* = 25km. As it can be seen the agreement between the two simulation
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Figure D.1: Preliminary FD exposure results to up-going proton air showers for a zenith range 6 €
[115°,120° and primary energy lg £/ eV € [17.5,18], with H; = 1.4kma.s.l., resulting from CORSIKA
(blue symbols) and CONEX (red symbols) simulation codes.

codes stands, within the uncertainties limits. The CONEX simulations have a larger uncertainty

band, as fewer events have been simulated in this case. However, the simulations of more events

Lthe FD operation time is not important within this study, since it will not affect the results behavior

135



D Signal Simulations for the cosmic-ray like up-going EAS

was not necessary given the proximity of the results.

D.2 On the equivalence of flat D; with cos? sampling and flat
H, with cosf sampling

As mentioned in section 5.1.2, in order to properly calculate the exposure of a set of isotropic
generated events on a flat surface, a zenith sampling in cos? 6 is needed. Moreover, it has been
decided that a flat generation in the first interaction distance, D1, is desired, as this can be
easily related to any decay models. Since in the current study one is only interested in results
up to a maximum height of H{"** = 9km, the corresponding maximum distance is related to

the minimum investigated zenith angle 6,,,;, = 110° and is defined as:

maxr

prre — mf?%l ~ 26.3km (D.1)
Following the flat generation distance procedure, the distance to first interaction, Dy, will be
flatly generated, with D; € [0, DT**], while the zenith sampling will be done in cos?§ with
6 € [110°,180°]. However, an additional condition has to be put in order to have all of the
events satisfying the criteria of a maximum height of first interaction: D; - cos < H{"**. By
applying this condition a significant fraction of simulated events (=~ 49%) will be lost. This
scenario is plotted with grey symbols in Fig. D.2 and represents the desired model within the

signal simulation procedure.
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= Dra Hma Cut  cOS(6)% {1 =134.6° % Kept = 51.0
110 = D, NoHCut cos()*  =139.2° % Kept=100.0
105 === Hea D=HIco5() cos(B)% | =139.2° % Kept = 100.0
' —— Hqy D=H/cos(6) cosge): U =134.6° % Kept = 100.0
100*\\\\\\\\\\\\\\\\\\\\\\\I\
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Distance from core D, [m]

Figure D.2: Possible zenith and distance generation methods resulting from the MC simulations of
10® events. The grey line corresponds to the desired simulation procedure: flat in distance and cos?#
zenith sampling with the D,,,, requirement from Eq. D.1 and an ~ 49% lost events. The black line,
corresponding to a flat in height and cos # zenith sampling duplicates the desired results by keeping 100%
of the generated events

In order to avoid this significant loss of events, different other scenarios have been
investigated, to find an equivalent geometry. A MC simulation code has been developed and
used in this scope. A number of 10® MC events have been generated for each of the cases of
interest. Besides the main scenario described above, three other generation methods have been

studied and are plotted in Fig. D.2. The average value of the zenith angle, i, together with the
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D.3 From flat in distance to first interaction (D) to flat in injection distance (D)

percentage of events kept are shown in the legend. A flat generation in distance with a cos? 6
sampling and no height cut (blue symbols), a flat generation in height and a cos?# sampling
(red symbols) and a flat generation in height with a cos sampling of the zenith angle (black
symbols) have been investigated. The distance is calculated as D = H/ cos#, if not directly
generated, while the maximum investigated value of the height is H,q; = 9km. The resulting
profile histograms 2 in terms of zenith angles vs distance are showing a clear agreement between
the gray and black symbols.

As a result, in order to maximize the simulation efficiency, the flat generation in height
with a cosf zenith sampling has been adopted. This is translated into having an individual
maximum distance, based on the maximum interaction height for each individual zenith angle,
as defined in Eq. D.2. Further on, a random distance D; € [0, D***] is chosen, as explained in
section 5.1.2. Since the zenith angle is fixed, this is equivalent with choosing a random height
Hy € [0, H™**].

Hraz

Do = = D.2
1 cos (D-2)

D.3 From flat in distance to first interaction (D;) to flat in

injection distance (D)

As mentioned in Section 5.1, the signal simulations are generated flat in distance to first interac-
tion, D; with a cos? # sampling and a maximum value of DI as defined in Eq. D.1. However,
in order to investigate specific scenarios a generation flat in the injection distance Dy is also
desired. Having access to all variables of interest, Hy, Hy, X1, Xo, 0, re-weighting the simulated
events towards a flat Dy distribution is possible. This has been performed as an additional
exercise within this thesis.

Starting from the two-dimensional events distribution in terms of D; vs cos? 6, the
equal population of events in each bin is illustrated in Fig. D.3(a). The corresponding event
distribution in terms of injection distance, Dy vs cos?# is also shown in Fig. D.3(b). As can
be seen, the events are flatly distributed in the distance to first interaction, while this is not
the case for the injection distance, where less events are present at the maximum Dy values
corresponding to each cos?f bin. A correct re-weighting should correspondingly result in an
equally populated two dimensional distribution in terms of distance to injection point Dy vs
cos? 6.

In order to achieve this, the weights have been calculated based on the 2D distributions.
To ensure the same range of the two investigated distances, only events with H"* = H{j"*" =
9km have been considered. As a first step the 2D distributions have been divided in 15 bins of
cos? . Further on, the ratio between the number of events at a given distance to first interaction

and the events at a given injection distance, %Eg;;, has been plotted as a function of the distance

values for each individual zenith bin. The resulting ratio behavior versus distance has been fit

2The profile histograms show the mean value of the y-variable, together with its error, for each bin on the z—axis.
This is why even if the zenith angle is simulated with 6 € [110°,180°], there are no higher values than 145° in
Fig. D.2
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Figure D.3: Two dimensional distributions of signal simulated events in terms of cos?# and distance
to first ineraction D; (Fig. D.3(a) rand distance to injection Dy (Fig. D.3(b), as resulting from the
simulations described in Section 5.1. The number of events is color-coded with the corresponding values
represented on the z-axis.

with a distance dependent function, w(D; 6).
w(D; 0) =exp [P1(0) (D — Py(0))] + P2(0) - D + P5(0) (D.3)

An example plot of the fitted data resulted from several zenith bins is shown in Fig. D.4.

The first exponential term in Eq. D.3 describes the exponential increase in the events at
some specific value of distance, with the first parameters Py(6) being related to the corresponding
maximum distance for the specific zenith bin and P; () defining the exponential slope. The last
parameter Pj3(6) describes the shift of the exponential from ~ 0 asymptotic approach at very
small values of the z-variable. The exponential increase comes from the physics behind the
simulation procedure: the first interaction distance will always be greater than the injection
distance for any event: D1 > Dy, as it can also be seen in Fig. 5.1. As a result, at high distance
values, there will always be more events in terms of D1, having a corresponding smaller Dy and
explaining thus the flat region in Fig. D.4 at lower distance values. The third parameter in
Eq. D.3, P»(6) concerns the region corresponding to very small distances. For events having a
distance to first interaction very close to the ground (i.e. D; = 0) the respective value of the
injection distance Dy is not calculated, resulting in an under population of events in terms of
Dy at very small distances. In order to account for this, the additional parameter connected to
the atmospheric density, is introduced in the fit function.

Once the fit in terms of distance is performed for each zenith bin, the resulting paramet-
ers Py(6), P1(0), P»(0), P3(0) are further plotted and parameterized as a function of the zenith

angle:

a9 al
Py(6) = o
0(0) cos2f  cosf +ao
by b1
Pi(0) = —— +b
1(6) 00529 C%SG o (D.4)
Py(f) = —— + ——
2(0) cos2  cosf +eo
Ps(0)=dy-0
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D.3 From flat in distance to first interaction (D) to flat in injection distance (D)
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Figure D.4: Weight distributions in terms of the ratio of events present at some given value of the first
interaction distance D; and events present at the same value of the injection distance Dy. The data
obtained from the signal simulations is plotted with blue symbols and fitted with the weight function
described in Eq. D.3 (red line). The resulting fit parameters are shown for each of the presented zenith
bins.

The behavior of the four parameters in Eq. D.4 as a function of the zenith angle 6
is plotted in Fig. D.5 together with the fit function and fit parameters, as obtained from the
analysis of ~ 9 - 10% simulated events within the energy and zenith ranges of interest for the
current study.

Having the zenith dependent parameters, the weighting function in Eq. D.3 can be
calculated for any value of the injection distance Dy and zenith angle 6. By applying the
resulting weights to the events simulated with a flat distribution in the first interaction distance,
the corresponding non-flat distribution in the injection distance, N(Djy,#), can be transformed
into a flat population of events in terms of injection distance N(Dy,#)/"*, and can be further

used for any studies requiring such a hypothesis.
N(Dy, 0)'% = N(Dg, ) - w(Dy, 6) (D.5)

Two exemplary plots of the resulting distribution N (Dy, #)7'* are shown in Fig. D.6. The good
agreement between the two profile histograms in Fig. D.6(b), as well as the flat distribution in

Fig. D.6(a) prove the efficiency of the implemented re-weighting procedure.
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D Signal Simulations for the cosmic-ray like up-going EAS
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Figure D.5: Distance dependent parameter behavior as a function of the zenith angle §. Each point
on the graph corresponds to the values resulting from the 15 different cos? § bins, corresponding to 15

individual distance fits according to Eq. D.3
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Background simulations - Generation sphere

As mentioned in Section 5.2.1, the background events are simulated in a sphere centered in the
middle of the array and surrounding the FD telescopes. An illustrative view of the generation

sphere is shown below, as taken from [88].

90 km

Sphere center ‘

Accepted shower |

R

Spherical generation volume

Figure E.1: Spherical generation volume (red) of the background simulated events. Figure from [88].

By choosing a proper value of the sphere radius, Rgppere, the simulations cover all the
telescope building locations. Each telescope is defined by a maximum distance, Rpcut, which
defines the distance between the shower core and the telescope site, at which events are still
able to trigger the detector. This variable has been mentioned before within the thesis, in
section 4.3.3, where similar studies have been performed in the preliminary signal simulations
studies '. The value of this distance is energy dependent. The radius of the sphere Ryphere =
90km, has been chosen as a result of the parametrization of R,cut as a function of energy,
plotted in Fig. E.2. It can be seen from Fig. E.1 that the value of Rgypere represents a sum
between Rj,cut and the distance from the sphere center to the telescope building.

Once the value of R,cut, and Rgppere are set, the generation volume of the background
events is fixed. A shower having its core position within the sphere but not intersecting the
corresponding R,cut defined area, represented with blue circles in Fig. E.1, will be disregarded
(black arrow in Fig. E.1) as it will not be able to trigger the FD. As a result, only events
generated within the sphere and landing in the R,cut allowed region will be further considered

(green arrow in Fig. E.1).

max

The quantity Rpcut is the equivalent of REp
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Figure E.2: Parametrization of R,cut. Plot taken from [88].
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Atmospheric profile parametrization

The atmospheric profile is widely used in cosmic ray studies for translating between the altitude
above sea level and the corresponding vertical atmospheric depth. The parametrization used
in this thesis is following the U.S. standard atmosphere in [111]. Additional measurements
regarding the monthly averages at the detector site, in Malargue, Argentina, are considered by
using the same parameters defined within the internal collaboration software, Offline [69]. Input
atmospheric parameters in terms of humidity, temperature, pressure and density are provided
for altitudes up to 100 km a.s.l.

The vertical atmospheric depth can be calculated, using the corresponding atmospheric

pressure values at a given altitude:

Xpert,i = Pi - % (F.1)
SeaLevel

where kgeqrever = 1032 g/cm? represents the grammage at sea level and Pseqrever = 101325 Pa

is the corresponding atmospheric pressure at sea level. The index ¢ = 0,100 km refers to the

different altitudes of interest a.s.l.

As discussed in section 6.1.2, the atmospheric profile faz, (H) is used in order to trans-
late between vertical depths and corresponding heights a.s.l. The function fay,(H) describing
the relation between the two parameters of interest is obtained by interpolating the input alti-
tude values H; and the calculated depths X,ert;. The interpolation is performed between the
logarithm of the vertical depth, log Xyert; and H; and is plotted in Fig. F.1. Two different
interpolation methods are used '. It can be seen the two different functions give very similar
results up to heights of H < 30 km.

e AKIMA interpolation

e LINEAR interpolation

ol

P R
10 20 30 40 50
Height a.s.| [km]

Figure F.1: Two different interpolation methods of the atmospheric profile, fas, (H).

'Both AKIMA and LINEAR interpolation represent interpolation methods already implemented in ROOT [72].
More details about these interpolations can be found at the official website [112].
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F Atmospheric profile parametrization

However, in order to decide on the best interpolation for fas,(H), the resulting distri-
bution of events in terms of distance to first interaction, defined in Eq. 6.19 is further plotted
considering the two different interpolations in Fig. F.2. As it can be seen from this figure, the
AKIMA interpolation provides a smoother event distribution. As a result this has been chosen

for the atmospheric profile parametrization fas,(H).
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Figure F.2: Event distribution with respect to the distance to first interaction, D1, using two different
interpolations of the atmospheric profile fa, (H)
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Energy transfer impact on BSM upper flux limits

The value of the energy transferred from the BSM hypothetical particles to the studied 7-leptons
influences the corresponding upper flux bounds. As pointed out int Chapter 7, an energy transfer
of 50% has been chosen for the current results. As the study represents the investigation of a
theoretical scenario, any transfer rate can be considered. A comparison between the resulting
upper flux limits for two different energy transfer values has been performed. Consequently, the
chosen Eypansfer = 50% — Epsy = 2 - E results are compared to the extreme case of a total
energy transfer: Eyqnsfer = 100% — Epsyr = E-. The corresponding upper limits for a particle
with a fixed cross section of oy = 0.77 - 1073 cm? and zenith angles 6 € [110°,180°] which
would create 7-leptons within the last 50 km distance below Earth are plotted in Fig. G.1(a).

g 18227 + | e 07 O By = 50% 1022; .
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(a) Upper flux limits (CL = 95%) obtained at a fixed
o = osm considering two different energy transfer
rates between the BSM particle and the investigated
T-leptons

(b) Upper bounds ratio between different energy trans-
fer rates (black bullets) and different cross section val-
ues (blue bullets)

Figure G.1: Impact of the energy transfer rate on the resulted BSM upper flux limits

As expected, different energy transfer values will shift the resulting distribution towards
higher energies!. The upper bounds will become correspondingly weaker in the case of a 50%
energy transfer for Eggyr < 10'¥8eV. This is physically understood, given the 7-upper limits
evolution with respect to energy (see red bullets in Fig. 6.14). Since the 7 bounds are very
weak at those energies, this is reflected in the BSM limits as well. Consequently, a fixed energy
of the BSM particle is going to be contributing to different energy bins of the 7-distribution,
according to the corresponding energy transfer. As a result, in the two cases of interest, a
10'7% eV will either produce a 7-lepton of Eyr = 10176 eV or

correspondingly Ep , = 1/2 - 101766V, As the upper bounds are weaker at lower energies,

particle of energy Epsy =~

LA higher energy of any particle is needed in order to produce the 7s at the investigated energies for any
Etransfcr < 100%
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G Energy transfer impact on BSM upper flux limits

this results in correspondingly weaker U.L for a 100% energy transfer. The same process is
responsible for the stronger upper bounds in the case of 50% energy transfer, at Egsy >
1088 eV, where the 7 fluxes improve significantly. For a better visualization, the ratio between
the corresponding upper bounds, E2¢(Ey ansfer = 50%)/E2(Etransfer = 100%) is plotted with
black bullets in Fig. G.1(b). Following the trend in Fig. G.1(a), the biggest impact is visible
at low energies, where the resulting upper bounds are different by = 3.5 orders of magnitude.
However this ratio is decreasing with the increasing of energy, as visible in the figure.

As the main purpose of the current study is to constrain several BSM scenarios obtained
by gradually decreasing the SM cross section, a similar ratio has been plotted with blue bullets
in Fig. G.1(b). The SM upper bounds are compared to the obtained limits for a BSM scenario
with opgyr = 0.1 - ogpr. This cross section value doesn’t correspond to the optimum one,
implying the resulting ratio could be even higher. Nevertheless, as indicated in Fig. G.1(b), by
decreasing the cross section by one order of magnitude, the corresponding upper bounds improve
by more than 25 orders of magnitude. By comparison, the maximum number of ~ 3.5 orders of
magnitude resulting from the different energy transfer values, for only one energy bin, is almost
insignificant. This is proving the affirmation made at the beginning of chapter 7, namely that
the considered energy transfer model does not have a significant influence in constraining the

studied BSM scenarios.
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