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Abstract. This thesis aims to determine whether a ground-based gamma-ray observatory is capable of measur-
ing neutrinos with energies ranging from 100 TeV to 1 PeV, and its expected performance. The main objects of
study are very inclined extensive air showers induced by down-going and up-going electron neutrinos. Back-
ground is predominantly made up of very inclined EAS induced by cosmic-rays. Discrimination between signal
and background is based on the balance of the total electromagnetic and total muonic signal on the ground. We
demonstrate that a km2-scale wide-field ground-based gamma-ray observatory is predicted to be capable of de-
tecting VHE atmospheric and astrophysical neutrinos at an average rate of 2.09 × 10−1 yr−1, or ∼ 1 event every
5 years. The highest estimated event rate is 3.72 × 10−1 yr−1 or ∼ 1 event 2 − 3 years.
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1 Introduction

Astroparticle multi-messenger physics combines in-
formation pertaining to a single phenomenon extracted
from different messengers, namely electromagnetic radi-
ation, gravitational waves, neutrinos, and cosmic rays.
As each messenger is created by different astrophysical
processes, they reveal different information about their
sources. This approach has the potential to address fun-
damental problems, such as those related to physics in ex-
treme phenomena, the long-standing question on the ori-
gin of UHECRs, the nature of dark matter, the possibility
of a Lorentz invariance violation and even the existence of
previously undiscovered particles.

There are numerous experiments that resort to EAS
detector arrays to study gamma-rays with very-high ener-
gies. In this thesis, we use simulation studies to determine
whether such experimental setups are capable of neutrino
detection, and to estimate the sensitivity that could be ex-
pected of them. In particular, our study is restricted to neu-
trinos with energies ranging from 100 TeV to 1 PeV. Sig-
nal events correspond to inclined and very inclined EAS
(θ > 60◦) induced by down-going and up-going neutri-
nos. The main source of background for this measure-
ment are very inclined EAS resulting from the interaction
of cosmic-rays with the atmosphere. Using the balance
between the total electromagnetic signal and total muonic
signal registered at the ground level, a cut is introduced
to discriminate between neutrino events and cosmic-ray
background.

This article opens with a brief introduction to neu-
trinos, extensive air showers and the current experimen-
tal panorama. Secondly, a description the workflow es-
tablished for the sensitivity computation is provided.This
is followed by a discussion of the results pertaining to
background elimination and the estimation of the neutrino
event rate. Afterwards, the impact of the signal resolution
on the proposed measurement is also discussed. Finally,
we present the results of the study of the possibility of us-
ing up-going neutrinos as an additional contribution to the
expected event rate.
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2 Background

2.1 VHE neutrinos

Very-High Energy (VHE; Eν ∼ PeV) neutrinos may be
produced by the decay of secondary particles (such as very
energetic muons or charmed particles) originating from
the collisions of cosmic rays (typically protons and heavier
nuclei) with nuclei in the upper atmosphere. These cases
are commonly referred to as atmospheric neutrinos. Given
their origin, their flux has a direct correlation with the flux
of cosmic rays. For energies below ∼ 100 TeV − 1 PeV,
the flux of atmospheric neutrinos is the main contributor
to the neutrino energy spectrum, as depicted in Figure 1.
As the energy increases, the flux of cosmic rays decreases
significantly, causing the contribution of atmospheric neu-
trinos to diminish. At higher energies, the flux of neutrinos
originating from astrophysical sources exceeds that of at-
mospheric neutrinos.

Within astrophysical objects such AGN, the decay of
charged pions resulting from the interaction of charged
cosmic rays with radiation and/or molecular clouds leads
to the production of neutrinos. These VHE and Ultra-High
Energy (UHE, Eν ∼ EeV) particles can travel long dis-
tances without being absorbed or deflected by magnetic
fields, making them unique tracers of cosmic-ray accel-
eration that point directly to their sources. For energies
exceeding 1 PeV the flux of these neutrinos represents the
dominant contribution to the neutrino energy spectrum, as
can be seen in Figure 1.

2.2 Extensive Air Showers

When a very energetic particle (the primary particle) en-
ters the atmosphere and interacts with the nucleons of
the atoms, new (secondary) particles are produced, among
which the energy of the primary particle is divided. In
turn, interactions of these particles lead to the production
of new particles, a process which is repeated successively,
thus generating an extensive air shower which may reach
the Earth’s surface.
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Figure 1: Neutrino energy spectrum, taken from [1]. Ice-
Cube focuses on the range of energies 1014 − 1016 eV,
the Pierre Auger Observatory on energies of the order of
1018 eV and above, while the SWGO would work in the
1011 − 1015 eV range, as highlighted in blue.

2.2.1 Neutrino Induced Showers

Vertical neutrino-induced showers and ordinary cosmic-
ray-induced showers exhibit very similar signatures, mak-
ing them hard to distinguish. In the case of inclined and
very inclined showers (roughly θ > 60◦) this discrimina-
tion becomes viable, since there is a larger grammage be-
tween the first interaction point and the ground. As a con-
sequence, a proton typically induces a shower long before
reaching considerable depths within the atmosphere. This
leads to its electromagnetic component being completely
absorbed early in its path, thus not reaching the detector ar-
ray. The end result is a shower front at the ground level that
is dominated by muons, which induce sharp time traces in
the water Cherenkov stations of an air shower array [2].

In contrast, due to the small interaction cross section
of neutrinos, they have a very low probability of inter-
acting with the atmosphere. This means that down-going
neutrinos arriving at large zenith angles have the possibil-
ity of interacting and developing showers much deeper in
the atmosphere, producing traces that spread over longer
times [3]. This is the strategy employed by, for instance,
the Pierre Auger Observatory to look for neutrino-induced
showers [4]. There is also the possibility of showers be-
ing induced by up-going neutrinos. Most commonly, this
occurs via the Earth-skimming mechanism, which entails
a neutrino interacting in the Earth’s crust and producing a
lepton that then generates a shower [5].

2.2.2 Neutrino Detection

The biggest challenge pertaining to VHE and UHE neu-
trino detection is increasing the sensitivity of detectors to
allow them to see a reasonable number of events, since
the flux of neutrinos at these energies is expected to be
lower than the photon flux 1.The most common means of

1The main mechanism behind neutrino production, the hadronic
mechanism, is common to photons

addressing this issue is instrumenting very large volumes,
typically making use of large amounts of water or ice as
is the case of the Baikal Deep Underwater Neutrino Tele-
scope (BDUNT) [6] and the IceCube Neutrino Observa-
tory [7], respectively.

This thesis focuses exclusively on the detection of
electron neutrinos. When these particles interact with the
atmosphere, they generate an hadronic and an electromag-
netic component. The latter constituent is an EM shower
induced by the electron produced from the interaction of
the corresponding neutrino. Upon reaching the ground, the
cascade has undergone a substantial development allowing
it to generate a large footprint, facilitating its detection.

The interaction of a tau neutrino or a muon neutrino
with the atmosphere also gives rise to an hadronic com-
ponent. In the case of a muon neutrino, the other product
of this interaction is a muon, which can penetrate the at-
mosphere and reach Earth’s surface without generating a
particle shower. As a result, very little or no signal is de-
posited in the array, and no footprint is produced, making
detection unfeasible.

In contrast, a tau behaves similarly to a heavier version
of the electron, and is more highly penetrating. Due to
its mass, it is the only lepton that can decay into hadrons.
The possibility of introducing an additional hadronic com-
ponent means showers induced by tau neutrinos exhibit a
more complex and erratic behaviour, although their detec-
tion is still viable. Because of this, the simplest case, cor-
responding to the electron neutrino, was chosen instead.

3 State-of-the-Art

3.1 Astrophysical Neutrino Observatories

There is a wide range of experiments dedicated to the
detection of astrophysical neutrinos, such as SNO [8] (now
refurbished for use in the SNO+ experiment [9]), Super-
Kamiokande [10], ANTARES [11] and the IceCube Neu-
trino Observatory [7], all of which are water Cherenkov
detectors (except for SNO+, which resorts to a liquid scin-
tillator). Neutrino detection can also be achieved via scin-
tillators (e.g.Cowan–Reines neutrino experiment [12] and
KamLAND [13]) and radio-chemical methods (e.g. SAGE
experiment [14] and GALLEX/GNO experiments [15]).
Among the experiments previously mentioned, the Ice-
Cube Neutrino Observatory has detected neutrinos with
energies of the order of PeV [16] for which jets from
GRBs or AGN are possible sources. It also detected neutri-
nos spatially coincident with the BL Lac-type blazar TXS
0506+056 as it was undergoing a gamma-ray flare [17],
an indication that jets accelerate hadrons to very high en-
ergies.

The Pierre Auger Observatory is also conducting an
experiment that has the potential to detect VHE and UHE
astrophysical neutrinos. This observatory makes use of a
hybrid detector containing fluorescence telescopes and a
ground array of water Cherenkov detection stations [18].
Due to its configuration, it has the capability to observe
rare showers induced by neutrinos with energies ranging
from 100 PeV to 100 EeV [3, 19]. However, the Pierre
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Auger Observatory has not found any neutrino candidates
to date, yet it has been capable of imposing stringent con-
straints on models of neutrino production at EeV energies
[20, 21].

The next generation of neutrino detectors is already
in development, and includes projects such as SNO+ [9],
Hyper-Kamiokande [22], IceCube-Gen2 [23] and KM3-
Net [11]. These experiments will build upon previous
projects by instrumenting larger volumes and/or employ-
ing more advanced neutrino detection technology.

3.2 Ground-Based Gamma-Ray Observatories

The study of extensive air showers generated by VHE
gamma- rays falls within the domain of ground-based ob-
servatories. These can be divided into two categories [24]:
IACT (Imaging Atmospheric Cherenkov Telescopes) such
as MAGIC [25], CTA [26], HESS [27] and VERITAS
[28], and EAS detector arrays as is the case of HAWC
[29], the ARGO-YBJ [30] and LHAASO [31]. The lat-
ter category will be complemented by the SWGO [32],
which aims to provide coverage of a large portion of the
southern sky. Several of these experiments have already
been operational for numerous years, resulting in contri-
butions concerning, for example, constraints on Lorentz
invariance violation [33], searches for dark matter and its
properties [34, 35], and particle acceleration mechanisms
in astrophysical objects [36, 37].

4 Implementation

4.1 Shower Generation

The main program used to generate extensive air show-
ers is CORSIKA (COsmic Ray Simulations for KAscade)
version 7.7410 [38]. When simulating showers induced
by upward-going neutrinos, whose interactions occur in
the Earth’s crust (a medium which cannot be adequately
reproduced using CORSIKA) a different program, AIRES
[39] version 2.8.4a, was used.

CORSIKA allows for the specification of several pa-
rameters associated with an extensive air shower, such as
the primary particle type, its energy, zenith angle (θ), ver-
tical height or vertical depth of the point of the first inter-
action, the target of this first interaction and the number of
showers per run.A few parameters remained unchanged or
unaddressed in all simulations, namely: the azimuth angle
(ϕ), the magnetic field, and the observation level, which
was fixed at 5200m above sea level, corresponding to the
altitude of one the sites being considered for SWGO [32].

The signature of a neutrino-induced shower that we
aim to investigate is a very inclined shower (θ in the range
60◦ to 88◦) produced close to the ground (vertical height of
first interaction up to 12000 m). Thus, very inclined show-
ers induced by neutrinos with energies in the TeV and PeV
range are taken as the sources of signal, while background
is attributed to very inclined EAS induced by cosmic-rays.
For each combination of parameters, 1000 showers were
generated, allowing for the creation of S µ and S em distri-
butions.

AIRES was used for the simulation of showers induced
by up-going neutrinos interacting in the Earth’s crust close
to the detector array. This program does not include neu-
trinos as a predefined primary particle, so they must be
introduced via a so-called special particle file, which is ob-
tained simulating the neutrino interactions through COR-
SIKA. The neutrino events to be considered are still those
associated with very inclined showers, with the distinc-
tion that the primary particle is now travelling upwards.
The Earth’s crust has a much higher density than the at-
mosphere (≈ 1000 times larger), so showers develop and
are attenuated in much shorter lengths. As such, it is only
necessary to account for distances of a few meters (up to
5 m) between the point of first interaction and the obser-
vation level. The Earth-skimming mechanism associated
with up going neutrino events is of particular relevance for
the case of VHE and UHE neutrinos, hence the focus of
the simulations is set on neutrinos with energies in the PeV
range. For each combination of parameters we simulated
1000 showers.

4.2 Detector Response

The amount of signal expected to be registered by a
given station of the array when struck by a particle was
simulated with Geant4 [40]. The case study used in this
work is the SWGO experiment [32], which is expected to
rely on water Cherenkov detectors. In these simulations,
we’ll use one of the candidate configurations for the sta-
tions of this observatory [41]. This base unit of the array
was represented within Geant4 by a cylindrical tank filled
with water, with a base radius of 2 m, height of 1.7 m, and
4 PMTs placed at the bottom, as depicted in Figure 2.

Figure 2: Water Cherenkov detector concept used in this
study. The tank is filled with water,and 4 PMTs (Photo
Multiplier Tubes) are placed at the bottom of the structure.
Taken from [41].

Three types of particles were injected vertically into
the station simulation: electrons, muons and protons, to
treat the electromagnetic, muonic and hadronic compo-
nents of an EAS, respectively. For each case, the ki-
netic energy of the injected particle assumed values rang-
ing from 10 keV to 10 PeV, with 500 particles injected
for each combination of energy and primary particle type.
These simulations result in the calibration curves pre-
sented in Figure 3, which were parameterised to establish
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a correspondence between the energy of a particle of an
EAS and the signal it generates when it reaches a station
of the array. For the purposes of this work, it is sufficient
to account only for the average detector response, while
neglecting physical fluctuations and other effects, such as
clipping particles.

Figure 3: Calibration curve produced from the vertical in-
jection of electrons, muons and protons in the station de-
picted in Figure 2.

4.3 Shower File Parsing

For the purpose of extracting and saving information
pertaining to the shower particles that reach the ground,
two C++ codes were created: one to extract informa-
tion from simulation files generated by CORSIKA, named
CORSIKA_explorer, and another to do the same for files
generated by AIRES, labelled Aires_reader. The energy,
position on the ground, and ID was recorded for each par-
ticle. The signal a particle deposited within a station is de-
termined via the previously constructed calibration curves
(Figure 3) based on its energy and ID. Summing all EM
and muonic signal contributions within an event, we obtain
the value of the electromagnetic signal (S em) and muonic
signal (S µ) associated with a given EAS. The full chain of
simulation and analysis utilised in this work is summarised
in the diagram presented in Figure 4.

5 Results

5.1 Neutrino and Proton-Induced Shower
Discrimination

As stated before, the key observables in discriminat-
ing between signal events induced by neutrinos and back-
ground events generated by cosmic rays are the electro-
magnetic signal (S em) and muonic signal (S µ) registered
in the simulated WCD stations. This selection of variables
is linked to the use of very inclined showers as the signa-
ture of neutrino-induced showers. Neutrinos have the pos-
sibility of producing showers in close proximity to the de-
tector at steep incidence angles, in which case the electro-
magnetic component of the resulting showers is more pro-
nounced (a larger S em is produced) in relation to its muonic

Figure 4: Flow chart depicting the steps, programs, code
segments and files involved in the estimation of the sensi-
tivity of an EAS array to neutrinos.

component. In contrast, showers induced by cosmic rays
have their first interaction at smaller grammages, thus the
ensuing shower is older upon reaching the array, having a
more pronounced muonic component (a more significant
value of S µ) in relation to the electromagnetic one. This
disparity is the principle we seek to exploit to distinguish
signal from background.

Both data pertaining to signal and background is
fed into ROOT’s Toolkit for Multivariate Data Analysis
(TMVA) [42] to separate the two classes of points via a
Fisher discriminant, for each fixed zenith angle. Fisher
discriminant refers to a group of methods used to find a lin-
ear combination of features which separates two or more
classes of objects. The result of this analysis may then be
used as a linear classifier [43]. Besides this linear cut 2, an
additional cut excluding all points with log10(S em) > 8.25
is introduced for the cases with θ = 60◦ and 70◦. This cut
is added since such high values of electromagnetic signal
are unlikely to be achieved by neutrino-induced showers
in the energy range below ≈ 10 PeV, which contains most
events expected in a detector such as the SWGO. An ex-
ample containing both kinds of cuts is shown in Figure 5
for the case θ = 70◦.

Since the aim is not a good separation between signal
and background, but a background free experiment so that
any identification would be significant, the value of the
normalisation of the Fisher cut is adjusted to the minimum
value that achieves this. The efficiency then corresponds
to the ratio of neutrino points located below the cut and
the total number of neutrino points simulated with a given
zenith angle and energy. Applying this procedure to all
values of fixed interaction depth of the neutrino-induced
showers results in the discrimination efficiency curve of
the respective zenith angle, as depicted in Figure 6.

2linear cut performed in the space log10 S µ vs log10 S em
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Figure 5: Fisher cut (dashed line) applied in the discrim-
ination between neutrino and proton-induced showers for
θ = 70◦. Red dots represent neutrino events while blue
dots represent proton-induced showers. Dotted line cor-
responds to the cut in S em above which neutrino-induced
showers of energy below ∼ 10 PeV are not expected to
populate that region of the plot.

Figure 6: Discrimination efficiency as a function of neu-
trino interaction slant depth for the cases of showers in-
duced by 1PeV neutrinos, with θ = 60◦, 70◦, 75◦, 80◦ and
88◦.

5.2 Sensitivity of a Ground-Based Gamma-Ray
Observatory to Neutrinos

To estimate the sensitivity of a gamma-ray ground-
based observatory to neutrinos we have obtained the ex-
pected neutrino event rate dN/dt expressed in equation 1.

dN
dt

=

∫ Eν,max

Eν,min

dΦ(Eν)
dE

1
m
σ(Eν)Me f f (Eν) dEν (1)

where dΦ/dE denotes the differential flux of incoming
neutrinos, m is the mass of a nucleon and σ(Eν) is the
neutrino cross section as a function of its energy. More-
over, Me f f (Eν) is the effective mass associated with a de-
tector as a function of the energy of the incoming neutrino,
while Emax and Emin denote the integration limits used for
the sensitivity calculation.

5.2.1 Dependence of Effective Mass on Shower
Inclination

The effective mass is defined as the mass within which
a neutrino is bound to interact and be identified. The ef-
fective mass as a function of the zenith angle (θ) and the
energy of the incoming neutrino (Eν) is expressed in equa-
tion 2:

dMe f f

dθ
(θ, Eν) =

∫
2πA sin θ cos θ ε(θ,D, Eν) dD [g],

(2)
where ε(θ,D, Eν) denotes the probability of detecting a
neutrino with energy Eν, injected at a zenith angle θ, and
interacting at a slant depth of D. The detection probability
is dependent on the cuts introduced to remove the hadronic
background. It is a function of the slant depth of the neu-
trino’s point of first interaction D (expressed in g cm−2),
the energy of the neutrino Eν (expressed in GeV) and the
angle of incidence θ (expressed in radians). Being an effi-
ciency, it assumes a value between 0 and 1. A is the surface
area of the array, initially fixed at a value of 1 km2.

Starting with 1 PeV showers, five values of θ are con-
sidered: 60◦, 70◦, 75◦, 80◦ and 88◦. This wider range of
values of θ aims to maximise the resulting neutrino event
rate. A cubic spline interpolation is applied to the points of
ε(θ,D, Eν) (Eν and θ are fixed within each case) in order to
integrate in D. This procedure results in the effective mass
values reported in Table 1.

Table 1: Effective mass for different values of θ, for
neutrino-induced showers with Eν = 1PeV.

θ
dMe f f

dθ (θ, Eν = 1PeV)[g]

60◦ 9.73 × 1012

70◦ 1.27 × 1013

75◦ 1.65 × 1013

80◦ 9.09 × 1012

88◦ 2.21 × 1012

5.2.2 Total Effective Mass

Making use of the dMe f f

dθ (θ, Eν) values at 1 PeV, equa-
tion 2 can be integrated in zenith angle. This calculation is
done using equation 3, where zenith angles that were not
simulated are obtained via cubic spline interpolation.

Me f f (Eν) =
∫

dMe f f

dθ
(θ, Eν) dθ [g sr] (3)

This integration yields a total effective mass of 2.97 ×
1014 g sr, a value that is assumed to remain approximately
constant in the 1 − 2 PeV energy bin.
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5.2.3 Neutrino Flux

The flux of neutrinos is given by equation 4,
where E0 = 106 GeV, and k′ = kE−2

0 =

10−20 GeV−1 cm−2 s−1 sr−1, as extracted from the data
made available by the IceCube Neutrino Observatory [44].

dΦ
dE

(Eν) = k′
(

Eν
E0

)−2

(4)

5.2.4 Neutrino Cross Section

The last requirement is the cross section associated
with the interaction of incoming neutrinos with the nucle-
ons of the target medium, as a function of their energy. The
values required are taken from [45]. The distinction be-
tween charged, neutral and total interaction is also made,
allowing for the plotting of the 3 curves depicted in Fig-
ure 7. The value of neutrino-nucleon interaction cross sec-
tion for each interaction type can be determined from these
plots.

Figure 7: Neutrino-nucleon charged, neutral and total cur-
rent cross sections. Data taken from [45]

5.2.5 Sensitivity of an EAS observatory to 1 PeV
Neutrinos

As all required parameters have been estimated or de-
scribed as functions of the energy of incoming neutrinos,
it is possible to compute the sensitivity of a ground-based
gamma-ray detector to 1 PeV neutrinos. Replacing the
neutrino flux in Eq.2 with Eq.4 results in equation 6.

dN
dt

=

∫ Eν,max

Eν,min

k′
(

Eν
E0

)−2 1
m
σ(Eν)Me f f (Eν)dEν(5)

=
k′E2

0 Me f f

m

∫ Eν,max

Eν,min

σ(Eν)
E2
ν

dEν (6)

Integrating Eq.6 in energy between 1 and 2 PeV yields
an event rate of 3.12×10−2 yr−1, corresponding to roughly
one event every 32 years. While this value is far from op-
timal for an experiment, which typically has a time scale
of a few decades, it should be noted that this value was
obtained without accounting for the evolution of the effec-
tive mass with the energy of the neutrinos. This quantity
is expected to increase with energy, as is the number of
expected neutrino events. Hence, this evolution shall be
discussed in section 5.2.8.

5.2.6 Impact of Neutrino Interaction Channel on
Sensitivity

The neutrino detection efficiency and hence the effec-
tive mass depend on the interaction channel the neutrino
undergoes in order to initiate the cascade. In the previous
cases, the interaction channel, either charged current (CC)
or neutral current (NC), was randomly chosen according to
their relative weight in the total cross section. However, in
CORSIKA simulations the type of interactions can be set
so that neutrinos only interact via CC or NC, allowing for
an alternative approach to the computation of sensitivity
where interaction channels are handled individually.

The neutrino detection efficiencies for Eν = 1 PeV and
θ = 80◦ are presented in Figure 8, according to the inter-
action channel selected. Integrating Eq.2 in zenith angle
for each case yields the effective mass values reported in
Table 2.

Table 2: Values of effective mass for the different neutrino
interaction channels CC and NC, with Eν = 1PeV. Total
corresponds to the case where CC or NC are chosen ran-
domly

Interaction Me f f (Eν = 1 PeV)[g sr]

CC 3.60 × 1014

NC 2.27 × 1014

Total 2.97 × 1014

The sum of the effective masses obtained for NC and
CC individually, 5.87 × 1014 g sr, is larger than the effec-
tive mass associated with a random type of interaction,
2.97 × 1014 g sr. To determine whether this distinction is
beneficial, the interaction cross section must also be ac-
counted for, as given by the curves in Figure 7. The other
remaining factor, the neutrino flux, has no dependence on
the type of interaction.

Figure 8: Discrimination efficiency curves obtained for
showers induced by 1 PeV neutrinos with θ = 75◦. In-
teractions are either selected at random according to their
cross sections (NC+CC), or set explicitly to only charged
(CC) or neutral current (NC) interactions.

Employing the effective masses listed in Table 2, Eq.6
is integrated in energy for the cases where interactions
occurs via NC or CC, yielding the rates listed in Table
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3. The event rate obtained for a random interaction type,
3.12 × 10−2 yr−1, exceeds the sum of the individual cases
where the first interaction occurs either exclusively via CC
or NC, 2.54 × 10−2 yr−1. Thus, the approach in which CC
or NC are chosen according to their relative cross sections
maximises the number of expected events per year.

Table 3: Sensitivity of a wide-field ground-based gamma-
ray observatory to astrophysical neutrinos, according to
the type of the first interaction. Eν spanning from 1PeV
to 2 PeV

Interaction dN
dt [yr−1]

CC 2.29 × 10−2

NC 2.50 × 10−3

Total 3.12 × 10−2

5.2.7 Sensitivity to 100 TeV Neutrinos

A study was also carried out for neutrinos with Eν =
100 TeV, where energy spectrum is dominated by the at-
mospheric neutrino flux. A procedure identical to the one
described in sections 5.2.1 - 5.2.5 was followed. This com-
putation took into consideration 3 values of zenith angle
θ = 75◦, 80◦ and 88◦, instead of the previous 5 values, as
such a selection did not result in a significant increase of
the expected event rate for Eν = 1PeV. The resulting effi-
ciency curves are depicted in Figure 9, and are employed
in the procedure described in section 5.2.1 to obtain the
effective mass for the 3 values of zenith angle, as listed in
Table 4.

Table 4: Effective mass for different values of θ for
neutrino-induced showers, with Eν = 100TeV.

θ
dMe f f

dθ (θ, Eν = 100TeV)[g]

75◦ 1.16 × 1013

80◦ 8.47 × 1012

88◦ 2.18 × 1012

Taking into account the Me f f (θ, Eν) values at 100 TeV,
equation 2 is integrated in zenith angle. Following the pro-
cedure described in section 5.2.2, the resulting total effec-
tive mass is 9.55×1013 g sr, and is assumed to remain con-
stant in the 100 − 200 TeV energy bin.The neutrino flux
is given by Eq.4 and the cross section is determined via
the plots presented in Figure 7. Integrating Eq.6 over the
neutrino energy (Eν spanning from 100TeV to 200 TeV)
yields an event rate of 3.14 × 10−2 yr−1, corresponding to
approximately one event every 32 years, as was the case
for Eν = 1 PeV.

5.2.8 Evolution of the Effective Mass with the Primary
Energy

It is possible to attempt to find a function to describe
the growth of the effective mass with neutrino energy. The

Figure 9: Discrimination efficiency curves obtained for the
cases of showers induced by 100TeV neutrinos, with θ =
75◦, 80◦ and 88◦.

effective mass is approximately proportional to the neu-
trino cross section, that grows linearly with energy for
energies below 100 TeV, and as the energy increases its
dependence shifts towards E1/3

ν . As such, a power law
was fitted to the two values of total effective mass calcu-
lated, and the growth of effective mass with the neutrino
energy was described with Eq.7. As there are no simula-
tions above 1 PeV, the extrapolation towards higher ener-
gies is more uncertain. To estimate the impact of such un-
certainty on the effective mass calculation, an optimistic
solution (Me f f ∝ Eν) and a pessimistic one (Me f f ∝ E1/3

ν )
are considered.

Me f f =
(
2.97454 × 1014

)
×

( E
1 PeV

)0.5

[g sr] (7)

The event rate is given by Eq.8, as the function used
to describe effective mass has an explicit dependence on
energy.

dN
dt
=

k′E2
0

m

∫ Eν,max

Eν,min

σ(Eν) Me f f (Eν)
E2
ν

dEν (8)

Using Eq.8 to estimate the event rate for the cases dis-
cussed in sections 5.2.5 and 5.2.7 yields the values re-
ported in Table 5 and 6, respectively.

Table 5: Sensitivity of a wide-field ground-based gamma-
ray observatory (A = 1 km2) to 1 PeV neutrinos, accord-
ing to the function used to describe Me f f (Eν).Eν spanning
from 1PeV to 2 PeV

Model of Me f f (Eν) dN
dt [yr−1]

Constant 3.12 × 10−2

Linear 4.09 × 10−2

∝ E0.5
ν 3.70 × 10−2

∝ E1/3
ν 3.58 × 10−2

For Eν spanning from 1PeV to 2 PeV, the Me f f ∝ E0.5

model estimates an event every 27 years, while the case
with Me f f ∝ E1/3 points to an event every 25 years. For
Eν spanning from 100TeV to 200 TeV, the Me f f ∝ E0.5

model also indicates an event every 27 years, while the
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Table 6: Sensitivity of a wide-field ground-based gamma-
ray observatory (A = 1 km2) to 100 TeV neutrinos, accord-
ing to the function used to describe Me f f (Eν).Eν spanning
from 100TeV to 200 TeV

Model of Me f f (Eν) dN
dt [yr−1]

Constant 3.14 × 10−2

Linear 3.45 × 10−2

∝ E0.5
ν 3.67 × 10−2

∝ E1/3
ν 3.82 × 10−2

Me f f ∝ E1/3 solution estimates an event every 29 years.
Both the Me f f ∝ E1/3 and Me f f ∝ E0.5 approaches result
in an increase of the expected event rate, when compared
to the case where the total effective mass remains constant.

5.2.9 Measured Integral Neutrino Flux

5.2.10 PeV Neutrinos

The estimate of sensitivity can be extended to larger
values of the upper energy integration limit and the area
of the detector. A more realistic maximum energy value
of 10 PeV is introduced, followed by an extrapolated
case with an upper limit of 100 PeV, where the flux
of astrophysical neutrinos is unknown. Similarly, val-
ues of the area of the detector range from 5 × 104m2 to
107m2(10 km2). The results of these two considerations,
assuming Me f f ∝ E0.5 as described by Eq.7, are presented
in Figure 10.

Figure 10: Number of astrophysical neutrinos expected to
be detected and identified per year, as a function of the
area of the detector. 3 curves are presented corresponding
to different ranges of energies used during the sensitivity
computation. At the time of writing, the SWGO is pro-
jected to have an area of 1km2, which is indicated by a
dashed vertical line. The model in which Me f f ∼ E0.5

ν is
adopted.

To evaluate the impact of the choice of function used
to describe the effective mass with energy, we consider
the scenarios where the effective mass is constant, propor-
tional to the energy or where it follows a power law of the
kind ∝ E1/3 or ∝ E0.5. Under these conditions, the results
listed in Tables 7 and 8 are obtained.

Table 7: Sensitivity of a wide-field ground-based gamma-
ray observatory (A = 1 km2) to astrophysical neutrinos,
for each model of Me f f (Eν) .Eν spanning from 1PeV to
10 PeV.

Model of Me f f (Eν) dN
dt (Eνmax = 10 PeV)[yr−1]

Constant 7.12 × 10−2

Linear 1.83 × 10−1

∝ E0.5
ν 1.19 × 10−1

∝ E1/3
ν 1.06 × 10−1

Table 8: Sensitivity of a wide-field ground-based gamma-
ray observatory (A = 1 km2) to astrophysical neutrinos,
for each model of Me f f (Eν) .Eν spanning from 1PeV to
100 PeV

Model of Me f f (Eν) dN
dt (Eνmax = 100 PeV)[yr−1]

Constant 9.26 × 10−2

Linear 6.21 × 10−1

∝ E0.5
ν 2.20 × 10−1

∝ E1/3
ν 1.72 × 10−1

Excluding the model with constant effective mass, the
most conservative sensitivity estimates in both Table 7 and
8 are obtained when the effective mass is assumed to fol-
low a ∝ E1/3 power law, whereas the largest value is ob-
tained when employing a linear model. This behaviour is
dominant for energies below 100 TeV, a value which is at
the bottom edge of the currently considered range of en-
ergies. Given these observations and the limited amount
of data available, the most reasonable approach is the one
where the effective mass follows a power law according
to E0.5

ν . For Eν spanning from 1PeV to 10 PeV and to
100 PeV this model estimates an event every ∼ 9 and ∼ 4
years, respectively.

5.2.11 100 TeV Neutrinos

The procedure followed in the previous section is now
applied to the study of Eν = 100 TeV. Besides the case
with 100 − 200 TeV, two additional possibilities are con-
sidered: from 100 TeV to 1 PeV, and from 100 TeV to
100 PeV. The latter case aims to encompass all possible
VHE neutrino events. Plotting these three cases as func-
tions of the detector’s surface area results in the curves
depicted in Figure 11.

The impact of the choice of the description of effective
mass as a function of energy is once again evaluated. Ac-
counting for the same possibilities listed in the previous
section, the resulting event rates are reported in Tables 9
and 10.

The results listed in Tables 9 and 10 follow a pattern
different from that present in Tables 7 and 8. The most
conservative sensitivity estimate is associated with a con-
stant effective mass, while the largest value is obtained
when the effective mass is assumed to grow linearly with
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Figure 11: Number of atmospheric neutrinos expected to
reach the detector per year, as a function of its area. 3
curves are presented corresponding to different ranges of
energies used during the sensitivity calculation. At the
time of writing, the detector is projected to have an area
of 1km2, which is indicated by a dashed vertical line. A
model in which Me f f ∼ E0.5

ν is adopted.

Table 9: Sensitivity of a wide-field ground-based gamma-
ray observatory (A = 1 km2) to atmospheric neutrinos, for
each Me f f (Eν) model. Eν spanning from 100TeV to 1 PeV.

Model of Me f f (Eν) dN
dt (Eνmax = 1 PeV)[yr−1]

Constant 8.50 × 10−2

Linear 1.13 × 10−1

∝ E0.5
ν 1.25 × 10−1

∝ E1/3
ν 1.30 × 10−1

Table 10: Sensitivity of a wide-field ground-based
gamma-ray observatory (A = 1 km2) to neutrinos, for each
Me f f (Eν) model.Eν spanning from 100TeV to 100 PeV.

Model of Me f f (Eν) dN
dt (Eνmax = 100 PeV)[yr−1]

Constant 1.37 × 10−1

Linear 7.64 × 10−1

∝ E0.5
ν 3.72 × 10−1

∝ E1/3
ν 3.01 × 10−1

energy for Eνmax = 100 PeV, and when it follows a E1/3
ν

power law for Eνmax = 1 PeV. The description where effec-
tive mass follows a power law according to E0.5

ν leads to
an estimation of one event every ∼ 8 and ∼ 3 years for Eν
spanning from 100TeV to 1 PeV and to 100 PeV, respec-
tively.

5.3 Impact of Experimental Signal Resolution on
Sensitivity

A study of the impact of experimental resolution in the
expected event rates was also carried out, by applying a
Gaussian smearing to both electromagnetic and muonic
signals, of both signal and background events. Denoting
the fluctuations applied to the electromagnetic signal as
σS em and to the muonic signal as σS µ , the smearing is ap-

plied according to a Gaussian distribution, whose mean
value is the unmodified signal as expressed by Eq. 9.

fS em (x) =
1

σS em

√
2π

e
− 1

2

(
x−S em
σS em

)
, fS µ (x) =

1

σS µ

√
2π

e
− 1

2

(
x−Sµ
σSµ

)

(9)
Making use of this formulation, fluctuations ranging

from 0 to 50% were introduced for both electromagnetic
and muonic signal. Since the fluctuations are applied to
both signal and background events, the offset of the asso-
ciated cuts must be readjusted accordingly, to ensure that
background is still completely eliminated. The result of
smearing being applied to the detection of astrophysical
neutrinos with energies ranging from 1 PeV to 10 PeV is
presented in Figure 12, assuming a surface area of 1 km2.
Larger values of either σS µ or σS em result in progressively
lower event rates and hence lower sensitivity, as would be
expected.

To further explore the impact of signal fluctuations, the
same smearing procedure was applied to a wider range of
σS em and σS µ , reaching a maximum value of 500%. This
results in the graph presented in Figure 13, where it can be
seen that a degradation of the expected number of neutri-
nos by a factor of 2 is only reached when the smear applied
to either the electromagnetic or muonic signal reaches val-
ues nearing 200%. This small impact of the signal degra-
dation is a consequence of the cuts being applied to the
logarithm of these two variables.

Figure 12: Neutrino event rate as a function of the σ of
the Gaussian smearing applied to the electromagnetic and
muonic signal. Calculations performed for the range of
energies 1 PeV − 10 PeV, assuming the detector’s surface
area is 1 km2. The model of Me f f ∼ E0.5

ν has been adopted.

5.4 Up-Going Neutrinos

The final case is that of up-going earth-skimming neu-
trinos interacting underground in close proximity to the
detector array (less than 5 m vertically). Using the AIRES
(more specifically, ZHAIRES) framework, it is possible
to set the composition of the atmosphere to match that of
standard soil as taken from [46]: ρ = 1.8 g cm−3 and effec-
tive Z = 11.

The framework was utilised to simulate showers gen-
erated by up-going neutrinos with an energy of 1 PeV, in-
clinations ranging from θ = 60◦ to 88◦, and made to inter-
act at fixed vertical heights of 2 m, 3 m and 5 m below the
observation level.From this procedure, it was possible to
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Figure 13: Neutrino event rate as a function of the σ of
the Gaussian smearing applied to the electromagnetic and
muonic signal, up to 500%. Calculations performed for the
range of energies 1 PeV− 10 PeV, assuming the detector’s
surface area is 1 km2. The model of Me f f ∼ E0.5

ν has been
adopted.

infer the average footprints produced in each case (an ex-
ample is presented in Figures 14), and determine whether
an observatory such as the SWGO would be capable of
discerning these events.

Figure 14: Average footprint produced by a shower in-
duced by an up-going neutrino with Eν = 1 PeV and
θ = 80◦ interacting at a vertical height of 3 m below the
observation level.

Given the shape and small dimensions of these foot-
prints (of the order of a few tens of m2), the observatory
cannot reliably detect showers generated by up-going neu-
trinos, since there would not be enough individual detec-
tors triggered. This is more so the case if these showers
reached only the sparse array of the observatory, where the
interval between neighbouring stations is approximately
20 m. For these reasons, showers induced by up-going
neutrinos were discarded in the estimation of the sensi-
tivity of an EAS array to neutrinos.

5.5 Summary

In this thesis we carried out a study of the sensitivity
of a km2-scale wide-field ground-based gamma-ray obser-
vatory to VHE atmospheric and astrophysical neutrinos.
Taking into account the results pertaining to down-going
neutrinos, it is reasonable to state that such an observatory
is predicted to be capable of detecting both classes of neu-
trinos in a decade-long observation, with a high cosmic-
ray background reduction.Overall, the sensitivity obtained
for both astrophysical and atmospheric neutrinos bears a

noticeable degree of similarity, as they exhibit compara-
ble discrimination efficiency curves (in the zenith angle
range common to both cases), and the resulting expected
event rates differ by less than 1% from one another (when
comparing the case of 1 − 2 PeV and 100 − 200 TeV with
Me f f ∼ E0.5

ν ).
On a separate note, we studied the relative contribution

of the CC and NC interaction channels to the expected as-
trophysical neutrino event rate. The dominating contribu-
tion in effective mass was associated with CC interactions.
However, when accounting for the cross section of each
interaction channel, the adoption of a more a realistic ap-
proach in which CC or NC are chosen according to their
relative cross sections proved most beneficial.

We also studied the effect on the event rates of the
choice of the model describing the growth of the total ef-
fective mass with the neutrino energy. When this quantity
was assumed to remain constant within small energy bins,
the resulting sensitivity was underestimated, such that col-
lecting ∼ 1 neutrino event would require a time scale com-
parable to or even exceeding that of a typical experiment,
thus emphasising the need to account for the evolution of
the total effective mass with energy. Given the importance
of this factor, two limiting cases were considered: an op-
timistic one where the total effective mass was assumed
to evolve linearly with energy, and a pessimistic one that
assumes that the total effective mass grows with E1/3

ν . It
became clear that additional shower simulations at around
Eν = 10 PeV would be important in avoiding extrapola-
tion towards higher energies. This will be addressed in the
future. Ultimately, the approach deemed most reasonable
was the Me f f ∼ E0.5

ν power law. This function represents a
halfway point between the optimistic behaviour associated
with lower energies (Eν < 100 TeV) and the pessimistic
one expected at higher energies (Eν > 1 PeV).

Regarding the impact of the experimental resolution,
it was noted that a degradation of the expected neutrino
event rate by a factor of 2 would require extreme resolu-
tions of the order of 200% for either the electromagnetic or
muonic signal. Thus, experimental resolution does not ap-
pear to pose a decisive obstacle in the detection of neutri-
nos by ground-based gamma-ray observatories, under the
conditions established in the present thesis.

Based on the results obtained from the injection of up-
going neutrinos, it is clear these events do not contribute to
the sensitivity of the gamma-ray observatory. This is due
to the small dimensions of the footprints produced in these
events, which would require a higher density of stations in
the sparse array to allow for a proper detection of incoming
particles. It must be noted this work did not evaluate addi-
tional possibilities that would increase the neutrino event
rate, such as neutrinos interacting within geological for-
mations, namely mountains, as this would largely depend
on the topology of the site of the experiment in question.
Incorporating tau neutrinos into this calculation would fur-
ther increase this number. Therefore, the expected event
rates reached in this thesis represent only a lower bound
of the possibility of neutrino detection using an EAS array
and serve to accentuate the viability of this measurement.
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