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Abstract

Astroparticle physics originated in 1912 with the discovery of cosmic rays, when
particles of extraterrestrial origin were first observed traversing the Earth’s at-
mosphere. This discovery opened up the possibility of studying the Universe
and astrophysical objects not only through optical telescopes, but also using
instruments developed for particle physics, thereby providing complementary in-
formation to traditional astrophysics.

Today, the composition of cosmic rays is well understood, being primarily
made of nuclei (mostly protons), yet their origin remains an open question. Iden-
tifying their sources is particularly challenging: as charged particles, cosmic rays
are deflected by electromagnetic fields, making it difficult to trace back their
trajectories.

For this reason, the search for their sources relies on other electrically neutral
messengers produced in the same acceleration and propagation processes, namely
gamma rays and neutrinos. Gamma rays, i.e. high-energy photons, are observed
with techniques similar to those used for cosmic rays, and several very-high-
energy sources are now known. However, distinguishing the origin of gamma-ray
emission is not straightforward, as it can arise from both leptonic and hadronic
processes; moreover, gamma rays may be absorbed during propagation.

Neutrinos, on the other hand, interact only weakly with matter and can there-
fore carry information about their production mechanisms almost unaltered. In
addition, unlike gamma rays, neutrinos are produced exclusively in hadronic pro-
cesses, making them a unique probe of cosmic-ray acceleration. However, their
weak interaction also makes them extremely difficult to detect, requiring large
detection volumes such as water or ice.

Neutrino telescopes are based on the detection of Cherenkov radiation emitted
by charged particles produced in neutrino interactions. In 2013, the IceCube
experiment, located at the South Pole with an instrumented volume of about 1
km3, reported the first observation of a flux of astrophysical neutrinos; in 2017,
it also identified a source candidate, the blazar TXS 0506+056.

These discoveries highlighted the need for cubic-kilometer-scale detectors and
motivated the construction of new neutrino telescopes, including KM3NeT, cur-
rently under construction in the Mediterranean Sea. KM3NeT consists of two
detectors: ORCA, dedicated to atmospheric neutrino studies, and ARCA, de-
signed for high-energy neutrino astronomy.
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In its final configuration, ARCA will comprise 230 detection lines equipped
with photomultiplier tubes to measure Cherenkov light, instrumenting a volume
of about 1 km3. At present, about 20% of the detector is deployed and taking
data. In 2023, with 21 active lines, ARCA detected the highest-energy neutrino
ever observed (KM3-230212A), highlighting the experiment’s scientific potential.
This PhD work, carried out within the KM3NeT Collaboration, focuses on the
search for neutrino emission from point-like sources. The results presented are
based on data collected by ARCA between May 2021 and September 2023, span-
ning detector configurations from 6 lines (ARCAG6) up to 21 lines (ARCA21).
The event selection procedure developed for the ARCA19 and ARCA21 datasets
is also discussed, as neutrino telescopes are affected by a significant background
of atmospheric neutrinos and muons.

Finally, a likelihood-based method used for the data analysis is described.
In addition to the KM3NeT/ARCA Point Source results, three complementary
studies are presented: a follow-up analysis of the KM3-230212A event, a joint
point source search analysis combining ARCA and ANTARES (the predecessor
of KM3NeT), and a study of Galactic sources in which gamma-ray observations
are used to model the expected neutrino signal.
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Chapter 1

Astro-particle physics and
multi-messengers astronomy

Astroparticle physics is a research eld that applies detection techniques devel-
oped within particle physics to the study of astrophysical objects. The main
messengers investigated in this domain are cosmic rays, gamma rays, and high-
energy neutrinos. In this chapter, the three messengers will be introduced, the
most relevant experimental observations will be summarized, and nally their
interconnections will be described.

Cosmic rays, high-energy gamma rays, and high-energy neutrinos are the
three main messengers studied in astroparticle physics. However, one more mes-
senger is used for multi-messenger astronomy: gravitational waves.

This work is primarily focused on neutrino astronomy and its connection with
cosmic-ray physics and gamma-ray astronomy.

1.1 Cosmic Rays

In the early 1900s, scientists knew that some kind of ionisation e ect was present
in the air and associated this phenomenon with the passage of charged particles
emitted by the natural radioactivity of elements present in the Earth's crust.

Several experiments were conducted to study this ionisation. For example,
the Italian Domenico Pacini observed, by diving in underwater, that ionisation
decreases with increasing depth [1].

Among these experiments, the most signi cant contribution was made by
Victor Hess (Figure 1.1 right) [2]. In 1912, he studied how air ionisation varied
with altitude by taking measurements aboard aerostatic balloons. He found
that ionization rst decreased, but then increased again at higher altitudes. |If
the origin had been solely terrestrial, the radiation should have decreased; on
the contrary, Hess's measurements proved an extraterrestrial origint. In 1920,

1Hess also proved that such radiation is not solar through experiments performed at night
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Robert Millikan coined the term \cosmic rays" [3].

Figure 1.1: On the left, illustration of the particles produced through the inter-
action of a primary cosmic ray with the Earth atmosphere. On the right, Victor
Hess (center) on the return from his balloon ight, 1912.

Today (in 2026, more than a century after Hess's discovery), we know that
cosmic rays are ionised particles and nuclei produced in astrophysical sources
that collide with the Earth's atmosphere, producing swarms of secondary parti-
cles, hence the phenomenon of air ionisation (Figure 1.1 left). At present, the
sources of cosmic rays and the mechanisms that accelerate them to extremely
high energies remain the subject of scienti ¢ debate.

With the discovery of cosmic rays, astroparticle physics began, i.e. the branch
of physics that studies cosmic objects using high-energy particle detection tech-
niques [4]. During the study of cosmic rays, several particles were discovered,
such as the positron, discovered by Carl Anderson in 1932 [5], the muon, dis-
covered by Anderson and Neddermeyer in 1936 [6], the pion, rst observed by
Lattes, Occhialini and Powell [7] in 1947, and the kaon, by Rochester and Butler,

and during eclipses

10
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in 1947 [8]. All of this took place before the advent of particle accelerators in
1950.

The following sections describe the properties of cosmic rays (energy spec-
trum, chemical composition and arrival direction) together with a brief descrip-
tion of the techniques used to observe them. In addition, the theoretical model
used to explain how they are accelerated, even to very high energies (less?40
eV), in astrophysical sources will be illustrated. Finally, the link between cos-
mic rays and gamma rays and neutrinos, on which multi-messenger astronomy is
based, will be described.

1.1.1 Cosmic rays: detection technique

Figure 1.2 shows the energy spectrum of cosmic rays: the total contribution is
shown in black, while the various elements that compose it are shown in di erent
colors. The same graph also shows the spectra of the di use gamma-ray and
cosmic neutrino backgrounds, which will be discussed in the following sections.

Note that the spectrum extends over an energy range from less than 1 GeV
up to hundreds of EeV 2.

By observing the spectrum, it can be understood that cosmic rays are a non-
thermal population of particles, as they do not follow a Maxwellian distribution.
The spectrum depends on energy E according to a power law E , which implies
that as energy increases, the ux decreases: from 1 particle=mi=sec at E 1
TeV, 1 particle=m 2=day at E 1 PeV, to 1 particle=km ?=year at E & 1
EeV.

Before discussing the spectrum details, it is useful to contextualise how mea-
surements are performed. Following Victor Hess's method, direct observations
of primary cosmic rays are made at high altitudes using balloons or even in
space using satellites. Balloon-borne detectors include CREAM [15], HEAT [16],
TRACER [17] and JACEE [18], while satellite-based detectors include PAMELA
[19], DAMPE [20], CALET [21] and AMS [22], the latter two, in particular, are
installed on the International Space Station.

Figure 1.3 shows the diagrams of the AMS experiment structures (top), and
for comparison, the structure of the CMS experiment at CERN (bottom). Note
that both detectors use alternating layers of trackers and calorimeters to detect,
identify and study particles. As mentioned at the beginning of this section, as-
troparticle physics uses technologies similar to those used for high-energy particle
physics in accelerators to identify particles coming from space.

Through direct measurements, it is possible to identify the composition of the
particles and nuclei that contribute to the spectrum. Given that solar particles
dominate at energies between 1 MeV and 1 GeV [24], cosmic rays consist mainly
of hydrogen nuclei protons (approximately 85% to 90%), helium nuclei (10%-
12%), Heavier nuclei ( 1% carbon, oxygen, neon, magnesium, silicon, and

2|n particle physics, the electronvolt (eV) and gigaelectronvolt (GeV = 10 9 eV) energy scales
are used, therefore 1 TeV = 10 12 eV = 103 GeV, 1 PeV = 10 1 eV = 106 GeV and 1 EeV =
1018 eV = 109 GeV

11
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Figure 1.2: Measurements of the ux of charged CRs, multiplied by energy
squared, reported in the 2024 review of the Particle Data Group [9]. For the
charged CRs, the data from the Cosmic Ray Database (CRDB) [10] have been
used, while measurements from Fermi-LAT and LHAASO [11, 12, 13] are used
for -ray uxes and results from the IceCube collaboration [14] for di use neu-
trino background.

iron are among the most represented) and electrons ( 1% ), with a small
contribution (estimated to be less than 0.1%) from antiparticles: positrons and
antiprotons. As energy increases, there is a gradual decrease in the fraction of
light nuclei and a relative increase in heavy nuclei. Figure 1.4 shows the energy
spectra for di erent nuclear species.

At energies larger than 100 TeV (i.e., 10* eV), the intensity of cosmic rays
falls below one particle per square meter per day. In this regime, to collect
statistically relevant samples, the surface area that the detector would need to
cover is too large for satellites or balloons. Therefore, at such high energies,
cosmic rays are studied indirectly by ground-based experiments that observe
extended air showers (EASSs), i.e. cascades of secondary particles produced by
the collision of primary cosmic rays with the Earth's atmosphere.

When a very high energy (E & 1PeV) cosmic proton or nucleus interacts with
a nucleus of air, it generates between a few and hundreds of secondary particles,
depending on its energy. Between 30% and 40% of the energy is transferred to
the main baryons or nuclei, while the rest is used in the production of charged

12
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