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Evyaplotieg

Oa nbeha va exkPpdow Tig Bepuodtepeg evyaplotieg Hov oTnV emPAETOVON TNG
duthopatikng pov epyaciac, Epevvitpia Ap. Evayyeiia ApakomodAiov, 1 omoia
QoL €dwaoe TNV TOAVTIUN evKALPLX VAL EKTTOVIOW TNV gpyacio pov oto Ivatitovto
[Mupnvikng kot Swpatdiokng Puoikng tov EKE.D.E. "Anuoxpitog”. H ovveyng
vroothpEn ko kabodnynor g ko OAn tn didpkela avtrg tng dradpoprg v-
NpEov KaBoPLOTIKEG YL TNV ETLTUXT] OAOKAN PWOT) TNG £PEVVAG HOU.

EmumAéov, Oa nfeda va evxoplotrow Ta LITOAOLT HEAN TNG EPEVVITIKTG O-
padog tov metpapatog KM3NeT, yia tn cuvelohopd Toug Kot TIG TOAVTIHEG GUY-
BovAéc Toug. Xwpig tnv kalBodrynomn kat tnv texvikn vIToGTHPLEN TOVS, 1) EpyOcia
avtr) de B popovoe va olokAnpwOet pe emtoyia.

Eva 1duaitepo evyaploted oto idpupa Qvdon yux tnv eumoTochv Ko vIto-
otnplEn ov pov €detfe, TPocPEPOVTAg Pov LITOTPodia WoTe va TepaT®wolv emL-
TUYDG OL TTPOTTTUYLXKEG OV GTTOVOEG,.

Télog, éva pHeydho evXoPLOTAD 0PeIA® GTNV OLKOYEVELX OV KaL 6TOVG Bidovg
HOU Yylot T ovvey T vtoo T pLEn, TNV evOGpPLYVCT) KA TNV APEPLETT CUUTAPACTACT]
Tovg kol OAN TN Sihprelx TV GITOLVIDVY HOU.



Abstract

Neutrinos are subatomic particles of high interest for many elds of scienti ¢
research. Neutrinos, being electrically neutral, o er a unique tool to investigate
the inner regions of astrophysical objects and to comprehend the Universe across
a broader spectrum of energies. Their trajectory remains una ected by magnetic
elds, keeping directionality when reaching us from distant sources. There are
various astrophysical sources known to emit neutrinos providing a direct means
of observing these sources. Furthermore, evidence for a non-zero mass enabled
studies on neutrino oscillations, contributing to our understanding of fundamental
particle physics.

The KM3NeT water ferenkov neutrino telescopes are optimized for the detec-
tion of high-energy neutrinos, in the GeV-PeV range. KM3NeT/ARCA neutrino
detector is dedicated to the search for very high-energy cosmic neutrinos (GeV-PeV).
KM3NeT/ORCA detector is optimized for the study of neutrinos created by cosmic
rays in the Earth's atmosphere (a few GeV). To evaluate the e ciency and overall
performance of neutrino telescopes Monte Carlo simulations are employed.

Graph Neural Networks (GNNs) are a speci ¢ class of neural network archi-
tecture designed to operate on graph-structured data. Such networks have been
also developed in the context of the KM3NeT experiment. The input data of the
GNN consists of nodes that store the hit (photomultiplier signal) information (time,
Time-over-Threshold, 3d position, 3d direction) and edges that connect the nodes
de ning the relations between hits. The model architecture adopted for the analysis
is based on the ParticleNet architecture [1].

In this study, the performance of the Graph Neural Network (GNN) is inves-
tigated for event classi cation and energy prediction using KM3NeT/ARCA data
collected from 6, 7, and 8 DUs. Three main networks have been trained and eval-
uated using KM3NeT/ARCA8 (KM3NeT/ARCA with 8 detection units deployed)
data: signal/background classi er, track/shower classi er and energy regression.
Also, a signal/background classi cation network has been trained and evaluated
using KM3NeT/ARCA7 data (KM3NeT/ARCA with 7 detection units deployed). The
classi cation models have been trained to distinguish between atmospheric muons
and signal (neutrinos), and shower-like and track-like neutrinos, respectively. The
regression model is de ned to produce an estimation of the neutrino energy. More-
over the performance of the KM3NeT/ARCAG trained network is evaluated for the
signal/classi cation task, using KM3NeT/ARCA7 and KM3NeT/ARCAS8 data.



Perblhyh

Ta netrbna ePnai upoatomik™ swmatbdia polO mikr ¢ m"zac, ePnai hlektrik™ ou-
détera kai allhlepidroOn mino mésw barutik_n kai asjen,n allhlepidr’se-

wn. H trogi” touc den ephre”zetai api magnhtik™ pedba, exasfalbzontac etsi
thn “fix touc sth Gh api apomakrusménec phgéc. H pijan parat rhsh ne-
trbnwn api autéc tic phgéc anamenetai na paregei plhroforbec gia tic diadi-
kasbec pou lamb™noun g,ra sto eswteriki astrofusik,n antikeimenwn kaj,c
kajbstatai efikt kai h parat rhsh twn Bdiwn twn phg,n. Epipleon, apode-
Pxeic gia mh-mhdenik m“za dieukolOnoun tic melétec sqgetik”™ me tic talant,seic
netrBno\(neutrino oscillations), sumb~llontac sthn peraiterw katanihsh thc
jemeli,douc fusik c twn stoigeiwd,n swmatidbwn.

H anbgneush netrbnwn gbnetai mesw eidik™ kataskeuasménwn anigneut,n, oi
opoboi sthrbzontai sto fainimenof erenkov. Tetoioi anigneutec grhsimopoio-
Ontai sto pePram&M3NeTgia ton entopismi netrBnwn uyhl ¢ enérgeiac, sto
eOrodGeV-PeVipou wec méso anbgneushc axiopoiebtai to jalassini neri. To th-
leskipio netrbnwn KM3NeT/ARCAstogeOei sthn anaz thsh polO uyhl ¢ enér-
geiac kosmik,n netrbnwrGeV-PeY, en, to thleskipio KM3NeT/ORCAjrhsimo-
poiebtai gia th meléth twn netrBnwn pou dhmiourgoOntai api kosmikéc aktbnec
sthn atmisfaira thc Ghc (merik™ Ge\). Epbshc, me tic prosomoi seibonte
Carlogefur,netai to gq"sma metaxO jewrhtik, n prosdoki n kai peiramatik_n
parathr sewn kaj,c prosomoi nontai oi allhlepidr’seic twn swmatidbwn.

Ta Neurwnik™ DBktua Gr fwn (GNN$ ePnai énac tOpoc neurwnik, n diktOwn
pou grhsimopoioOn dedoména me morf grifou. Teétoia dbBktua égoun anaptu-
gjeb kai sto plabsio tou peir'matoc KM3NeT. Ta dedoména morf ¢ grfou pou
dégetai to dbktuo apoteloOntai api kimboucrfodes, pou periégoun plhrofo-
rbec sgetikéc me tes mata " (\hits") tou anigneut (grinoc, jésh - kateOjunsh
stic treic diast’seic), kai akméc ( edge$ pou sundéoun touc kimbouc metaxO touc
orbzontac sgéseic metaxO twits. To argitektoniki montelo pou grhsimopoie-
Ptai sthn paroOsa an’lush ePnai basismeéno stdParticleNet architecture

Sthn paroOsa ergasba melet'tai h epPdosh toGNN gia thn anagn, rish
swmatidbwn kai thn pribleyh thc enérgei“c touc. Trba basik™ dbktua eqoun
anaptugjeb: ena dbktuo kathgoriopobhshc s matoc/upob’jrou, to opobo maja-
Pnei na xeqwrbzei ta netrbna (s ma) api ta atmosfairik™ miinia (upibajro), éna
dbktuo kathgoriopobhshc netrbnuinack/shower pou majabnei na xeqwrbzei ta
netrbna me upograf kataionism_n api ta netrbna pou odhgoun se topologbec
grammik c trogi“c ston anigneut , kai teloc, éna dbktuo gia thn pribleyh thc
energeiac twn netrbnwn. —la ta dbktua dégontai dedomena api ton anigneut
KM3NeT/ARCAS8ta opoba sullegjhkan api 8 anigneutikeéc mon“dec@Us), me
ta opoba gbnetai h ekpabdeushif) kai h epal jeush. Epiprosjetwc, mele-



t"tai to dbktuo tou s matoc/upob’jrou sto opobo égei gbnei h ekpabdeush me
dedomena apKM3NeT/ARCA&ai KM3NeT/ARCA7
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1

Neutrinos

In 1892, Becquerel made the discovery of the radioactive phenomena. The fact
that the electron is released from the nucleus during beta decay was originally
noticed by Bohr. Chadwick made the important nding that the fundamental beta
spectrum is continuous in 1914. This conclusion was thought to have di erent
interpretations until far into the 1920s. It was understood that the neutron, which
Chadwick discovered in 1932, was the patrticle in the nucleus that released the
electron and neutrino during beta decay. Using the neutron, electron, proton,
and neutrino, Fermi created the four Fermi-Hamiltonians for beta decay. The
discipline of weak interactions emerged as a new area of theoretical physics; initially
introduced by Fermi in 1933, it underwent further re nement in the 1950s through
the contributions of Lee and Yang, Feynman and Gell-Mann, and many others, and
nally put into its present form by Glashow, Weinberg and Salam in the 1960s. As
for the strong forces, after Yukawa's groundbreaking work in 1934, there was a
lack of a comprehensive theory until the development of chromodynamics in the
1970s. The neutrino was discovered by Reines and Cowan in 1956. Their method
of detection involved the simultaneous observation of a positron emitted in the
reaction ¢+ p E €' + n and a photon emitted in the deexcitation of cadmium
following the neutron capture:n +*2Cd E '3 Cd+ . For this purpose, they
used the nuclear reactor, located at Savannah River in South Carolina, as both an
anti-neutrino source and a detector of water containing dissolved cadmium chloride.
Investigating beta decays has played a crucial role in unraveling key aspects of
the weak force, including the chirality of neutrinos (their left-handed nature), the
V-A structure of weak interactions, and the observation of parity non-conservation

e ects. Weak interactions gained recognition as a new force of nature when an
increasing amount of particles were found to engage in them, and neutrinos became
an essential component of these interactions.

1.1. Standard Model

The "Standard Model" [2] of elementary particles and forces is a theoretical frame-
work derived from observations, foreseeing and interconnecting new data. Its

success in predicting various phenomena has been remarkable. While it is not
anticipated for the standard model to hold true at extremely short distances, its

extraordinary achievements imply that it will likely continue to be a highly accurate

1
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Figure 1.1: Elementary particles of the standard model, consisting of gauge bosons and the three
generations of fermionsS is spin, Qe is electric charge, anth.GeV_c? is mass. Image credit [2].

approximation of natural phenomena even at scales as minuté(®#$§ meters. In
the early 1960s, physicists characterized nature by four distinct forces, each with
di erent ranges and strengths measured at an energy scale of around 1 GeV. The
strong nuclear force operates over a range of approximately a ferni®¥® meters.
The weak force, responsible for radioactive decay and operating within a range
of 10" m, is aboutl0® times weaker at low energy. The electromagnetic force,
governing much of macroscopic physics, has both limitless range and strength
and is mediated by the photon. Gravity, the fourth force, also possesses an in -
nite range and a low-energy coupling, roughlhd3, making it too weak to be
detected in laboratory experiments. The Standard Model's signi cant achievement
was the development of a uni ed description encompassing the strong, weak, and
electromagnetic forces within the framework of quantum gauge- eld theories. Fur-
thermore, the standard model integrates the weak and electromagnetic forces into
a single electroweak gauge theory.

Leptons, quarks, and mediators are the three types of elementary particles that
make up all matter. Based on their charg®@)( electron numberl{), muon number
(L ), and tau numberl( ), there are six di erent types of leptons. They divide into
three generations by nature. Additionally, there are six corresponding antileptons
with reversed signs. Thus, the total number of leptons is really 12. Quarks may
also be categorized into six " avours" based on charge, strangeness (S), charm (C),
beauty (B), and truth (T). In addition, there are downess (D) and upness (U), even
though these are not very common terms. Quarks are also classi ed into three
generations. All signs would also be inverted on the antiquark table. Furthermore,
there are three colours associated with each quark and antiquark, hence adding up
to 36 quarks. All fermions, leptons and quarks, have a half-unit intrinsic angular
momentum. The rst generation comprises the up (u) and down (d) quarks that
make up nucleons, along with pions and other mesons involved in nuclear binding.
It also contains the electroe and electron-neutrino ¢ released by nuclear decay
with a positron. The quarks of the other two generations, charm (c) - strange (s)
and top (t) - bottom (b), are constituents of heavier, short-lived particles. They and
their accompanying charged leptons, muorand tau , decay swiftly via the weak
interaction to the rst family's quarks and leptons.

Lastly, each interaction has a corresponding mediator: the photon for elec-
tromagnetic force, two W's and a Z for weak force, the graviton for gravity, and
the gluon for strong force. In the standard model, there are eight gluons, each
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possessing a color. Similar to quarks, gluons are not expected to exist as isolated
particles. An overview of the elementary particles of the standard model can be
seen in Figure 1.1.

It is crucial to note that, within the standard model, neutrinos are considered to
be without mass. This aspect will be explored in more detail in section 1.4.

All of this adds up to a signi cant quantity of elementary particles. Furthermore,
there are at least 61 particles to deal with because the Glashow-Weinberg-Salam
theory requires at least one Higgs particle. Guided by our understanding, initially
with atoms and later with hadrons, numerous individuals have proposed that at
least some of these 61 entities may be compositions of more fundamental subpar-
ticles. However, such hypotheses extend beyond the standard model. One may
wonder why there should be three generations instead of only one. In response,
the dominance of matter over antimatter allows for a reasonable Standard Model
explanation, but only in the case of at least three generations. Naturally, this raises
the opposite query, which is: why there are only three generations. There were
valid reasons to expect a fourth or perhaps a fth generation in 1988. However,
in less than a year, SLAC and CERN experiments closed o that possibility. The
Z° particle, known as the 'mother of all particles’, can undergo decay into any
quark/antiquark or lepton/antilepton pair, given that the particle's mass is less than
half that of theZ°. This ensures there is enough energy to produce the pair. By
gauging theZ° lifetime, it becomes possible to count the number of quarks and
leptons with masses below 45eV_c?. Experimental results align with expectations
based on the established three generations.

In the meantime, several theoretical hypotheses, lacking direct experimental
support, extend beyond the Standard Model. Grand Uni ed Theories (GUTSs), con-
necting strong, electromagnetic, and weak interactions, are widely acknowledged.
The concept of 'supersymmetry' (SUSY), doubling particle numbers by associating
fermions with bosons and vice versa, is also appealing to theorists. Additionally,
since 1984, superstring theory has captivated the imagination of a generation of par-
ticle theorists. Superstrings not only promise to reconcile quantum mechanics and
general relativity, eliminating in nities in quantum eld theory but also propose
a uni ed 'theory of everything', wherein elementary particle physics, including
gravity, emerges as an inevitable consequence.

1.2. Fundamental properties of neutrinos

In the 1920s, research on nuclear beta decay yielded the rst indications of the
existence of neutrinos. Beta decay is a type of radioactive decay in which a beta
particle (either an electron,”, or a positron, *) is emitted from an atomic nucleus
.A;Z/ as well as a lighter secondary nucleus with the same mass number but
di ering by one unit, and nothing else observable:

A;ZIE A;Z,1/+ € +nothing else visible: (1.2)



1.2. Fundamental properties of neutrinos 4

Experimentalists observed a continuum spectrum extending frogto the
maximum permitted energf when the expected energile i Q = M; * M; for e
should have been well de ned in the absence of any additional unseen particles in
the nal state. In 1930, Wolfgang Pauli proposed that during the beta decay process,
an unobserved particle was emitted. The non-visible particle has to be neutral to
conserve energy, extremely light, and with spin 1/2 to meet the requirements of
statistics and angular momentum conservation. Beta decays are currently regarded
as the following processes in contemporary notation:

NE p+e + ¢
A.Z;N/E AZ+1;N*1/+ € + ¢ (1.2)
AZNE AZ*L;N+1/+€e + ¢

Three types of neutrinos have been identi ed via the development of new accel-
erators and advanced detectors. There is a unique family of leptons associated with
each neutrino. Neutrino observations have been essential in helping us comprehend
weak interactions, resulting in the standard model. Further observations using
neutrinos are believed to provide an important contribution to our knowledge of
physics beyond the standard model. In recent decades, it has become clear that
learning about the neutrino is essential in our comprehension of the Universe. This
is due to the fact that the neutrino is the most prevalent type of matter in the
Universe after radiation, and it is the source of the heavy elements that are essential
to life because of its role in nucleosynthesis. Thus, it is evident that the neutrino is
a signi cant particle.

Neutrinos are several orders of magnitude lighter than all other fermions, and
no direct measurement has found evidence for a non-zero mass. Neutrinos are also
neutral; they do not perceive strong interactions and interact relatively weakly, if at
all. For example, neutrinos produced in nuclear reactors with endggy 1 MeV
have al0'! chance of interacting within the Earth while traveling along a track
that goes through its center. Neutrinos are therefore "elusive” particles, but they
are also abundant in the Universe, yet we do not see them since they interact so
infrequently. Neutrinos have two types of interactions:

" Neutral Current (NC), in which they couple with Z° boson, altering their
4-momentum but retaining their identity, and remaining uncharged. The
fundamental neutral vertex looks like:
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where f can be any lepton or quark. The Z mediates processes such as
neutrino-electron scattering +€ E  + e and neutrino-proton scatter-

ing +pE +p.Inatomic physics, distinguishing neutral weak e ects
from electromagnetic processes is sometimes possible by exploiting the fact
that weak interactions violate the conservation of parity (mirror symmetry).
To observe a purely neutral weak interaction, researchers must turn to neu-
trino scattering, where there is no competing electromagnetic mechanism.
The weak neutral currents were rst observed in neutrino scatteringe
experiments at CERN in 1973, and the con rmation of their existence came
shortly thereafter through experiments at Fermilab.

Charged Current (CC), in which they couple with - boson, "transforming"
into one of the charged leptons , * or . The fundamental charged vertex
looks like:

demonstrating the reactioh” E | + W". Charged weak interactions are
the only ones that change the avor of the neutrino. Such processes are
the neutrino-muon scattering” + . E € + , the decay of the muon

"E € + + , thedecay of the pion* E € + — and the beta decay of
the neutronn E p* + € + .

The avor of a neutrino is really the type (that is the mass) of the charged lepton
that is attached to the same charged current vertex. For instance, in the decay of a
(virtual) W* or W*, one writes:

WYE I+ ; W E "+ (1.3)

where the mass (or type) of the charged lepton is indicated by the labek; ; of
the neutrino. There is a clear experimental explanation for the distinction between

and— as well as thd label assigned to the neutrino. A ¢," as described by
convention, interacting at its creation point can only produee, whilst a "
can only producee’, a only a *, and similarly for the other neutrino types.
Overall, there is a clear phenomenological signi cance to both the avour label
and the "bar" notation. The inherent angular momentum (or spin) of neutrinos is
an integer. The remarkable discovery of the 1950s was that, given experimental
uncertainties, the spin of every ™ is anti-parallel to its momentum, yet the spin
of every "™ is parallel. Put otherwise, all of the are right-handed and the are
left-handed. This is the basis of the weak interactions' "chiral nature" and gives rise
to the consequences of parity violations seen in nature.
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1.3. Neutrino avors

As aforementioned, there are three types of neutrinos in the particle physics stan-
dard model. Each neutrino completes a doublet with the corresponding charged
leptons. AW * gauge boson, for instance, can couple to any of the three pairings of
charged leptons and neutrinos:

W*'E € .
E * (1.4)
E +

The label given to the neutrinos corresponds to the avour, which is the mass of
the associated charged lepton.

Muon neutrino
Muon neutrinos and anti-neutrinos result from the decay of pions and muons, as
illustrated in the reactions:

TE T4+, TEE+ o+ (1.5)

The discovery of the decay' E ' + — raised the question of whether the
undetected particles were the same as those produced in beta decays. In 1962,
an experiment was conducted by L. Lederman, M. Schwarz, and J. Steinberg using
accelerator neutrinos. By bombarding a Beryllium target with a 15 GeV primary
proton beam, they generated pions, a source of neutrinos through decay. Studying
interactions like +NE "+ X and ¢+ N E € + X, the experiment found
only the rst type, demonstrating the distinction between and ..

Electron neutrino
As mentioned above the electron neutrinos and anti-neutrinos are produced in beta
decay processasE p* +€ + .

Tau neutrino

The tau neutrino is linked to the tau lepton, which is the third and heaviest

of the charged leptons in the Standard Model of particle physics. The tau lepton
" was discovered in 1975 at the Stanford Linear Accelerator Center (SLAC) in

California. In processes involving the decay of tau particles tau neutrinos

and anti-neutrinos— are expected to be produced as,

* E + W*;
E + e* + ue;
E o+ "+ (1.6)
E  +[ys]:

Measurements of the Z-boson width have ruled out a fourth neutrino if it is less
than 40GeV. If a fourth form of neutrino exists, it would indicate the existence of
a fourth type of matter, which would be a signi cant nding.
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1.4. Neutrino oscillations

The probability of detecting a neutrino, initially created in a speci ¢ avor state,

in the same state or transitioning to another avor state can exhibit oscillations
over time [3]. The concept of neutrino oscillations was rst introduced by Bruno
Pontecorvo in the 1950s, suggesting that if neutrinos possess mass, they could
undergo such avor-changing oscillations. This intriguing phenomenon stems from
the principles of basic Quantum Mechanics. Neutrinos produced in charged current
weak interactions alongside a charged lepton exist as weak eigenstates,
Typically, these weak eigenstates lack a well-de ned mass and can be expressed
as linear combinations of three states, namely ,, and 3, each characterized by
distinct massesnf;; mp andmg). The expression for neutrino oscillations in vacuum
using the Dirac formalism is:

¥e=E Uj e Ny
j

whered& édenotes the eigenstates; ; , & érepresents the states;; ,, 3, and
U7 is the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. The unitary
arises due to the orthogonality of the three avor eigenstates and masses. The time
evolution of a mass eigenstate with well-de ned energy involves a simple phase
factor, and for a state initially created with a well-de ned avor, the time evolution
results in

8.t/é=E UeS'&e (1.8)
j
The oscillation probability is

P. E ;t/=d;U;eH8 (1.9)

This probability exhibits periodicity in time, and notably, it does not vanish, even
for g .
If the neutrinos pass through a material medium their oscillation behavior
is modi ed. This phenomenon is known as the Mikheyev-Smirnov-Wolfenstein
(MSW) e ect [4]. The existence of matter adds an extra component to the interaction
for electron neutrinos since ordinary matter contains electrons but lacks muons
or taus. Consequently, when a beam traverses through matter, it undergoes
both charged and neutral interactions with electrons. On the other handand
exclusively engage in neutral current interactions, resulting in a di erence in the
magnitude of their interactions compared tQ. These interactions cause alterations
in the e ective mass that a particle exhibits while traveling through a medium. As
a consequence, oscillation probabilities deviate from their vacuum values.

An experiment that seeks to detect atmospheric neutrinos in order to determine
the parameters that regulate avor transitions is KM3NeT/ORCA (see Chapter 2).
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Figure 1.2: The ux of neutrinos on the surface of the Earth. The energy thresholds for charged
current interactions on a free proton target are illustrated by three arrows. The line representing
cosmological neutrinos assumes a vanishing neutrino mass. The line corresponding to Supernovae
neutrinos describes only.. The calculation of atmospheric neutrino uxes is based on the Kamioka
location, with only the lowest energy segment depending on the location. Image taken from [3].

1.5. Neutrino sources

Neutrinos are ubiquitous particles in the cosmos and hold signi cant importance in
various astrophysical and cosmological phenomena. Figure 1.2 illustrates a graph
depicting the energy distribution of neutrinos reaching the Earth's surface. This
spectrum spans over 20 orders of magnitude, encompassing a wide range in both
energy and intensity.

Cosmological neutrinos

Cosmological neutrinos [3] are neutrinos generated in the early stages of the
Universe, with an approximate number density 88cmi® for each neutrino species

(e e ;7 ;) and a black-body spectrum at a temperature around 1.947
Kelvins. During the Universe hot phase, neutrinos were in equilibrium with photons.
As the temperature dropped beloh0'’ Kelvin, neutrinos decoupled from the rest
of the Universe but continued to cool with the Universe expansion. The neutrino
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temperature is cooler than photons due to the reheating of photons from electron-
positron annihilation. Current measurements of the Universe age and expansion
rate provide strict constraints on neutrino masses. If neutrinos have masses on
the order of a few eV or more, they could be a signi cant or dominant component,
addressing the "Dark Matter Problem". Neutrinos, if crucial to the Universe mass,
play a crucial role in forming observed structures like galaxies and galaxy clusters.
Early on, the Universe was smooth, as indicated by small amplitude of temperature
uctuations in the cosmic microwave background radiation. Gravity enhances
density contrasts, leading to the formation of structures. Neutrinos, being weakly
interacting and remaining relativistic due to their small mass, e ciently erase initial
uctuations up to large scales. This contrasts with other forms of dark matter, such
as WIMPs (Weakly Interacting Massive Particles), which move more slowly due to
their larger mass and are less e cient in erasing uctuations.

Solar neutrinos

Neutrinos [3] are abundantly produced through thermonuclear reactions occurring
within stellar interiors, speci cally in our Sun. A pivotal fusion reaction releasing
nuclear binding energy is described as

4p+2e E*He+2

liberating 26.73 MeV. The considerable luminosity of the Sun suggests a substantial
ux of ¢ reaching Earth. The nuanced energy spectrum of solar neutrinos is
contingent upon the intricate nuclear reactions orchestrating the conversion of
hydrogen to helium. While the majority of solar neutrinos possess energies below
0.41 MeV, a smaller yet signi cant component originating from the beta decay of
Boron-8 extends up to 14 MeV, playing a crucial role in solar neutrino detection. The
energy released in fusion reactions contributes to the Sun's thermal energy, with
neutrinos successfully escaping and carrying away a proportion of the liberated
energy. The solar neutrino ux is given by the equation

. 1 2,
0 ”
°T 4d2.Q* & d

which is intricately linked to the solar luminosity_, 0 3:842+13%erqg_s, Earth-Sun
distanced 0 1:49510"*cm, and the average enerdy 6 0:3MeV conveyed by
neutrinos in a fusion cycle. Despite variations in energy distributions arising from
distinct reaction cycles, the predicted solar neutrino ux reaching Earth remains
exceptionally high, estimated at approximateby 101°cm?s™. Comprehensive
predictions necessitate the development of solar models that meticulously account
for the contributions from various reaction cycles.

(1.10)

Supernovae

Type Il Supernovae explosions [3] signify the culmination of the lifecycle of massive
stars (with masses greater than the solar mass) that have evolved to develop an iron
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core surrounded by successive burning shells and an outer envelope of hydrogen and
helium. The iron core, being the most tightly bound nucleus in nature, undergoes
collapse when it accumulates su cient nuclear ash and reaches the Chandrasekhar
limit of approximately 1.4Vl. This collapse is rapid and results in a "neutronization
burst" of electron neutrinos ¢ as the collapsing core converts nearly all protons
into neutrons. The collapsing core's implosion is halted when it reaches nuclear
density, leading to the formation of a shock wave that propagates outward, ejecting
the outer layers of the star and causing a visible explosion. The newly formed
proto-neutron star, with a radius of around 10 km, contains a signi cant amount of
kinetic energy, primarily radiated away in the form of neutrinos. These neutrinos
play a crucial role in the explosion, possibly depositing enough energy near the
outward propagating shock to trigger the explosion.

All six neutrino avors contribute roughly equally to the energy out ow, pro-
duced in the hot core through " avor-blind" processes. The neutrino emission
lasts for approximately 10 seconds, during which neutrinos undergo numerous
scatterings in the dense material, determining the time of emission. The di erent
average energies of neutrino components result from distinct cross sections for
elastic scattering with electrons, with electron neutrinog having the largest cross
section and are emitted from the regions closer to the surface of the stars, whereas
neutrinos of the muon andtau ,, avors, possessing a smaller cross section,
are emitted from deeper regions within the stars and are characterized as "hotter".

The theory of neutrino emission in supernovae explosions received con rmation
on February 23, 1987, with the detection of neutrinos and radiation from supernova
SN1987A, which had exploded 170,000 years earlier in the Large Magellanic Cloud.
Detectors like Kamiokande and IMB observed a few events in coincidence with each
other, providing information on the uence and temperature of emitted neutrinos.
These events also allowed for the determination of limits on neutrino properties,
including their mass. The data showed no correlation between energy and time of
arrival, leading to a conservative upper limit on the neutrino mass;, < 20eV.

Radioactive neutrinos

The Earth emits about 40 Terawatts of energy, with 40% originating from the decay
of radioactive nuclei, primarily from the Uranium and Thorium decay chains [3].
These chains involve speci ¢ decay cascades. In eadkcay electron neutrinos

~e With a maximum energy of 3.27 MeV are emitted. The resulting geophysigal

ux at the Earth's surface is estimated approximately at a f@@ .cn?s/™ but it
varies based on the uneven distribution of Uranium and Thorium in the crust and
mantle, being depleted in the core. Detector location impacts the ux, with thicker
crust regions, like Italy, having a larger ux than thinner crust areas, such as Japan.
New large-mass detectors present an opportunity to observe these geophysical
neutrinos, o ering insights into Earth's structure and evolution.
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AGN

Active galactic nuclei (AGN) [5] are powerful sources of high-energy neutrinos.
AGN, fueled by the accretion of mass onto supermassive black holes, are not only
the brightest sources of electromagnetic radiation but also potential accelerators of
cosmic rays, including ultrahigh-energy cosmic rays. Neutrinos from AGN have
been studied since the late 1970s, considering the interaction of accelerated protons
with ambient photons. Early models suggested large di use neutrino intensities,
but subsequent observations and re ned models have constrained these predictions.

Atmospheric neutrinos

The Earth is exposed to a nearly uniform and consistent ow of cosmic rays, with an
intensity of around 0.5 particles/(cfrsec sr). Atmospheric neutrinos [3] arise from
the interactions of cosmic rays with the Earth's upper atmosphere. Cosmic rays are
high-energy charged patrticles, primarily protons with contributions of completely
ionized nuclei, and smaller components of electrons, anti-protons and positrons and
originate from astrophysical sources. Their energy can extend updSeV. Galactic
magnetic elds trap these cosmic rays for millions of years, causing their directions
to become isotropic and temporally uniform. Upon reaching the upper atmosphere,
primary cosmic rays collide with air nuclei, producing secondary particles such as
protons, neutrons, muons and kaons. Neutrinos are proli cally generated in the
ensuing cascades, with the primary source being the decay of charged pioasd
subsequent muon' decays. The dominant decay channel involvesdecaying
into * and a muon neutrino , followed by * decay producing a positror®, an
electron neutrino , and another muon neutrino , such as:

+ E + . + E e+ + o+

Similar processes occur in the decay of kaons.

1.6. Water ferenkov detection

Experiments for astronomy through high-energy neutrino detection use ferenkov
detectors for their operation. These detectors derive their name from their funda-
mental operating principle, the detection of ferenkov radiation. ferenkov radiation

is electromagnetic radiation emitted when a charged particle passes through a di-
electric medium at a speed greater than the phase velodiky) of light in that
medium. The emitted radiation is in the form of a characteristic cone of light,
known as a ferenkov cone. This emitted light forms a conical wavefront with a
characteristic angle ¢, determined by the medium refractive index An illustra-

tion of the ferenkov cone and anglec is shown in Figure 1.3. For particles with
relativistic velocity = u_c, the ferenkov angle is

cos /—1
<7
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Figure 1.3: lllustration of the ferenkov cone and angle:. Detection principles for muon tracks
(left) and cascades (right) in underwater/ice detectors. From [3].

and the refractive index of the medium is de ned as= % The condition for
ferenkov radiation to occur isn > 1. Since the refractive index is associated
with the frequency of radiationif = %), there exists a cuto frequency in the
X-ray spectrum. The predominant radiation is in the ultraviolet, with visible blue
radiation appearing for charged particles of high energy. In the case of relativistic
particles ( 6 1) in seawaterif 6 1:35), the ferenkov angle is approximate/2.

The neutrino interacts with the atomic electrons in hydrogen and oxygen
atoms. Due to the MeV range of neutrino energies, the atomic binding energies are
insigni cant, allowing the scattering to be treated as elastic scattering of neutrinos
o free electrons. Consequently, the electrons gain some energy from the neutrino.
If the nal electron possesses su cient energy, its speed exceeds the speed of light
in water, leading to the emission of ferenkov radiation from the electron [6]. Photo
sensors in the detector capture the emitted light, allowing the reconstruction of
the interacting particle's properties from the hit distributions. Large-scale neutrino
telescopes like KM3NeT use this technique, positioning photo sensors a few meters
to tens of meters apart to cover volumes up to then® scale. However, there is a
lower energy thresholdg, for the production of ferenkov radiation, where the rest
mass of the particlerty) must allow it to move faster than> 1_n. The threshold
energy is

* 1
1* %

For electrons, this threshold i&, 6 0:25MeV, and for muons, it isT;, 6 53MeV,
representing the minimum kinetic energies requiretl € E* myc?).

The interaction of neutrinos can result in two scenarios within the detector. In
the case of a neutral current interaction, the outcome is solely a hadronic shower,
and the neutrino goes undetected. On the other hand, for charged current in-
teractions, a hadronic component is present along with a lepton whose avor is
determined by the incident neutrino’'s avor. Due to di erences in mass and stabil-
ity among electrons, muons, and taus, the ferenkov light emission signatures vary
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Figure 1.4: Signatures generated in the charged current and neutral current interactions for each
neutrino avor. From [7].

for each lepton avor.

1.6.1. Shower/track signatures in water ferenkov detectors

Using the light production pro le's topology, which is ultimately the measured fea-
ture in ferenkov detectors, we can categorize event signatures into two main types:
showers and tracks. The contributions of each avor to these classes are depicted
in Figure 1.4. Particles with signi cant electromagnetic interactions that release
energy primarily through ionization, called tracks, or through bremsstrahlung,
called showers.

Hadronic and electromagnetic showers

Electromagnetic and hadronic cascades are phenomena that occur when high-
energy particles interact with matter, leading to the production of secondary parti-
cles and the subsequent development of cascade-like events.

Electrons, with energies in the GeV scale, lose kinetic energy by emitting
bremsstrahlung photons as they traverse the medium. These high-energy pho-
tons can undergo pair production, creating electron-positron pairs. Electrons and
positrons generated in the cascade may scatter via Compton scattering or other pro-
cesses. This cascading process forms an electromagnetic shower, where electrons
and positrons with energies above the ferenkov threshold (0.25 MeV) produce
visible light. The overall signature of electromagnetic cascades appears point-like
in detectors due to the 36 cm attenuation length of electrons in water. The number
of ferenkov photons is proportional to the cascade energy, enabling a precise
energy reconstruction. Directional reconstruction is challenging due to the spheri-
cal propagation of light, but the emission peak aligns with the incident neutrino
direction.
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Hadronic cascades involve the production of additional hadrons, often light
mesons, from the initial energy transfer to nucleons. The strong force governs the
creation of hadrons, following the law of con nement. All participating hadrons
with energies above the ferenkov threshold emit light, with the overall light yield
smaller than electromagnetic cascades due to higher particle masses and thresholds.
Despite having a longer attenuation length (83 cm in water), the dimensions of
hadronic showers are comparable to electromagnetic showers. Uncharged pions,
the lightest mesons, are abundant and predominantly decay into two photons,
contributing an electromagnetic component to the shower. While TeV and PeV
showers look similar, lower-energy showers exhibit considerable event-by-event
variation due to variations in the number, type, and propagation of nal-state
hadrons. In ferenkov detectors only charged particles produce observable light,
and the emission direction of hadrons deviates more signi cantly from the incident
neutrino direction.

Muon tracks

Muons, whether generated directly in the atmosphere as secondary particles of
cosmic rays or produced during interactions involving muon neutrinos, have dis-
tinctive characteristics that a ect their behavior in water. Muons have the ability

to travel signi cant distances in water, extending up to kilometers, depending on
their energy. The primary process leading to energy loss in muons as they traverse
through water is ionization, where interactions with atoms lead to the ionization
of atoms along their path. For muons with energies exceeding 1 TeV, stochastic
processes such as bremsstrahlung, pair production, and photonuclear interactions
become more pronounced, causing signi cant energy losses and the creation of
electromagnetic showers along the muon track. In the few GeV energy range,
muons exhibit behavior similar to minimum ionizing particles, experiencing nearly
constant energy loss over a straight path until they come to a stop or undergo decay.
In a water medium, the length of a muon track is approximately 4 meters per GeV.

The shower topology includes neutral current (NC) interactions of all neutrino
avors and charged current (CC) interactions of and , being the decay length
of the lepton too short to be resolved beloiM PeV. On the other hand, events
with track topology are produced by CC interactions of.
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KM3NeT neutrino telescope

KM3NeT [8] is a research infrastructure hosting two large-volume ferenkov neu-
trino detectors which are currently under construction in the depth of the Mediter-
ranean Sea. KM3NeT has two primary scienti ¢ objectives: the discovery and
observation of high-energy neutrino sources in the Universe and the determination
of the relative masses of the neutrinos, known as the neutrino mass hierarchy.
To accomplish these goals two types of neutrino detectors (ARCA & ORCA) are
established at di erent locations, both using the same technology but with distinct
con gurations.

The KM3NeT/ARCA detectorAstroparticle Research withCosmics in the
Abyss) is located approximately 100 km south-east of Sicily, Italy, o -shore the
small town of Portopalo di Capo Passero in a depth of 3500 m. The ARCA neutrino
telescope is optimized for the detection of high-energy neutrinos, in the GeV-PeV
energy range, from astrophysical sources. Due to its advanced angular resolution
capabilities, the investigation of the cosmic neutrino ux is enabled providing
information about its source, energy spectrum and avour composition.

The KM3Net/ORCA detectoQscillation Research withCosmics in theAbyss)
is located approximately 40 km o -shore Toulon, France, in a depth of 2450 m. The
ORCA neutrino telescope is optimized for the detection of atmospheric neutrinos,
in the few-GeV energy range, created in the Earth's atmosphere by cosmic rays.
Exploiting the abundant uxes of neutrinos, their fundamental properties can be
studied, including the neutrino mass hierarchy and oscillation parameters.

A third location where the KM3NeT infrastructure will be implemented is
o -shore Pylos, Greece, in a depth of 4550 m.

2.1. Technical description of the KM3NeT detec-
tors

As mentioned above, both neutrino detector sites are using the same technology as
well as the same detection mechanism, which is exploiting the ferenkov emission
produced by relativistic particles in neutrino interactions.

The infrastructure consists of 115 detection units (DUs) each of them giving
vertical support for a string of 18 digital optical modules (DOMs). The DOM [9],
[8] is a transparent 17-inch glass sphere comprised of two hemispheres, hosting 31
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