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Guardando la fotografia di una camera a bolle, lo studente vede soltanto
linee confuse e interrotte, mentre il fisico vi legge la registrazione di eventi
subnucleari a lui familiari. Soltanto quando il suo modo di vedere le cose
ha subito trasformazioni di questo genere lo studente entra a far parte del
mondo dello scienziato, riesce a vedere le cose che lui vede e a reagire
come lui.

—T. Kuhn

Cio che conta non sono tanto le scalate eclatanti, ma 1’'umana avventura.

— W. Bonatti






ABSTRACT

Multi-messenger astronomy has allowed a completely and revolutionary
new approach to the observation of the Universe. Within this picture, neu-
trino astrophysics has started in recent years to consolidate the theoreti-
cal framework at its basis through the first detection of neutrino sources.
However, the complexity of astrophysical environments requires more ob-
servational data to fully characterise their internal mechanisms. For this
reason, second-generation neutrino telescopes are currently under construc-
tion worldwide at different locations. Specifically, KM3NeT inheriting the
experience of the ANTARES telescope is a detector under construction and
deployed in the abyssal site of the Mediterranean Sea. Thanks to its design,
it is already taking data and will be capable, in the next few years, of com-
plementing the observations conducted up to now and of shedding light
on important unanswered questions.

In June 2023 the IceCube Collaboration reported the first observation of
astrophysical neutrinos that originated in the centre of our Galaxy. Within
the work of this thesis, the first data collected by the KM3NeT experiment
have been analysed, mainly focusing on the search for neutrino emission
from this location in the sky. In fact, thanks to the position and to the ex-
cellent angular resolution of the KM3NeT detectors, the Galactic plane is
visible for most of the time, representing one of the main physics objec-
tives to address for the experiment. Furthermore, in the observation of fast
transient phenomena, neutrino signals could be invaluable precursors of
electromagnetic light ejected by sources. For this reason, the last chapter of
the thesis is focused on the first correlation studies ever performed with
KM3NeT data with respect to external alerts sent by other observatories.
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INTRODUCTION

Neutrino astronomy is a groundbreaking field of multi-messenger astron-
omy that looks at the Universe through neutrinos, weekly interacting, and
nearly massless particles. They can be generated by a wide range of ener-
getic and violent phenomena, such as supernova explosions, inner regions
of massive stars, accretion disks around black holes, and even elusive dark
matter interactions. Due also to their properties, neutrinos can traverse vast
cosmic distances without being absorbed or deflected, providing unique in-
formation on the astrophysical sources that generate them and overtaking
intrinsic limitations of other messengers like y-ray or cosmic rays.

Based on the experience gathered with pioneering projects like DUMAND,
AMANDA or ANTARES, a second generation of neutrino telescopes is cur-
rently under construction. Among the innovative neutrino detectors de-
signed, the KM3NeT telescope (Cubic Kilometre Neutrino Telescope) is
currently taking data and is expected to be completed in the next few
years. KM3NeT, in its final configuration, will comprise a network of de-
tectors that will cover more than one cubic kilometre of deep seawater
in the Mediterranean Sea. Its unique concept and position allow to recon-
struct, with high precision, the direction of secondary particles emerging
from neutrino interactions, tracing them back to the astrophysical source
at their origin. Furthermore, being located in the Northern hemisphere, it
fully complements the field of view of the IceCube neutrino telescope. This
makes KM3NeT a crucial player in the field of neutrino astronomy, having
the opportunity to solve long-standing open questions on the mechanisms
steering the evolution of the Universe.

The thesis is organised as follows:

¢ the first chapter is dedicated to an overview of neutrino properties, to
the description of cosmic rays and it tries to deep into the tight link
that bounds neutrino to y-ray and cosmic rays production;

¢ the second chapter is focused on neutrino astronomy, its principles
and the description of the main detectors currently taking data or
under construction. In addition, a broad overview of recent results
obtained within this field is reported;

¢ in the third chapter, the KM3NeT detector is described in more detail,
with a large section dedicated to the technical solutions adopted for
the construction of the detector;



the fourth chapter is dedicated to the description of the Monte Carlo
simulation chain adopted within the KM3NeT Collaboration;

in the fifth chapter a description of the flux of astrophysical neutri-
nos coming from the centre of our Galaxy is reported, both from the
theoretical and experimental point of view. The recent observation by
the IceCube Collaboration of an astrophysical flux from the Galactic
plane is also described;

within the sixth chapter, the KM3NeT data sets analysed for the work
of this thesis are presented, together with the event selection tech-
niques adopted;

in the seventh chapter, the first search with the KM3NeT/ARCA data
for neutrino emission from the Galactic centre is reported. The upper
limits and a comparison with the results obtained by other experi-
ments is available;

In the last chapter, results obtained in the follow-ups of external alerts,
sent by other observatories, are reported. Specifically, the first follow-
ups ever conducted within the KM3NeT Collaboration are described
in detail.



NEUTRINO PHYSICS AND ASTROPHYSICS

Observation of the Universe has been conducted since ancient times by
looking at the sky with the naked eye. The physics and technological knowl-
edge acquired in the meantime allowed significant advancements in sky ex-
ploration. Especially during the twentieth century, experimental techniques
and new detectors were developed, allowing us to widen the observation
with electromagnetic radiation from the optical to the radio, infrared, and
X-ray band. There are, however, intrinsic limitations in the study of the Uni-
verse through photons, due to their physics properties. In fact, due to the
absorption effects of the atmosphere, photons from different energy ranges
must be observed in space or with indirect techniques. Furthermore, they
can interact with the matter surrounding astrophysical environments or
during their propagation towards the Earth, being absorbed and losing the
information on the source that generated them. In the last century, new
types of messengers have been used to investigate the Universe, such as
cosmic rays, neutrinos, and gravitational waves, leading to unprecedented
discoveries. Each of these messengers can bring complementary informa-
tion which, when combined together, allows producing a more complete
picture of the astrophysical environment.

In fact, neutrinos because of their properties, as explained ahead in this
chapter, can easily escape from dense regions, extending our view within
astrophysical sources. Furthermore neutrinos do not interact with the in-
terstellar medium located along their path towards the Earth, neither with
Galactic or extra-Galactic magnetic fields. This allows to trace them back
and correlate their arrival direction with known sources. Also gravitational
waves are not stopped along their travel in the space-time, and their detec-
tion with or without neutrinos could strongly constrain the models which
describe some of the most relevant astrophysical objects, like the neutron
star mergers.
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1.1 NEUTRINO PHYSICS AND INTERACTIONS

Neutrinos are fundamental fermions of the Standard Model (SM) of parti-
cle physics: they have spin equal to 1/2 and no electric or colour charge
. All neutrino flavours are described within the SM, in which they are
grouped into three families with their corresponding charged lepton: elec-
tron (e), muon (u) and the tau (t). An important measurement performed at
LEP and SLD constrained to 3 the number of lepton families [5]. In the SM
neutrinos are assumed to be massless, but to explain recent observations of
neutrino oscillations [6], the existence of a mass for the neutrino field must
be postulated. For this reason, neutrinos are also among the most studied
particles to discover possible new physics beyond the Standard Model.

1.1.1  Neutrino interactions

Nowadays it has been understood that Fermi’s theory is an effective field
theory, representing the low-energy limit of electroweak processes well de-
scribed within the framework of quantum field theory and of the SM. De-
noting by I the Dirac spinor describing the different fermion families, the
weak interaction violates maximally parity [7], making interact only the left-
handed components for particles and the right-handed component for the
antiparticle. Explicitly writing the left- and right-handed projected spinor
tields:

1— 14
locL = 2Y5 I'O(/ locR - 2’\/5 loc/ (1)

the leptonic charged current (CC) and neutral current (NC) terms, respectively
associated to the exchange of the WgE and Zg gauge boson fields can be
written as follow:

e =2 D Var¥’lar= ) Va¥?(1-7)l, (2)
a=e, LT x=e, T
. _ 1 _
J;o,v = Z Vol Y?VaL = 5 Z Vay?(1 _VS)Voc- (3)
x=e,u,T x=e,u,T

Historical note: the existence of this particle was postulated for the first time by W. Pauli in
1930 to explain the continuous spectrum of the electron observed in the 3-decay [1]. Soon
after, in 1934, E. Fermi formulated a mathematical theory capable of explaining the (3-decay.
It included the new Dirac’s theory on particles and antiparticles and Heisenberg’s ideas on
symmetry among proton and neutron in strong interactions, renaming neutrino the particle
previously introduced by Pauli. Fermi’s theory, as outlined in 1934 by Bethe and Peierls,
also contained the mechanism to probe the existence of neutrinos: the inverse 3-decay. Only
twenty years later, Reines and Cowan conceived an experiment capable of detecting the
neutrino flux produced by the nuclear plant, near Savannah River, thus confirming the
existence of this particle [2]. The experiment also allowed measuring for the first time the
cross-section for the reaction, which was in good agreement with the predictions of Fermi’s
theory. In 1963 Lederman, Shwartz, and Steinberg discovered a second type of neutrino
flavour, named muon neutrino [3], and only in 2000 the DONUT experiment observed for
the first time the third neutrino flavour, tau neutrino [4].
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The interaction term of the electroweak Lagrangian of the Standard Model
can therefore be formulated as follow:

LEC+LNE = Zf()WLW +hc>—

with ¢ = 0.641 representing the coupling constant of the weak interaction
and sin?(8y) = 0.231 the Weinberg angle. For further details on SM and
weak interaction, see [8][9].
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1.1.1.1  Neutrino-nucleon interaction

The interaction processes of neutrinos with ordinary matter, as described
in Equation 4, are mainly divided into two categories CC and NC, which
can be visualised as follows:

vi+X > 1E4+Y (CO), (5)
vVi+X—=>vi+Y (NC), (6)

where X represents the target matter. The charged lepton (1* coming af-
ter the CC interaction) and the hadrons Y originated from the interaction
can produce an electromagnetic or a hadronic cascade (described in the
next chapter). The type of reactions and the resulting outgoing products
highly depend on the neutrino energy. Following the schematic representa-
tion given in [10], neutrino interactions can be subdivided as follows:

e threshold-less processes, Ey ~ 0 — 1 MeV such as:

- coherent scattering v + A% — v + Ai’*. The coherent condition
is satisfied when R- Q < 1, with R the nucleus radius and Q the
transferred momentum,;

- neutrino capture on radioactive nuclei, also know as enhanced or
stimulated beta decay emission.

¢ low energy nuclear processes, E ~ 1 —100 MeV:

- inverse beta decay: Ve +p — et + 1.

e intermediate energy neutrino interactions, E, ~ 0.1 — 20 GeV:

- elastic and quasi-elastic scattering of neutrinos over an entire nu-
cleon, liberating a single or multiple nucleons from the target:
dominant process for E, < 2 GeV;

- resonance production: neutrinos can excite the target nucleon to
a resonance state;

— Deep Inelastic Scattering (DIS): if the neutrino has enough en-

ergy, it can resolve the individual quark constituents of the nu-
cleon, producing an outgoing hadronic shower.
Considering the competition between the above three processes,
depicted in Figure 1, the products of neutrino interactions can
be of different nature, from nucleons to pions, kaons or multiple
mesons.
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Figure 1: Total neutrino per nucleon CC cross section, separated among the differ-
ent contributions: quasi-elastic scattering (dashed), resonance production
(dot-dashed) and deep inelastic scattering (dotted). Figure taken from
[10].

* ultra high energy neutrino interactions, Ey ~ 0.5 TeV —1 EeV:

the neutrino cross-section in this energy range can be derived as a sim-
ple high energy extension of the parton model used to describe DIS.
At these energies, the term from the interaction vertex is no longer
dominated by the W-Z gauge boson mass, resulting in an overall sup-
pression with respect to the linear growth experienced in the previous
energy regime. For E, > 10 PeV, the neutrino cross section can roughly
be schematised as o (E- /1 GeV)* with « ~ 0.363.

Taking into account the energy regime in which astrophysical neutrinos
are produced and detected, a fundamental role is played by DIS processes.

In Figure 2 a generalised Feynman diagram is reported, paying particular
attention to the kinematics of the process. The following Lorentz invariants
can be derived:

]
]
q,
]
]

Ptnrget

Figure 2: Feynman diagram of a generic neutrino-nucleon interaction, through NC
or CC interaction. In the diagram the interacting particles are represented
by their kinematic variables. Figure taken from [11].
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s = (Pv +Prarget)® (centre of mass energy), (7)
Q? =—q?> =—(pv—p1)? (four momentum transferred), (8)
y = J-Prarget  (ipalasticity), 9)
Pv Ptarget
QZ
x = ———— (Bjorken scaling variable). (10)
2. ptarget -q

In the lab frame, where the target is at rest, the inelasticity or Bjorken y can
be rewritten as

y=-——=" (11)

where y represents the fraction of neutrino energy transferred to the target.
The neutrino-nucleon inclusive cross section for DIS can be now described
as a function of the two Bjorken invariants x and y:

2 v,V ZGZ E MZ 2 2
do oMby (_2Wz )Yooy Fi(x,QY)
dxdy Tt Q% +Myy 7

2

+<1_ _“;E‘J)-Fz(x,Qz)iyO—‘-;).Fg(x,Qz)], (12)

where m is the target mass, G ~ 1.16 - 107> GeV~2 is the Fermi coupling
constant, and the +(-) sign in the last term refers to neutrino (antineutrino)
interactions. Furthermore, Fi(x, QZ) with 1 = 1,2,3 are dimensionless nu-
cleon structure functions. Assuming the nucleon constituted of quarks and
gluons, the structure functions can be seen as sum of the probabilities, rep-
resented by the product x - q (x- ), to find a quark carrying a fraction of
nucleon’s momentum x:

(x,Q%), (13)
(x,Q%), (14)

F2(x,Q%) =2) [x-q(x, Q%) +x-
x-F3(x, Q%) =2) [x-q(x, Q%) —x-

Kal Kall

with the sum over all quark species. Trying to derive more quantitative
estimates, the cross-section shown in Equation 12 can be integrated, for
neutrino energies above 100 GeV, producing the following ratio:

occ 0.7

_— = 1
occ+ONC (15)

This means that charged current interactions represents around the 70% of
all the neutrino-nucleon interactions. Further quantitative estimates can be
derived assuming that the four-momentum transferred (Q) is much smaller
than the mass of the W* boson and that the centre-of-mass energy s greatly
exceeds the mass of the lepton.

Integrating the Bjorken variables out of the Equation 12, under the hy-
pothesis of charged current interactions between neutrino and fermions
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Figure 3: Neutrino-nucleon CC cross section for DIS. Experimental measurements
are reported with points: sub-TeV are obtained from accelerator experi-
ments, few-TeV will be covered by FASERv experiment [12] and TeV-PeV
measurements are reported thanks to astrophysical neutrinos detected
by IceCube experiment. In the ultrahigh-energy domain (above 107 GeV),
there are no measurements and predictions for next-generation radio de-
tection experiments are reported. Figure taken from [13].

(equivalent to antineutrino-antifermion interactions), both the differential
and total cross-section can be expressed as the following:

docc(vf) G%s G%s

a0 am occhi =

As explicitly written now in Equation 16, the cross section depends linearly

on s. In the rest frame of the target, with mass m, the centre of mass energy

can be approximated as s ~ 2m(m + E ), highlighting the linear increase of

the cross section with respect to the neutrino energy (Ey) and to the mass

of the target m. It also does not depend on the neutrino-target scattering
angle in the centre of mass frame.

A similar simplification can be made for charged current interactions
involving neutrino-antifermion (equivalent to antineutrino-fermion). Due
to the properties of weak interaction, the initial state owes a total angular
momentum ] = 1, leading to a preferred direction along the interaction
axis for outgoing particles. To take this into account, an additional factor
(1 + cos(0%)]? is incorporated into the cross-section calculations. As a re-
sult, the differential and total cross-sections can now be reformulated in
the following manner:

(16)

docc(vf) Gs w12 . Gis
0 " ie [1—cos(07)]%, occ(vf)= 3

Comparing the cross-sections reported in Equation 17 with respect to the
one in Equation 16, the process v + f is suppressed by an overall factor

(17)
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3 with respect to the process v+ f , simply for helicity considerations. In
Figure 3 is shown the behaviour of the total CC cross-section for the neu-
trino nucleon and the antineutrino nucleon at high energies, in which the
dominant process is deep inelastic scattering [14].

1.1.1.2 Neutrino-electron interaction

Neutrinos can scatter on atomic electrons. The process is, however, sup-
pressed over a wide range of energies due to target mass, that is three
orders of magnitude smaller in this case with respect to nucleons.

In the energy region E, = 5.7 = 7.0 PeV, electron antineutrinos can reso-
nantly scatter atomic electrons, producing a real W~ boson, following the
process: Ve + e~ — W™ — X [15]. This process, peaked at 6.32 PeV (value
resulting from the ratio (M%N —m2)/2m,), is called Glashow resonance and
was detected for the first time in 2021 by the IceCube Collaboration [16] 2.

The Standard Model integrated cross-section for the Glashow resonance
process can be written as:

s/M%V
(s —M3,)2+ T3 M3’

o(s) = 24m- Ty - Bw Sy - (18)
where Iy =2.09 GeV is the W™ decay width and By _,5, ;- is the branch-
ing ratio. This production mechanism offers also a unique opportunity to
directly measure the antineutrino fraction of astrophysical fluxes, constrain-
ing production mechanisms and the intensity of magnetic fields inside
sources (see Section 1.1.3).

Recent studies by the KM3NeT Collaboration, exploiting simulated down-
going fully contained shower events (for a detailed explanation of the topol-
ogy, see Section 2.5), showed what would be the number of events gener-
ated by this process for two building blocks of the KM3NeT/ARCA tele-
scope and fifteen years of observation, see Figure 4 [17].

1.1.2 Neutrino oscillations

An important implication for neutrino astrophysics is the phenomenon of
neutrino oscillations. In the SM neutrinos are assumed to be massless. Due
to evidence collected in the last ~30 years demonstrating neutrino oscilla-
tions, it is now established that neutrinos have a non-zero mass. To accom-
modate the small mass of neutrinos within the SM in a natural way, alterna-
tive mass production schemes have to be considered. This is also one of the
main reasons why neutrinos are considered nowadays to be a privileged
probe for physics beyond the SM. The existence of neutrino mass in the
SM Lagrangian also opens up the possibility of transition between differ-

An event of 6.05 + 0.72 PeV was detected, with a significant probability (> 50 level) of
having astrophysical origin. Taking into account the energy resolution of the IceCube de-
tector, the probability that the event is produced off-resonance by deep inelastic scattering
processes is at the level of 2.30.

The hypothesis of neutrino
oscillation was formulated for
the first time by Pontecorvo
in 1957, and developed few
years later by Maki,
Nakagawa and Sakata.
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Figure 4: Reconstructed energy distribution for background (blue) and
signal+background (green) events, for two building blocks of
KM3NeT/ARCA after fifteen years of observation. Figure taken
from [17].

ent flavour eigenstates, with the flavour lepton family number no longer
conserved.

Specifically, neutrino flavour eigenstates can be written as a coherent su-
perposition of mass eigenstates [18]:

‘V(X> = Z uka |Vk> s x=¢euT (19)
k

where |vy) are the orthonormal massive neutrino states and Uy is the mix-
ing matrix, also known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

[19][20].

A conventional unitary form for U is:

1 0 0 C13 0 e'dsq3 c12 s;2 O
U=10 cy3 s23]- 0 1 0 | =s12 c12 O
0 —s»3 c23 —e®s13 0 cy3 0 0 1
et 0 0
0 €7 o], (20)
0 0 1

parameterised by three mixing angles 0;, and by three CP-violating phases
5, @1 and «y. «7 and oy are also known as Majorana phases and are
nonzero only if neutrinos are Majorana particles: they have no analogue
in the quark sector.

In Equation 19 no upper limit has been placed on the number of mas-
sive neutrino states. Measurements at LEP have constrained the number of
active flavour neutrinos to three [5].
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The massive neutrino states are by definition eigenstates of the vacuum
Hamiltonian H , with eigenvalue Ey, and can be written as solutions of the
time-dependent Schroedinger equation:

i (b)) = Hvv). @1

At this point the time evolution of flavour eigenstates is given by:

valt ZU* TEE (1) (22)

Taking into account the initial conditions [v4(t =0)) = |v«) and Equation
19, the evolved flavour eigenstate at a generic time t can be written as a
function of the initial flavour eigenstate as follow:

Vel = Y (Zuzkeﬁktu@ ve). (23)
B=e,u,T k

The transition probability v, — vg, as a function of time can be written in
the form:

qu—WB(t) = |Avo¢—>‘/[5|2 =| <Vf5|y°‘(t)> |2

=D UhUpiUaiUpze BBt (24)
K

The neutrino mass enters through energy equation: Ex, = {/p2c2 + méc* ~

E; in Equation 24, can be written in the

A 2
form ~ —£<. Furthermore, replacing the propagation time with the dis-

tance between the source and detector L (t = L in natural units) leads to
the following:

AmiL
Pyosvg (L E) Zu kU.BkaqU.B]exp( >t )

K,j

(25)

Note the dependence of the transition probability on the ratio L/E and
on the squared mass difference. In other words, neutrino oscillation experi-
ments are sensitive to Amz but not to the absolute mass. Furthermore, since
Am3,+Am3; = Am3,, there are only two independent Amw if only three
neutrino mass states exist. The problem of figuring out the sequence of mas-
sive neutrino states is known as neutrino mass hierarchy and is among the
main physics goals of many experiments under construction now (DUNE,
Hyper-K, JUNO and KM3NeT/ORCA).

1.1.3  Oscillations over astronomical distances

Astrophysical accelerators produce neutrinos that can propagate undisturbed
along baselines of the order of kpc-Gpc . Neglecting matter effects, the vac- 1 pc=3.086 -10'8 cm
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uum oscillation paradigm described in Section 1.1.2 can be applied [21].
Taking the limit for L— oo, Equation 24 can be rewritten as Py ovg (L —
oo, E) =3 | \U“kIZIUBkIZ, considering the vanishing of the cosine and sine
terms derived from the exponential, once averaged over the limit L— oo.
Therefore, the cosmic neutrino flux at the detector level can be expressed as
a product of a constant matrix P and the neutrino flux at the source, ¢O(vy),
where P can be written as

Pee Pep Per 0.55 0.25 0.20
P=|Pey Pun Puc| =025 037 038]- (26)
PeT P},LT PTT 020 038 0.42

The numerical approximation is derived by inserting the most updated val-
ues of the mixing angles. The averaging operation over astronomical dis-
tances restores the CP-invariance. Taking into account possible different
production astrophysical environments, the flux ratio at the source can be
written in the form ve : v, : ve = 1:n: 0, assuming v, production to be
very unlikely.

In the "standard" scenario, neutrinos are produced by charged pion decay
chain (for more details see Section 1.3.1) and the energy integrated flux ratio
produces n = 2. There are also scenarios that require extreme astrophysical
conditions to be accomplished, in which n = oo, such as thick source envi-
ronments where muons lose energy before decaying, or n = 0 where only
Ve are produced, likely in neutron sources. The flavour composition at the
source can be inferred from the measured flavour ratio on Earth simply by
inverting the probability matrix P of Equation 26.

M

muon-suppressed
<€——  pion decay
(0:1:0)

pion & muon
<«—  decay
(1:2:0)

neutron

Figure 5: Neutrino flavour triangle. Points for the three specific scenarios described
in the text (n=0,2,00) are shown with, respectively, triangular, circular and
square markers. The flavour ratio in these three scenarios is also shown
with the dashed arrows, after oscillation averaging over astrophysical
distances. Figure taken from [22].
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Usually, the flavour ratio is expressed via the neutrino flavour triangle,
shown in Figure 5. The diagram shows the flavour composition, consider-
ing the fraction of each neutrino flavour proportional to the distance from
the side of the triangle opposite to the vertex for that flavour. In this sce-
nario the direct observation of astrophysical tau neutrinos is fundamental:
the non observation of v, would have consequences on neutrino oscillation
paradigm and neutrino astronomy [23]. For more details on the detection
principle of tau neutrinos, see Section 2.5.

1.2 COSMIC RAYS

Primary Cosmic Rays (CRs) are stable ionised nuclei that originate in as-
trophysical environments and hit the upper part of the Earth atmosphere
at a rate of about 1000 per square metre per second. They consist mainly
of protons and alpha particles, and a smaller fraction of heavy nuclei and
electrons. Primary CRs can interact near the source region, producing sec-
ondary neutral particles like y-rays and neutrinos that can arrive at Earth
together with primary CRs, and providing important information: both
these two messengers are electrically neutral and can travel undeflected by
magnetic fields. Antiparticles are also present in cosmic radiation, usually
antiprotons and positrons, but in most cases they originate during the prop-
agation of primary CRs and electrons. All secondary particles produced far
from the acceleration sites, during propagation or in interaction with the
Earth atmosphere, are referred to as secondary cosmic rays. Despite advances
in the field over the past century, there are still fundamental questions that
have to be addressed concerning the sources and origin as well as the pos-
sible acceleration mechanisms capable of accelerating particles up to very
high energies. 3

1.2.1  Cosmic ray energy spectrum

The principal information that can be collected about cosmic rays are: the
relative abundances of the different nuclei, also referred to as CRs com-
position, the energy distribution of each nuclear species, and their arrival
direction. From the comparison of the CR composition measured at Earth
with respect to those measured in various astrophysical objects, such as the
Sun, the interstellar medium, or neutron stars, important information about
the acceleration sites and propagation of CRs can be derived. In Figure 6

Historical note: the first experiments trying to address the origin of the "mysterious” ioni-
sation measured with electroscopes were conducted in 1909 by T. Wulf on top of the Eiffel
Tower and by K. Bergwitz exploiting balloons. The final answer to the question was given
in 1912 by V. Hess, whose balloon flights reached an altitude of 5200 metres. The collected
observations pointed to an increase in the ionisation with height, supporting the hypoth-
esis that their origin was caused by radiation coming from space. Open questions about
the nature of this radiation were still present at that time. Thanks to the idea of B. Rossi,
formulated in 1930 of an "East West" modulation of CRs flux, it was possible to confirm that
CRs have in average a positive electric charge, excluding the y-ray hypothesis.

13
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Figure 6: CRs differential energy spectrum, measured from multiple experiments.
The spectrum is remarkable for being continuous over the whole energy
interval. Figure taken from [24].

the all-particle CR energy spectrum is shown. The flux ranges from MeV to
1020 eV and is generally modelled by assuming a broken power law of the
form [25]:

dNp
dE

} =K-E™* (GeV 'em2s Tsr ). (27)
obs
Fitting the all-particle spectrum with the power law of Equation 27, four
different regions can be identified:
* below 10 GeV the spectrum is modified due to solar modulation;
e from 10 GeV to 1 PeV (10'° eV) the spectral index «=2.7;
e from 10 PeV to 1 EeV (10'8 eV) a=3.1;

¢ above 10 EeV the spectrum flattens again to o ~ 2.6, with a further
cutoff around 10%° eV.

The transition regions from one regime to the subsequent one are denom-
inated, respectively: the "knee" (~ 3 PeV) and the "ankle" (~ 3 EeV). These
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features in the CR flux have been explained by postulating different pop-
ulations of CRs: the "knee" is considered to be the end of the spectrum of
Galactic cosmic rays, while the "ankle" is associated with the emergence of
the extra-Galactic CR population.

1.2.2  Composition of cosmic rays

In the energy range below the knee, the composition of CRs has been mea-
sured with high precision directly with balloons or satellite experiments. In
Figure 7 the comparison between the CRs and the Solar System abundances
is reported. The two samples show an impressive similarity with a differ-
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Figure 7: Relative abundances of Galactic cosmic rays measured at Earth (green),
and the elemental abundances within the Solar System (black), nor-
malised to 10° - Si atoms. Figure taken from [26].

ence lower than 20% in most of the cases. They also show the odd-even ef-
fect, reflecting the same trend observed in the nuclear binding energy curve.
A simple conclusion that can be derived from Figure 7 is that CRs reaching
the Earth are sampled from a region with the same chemical composition
as the Solar System.

However, a striking difference is observed between the two groups Li, Be,
B and Sc, Ti, V, Cr, Mn: they are around five orders of magnitude more abun-
dant in CRs than what has been measured in the Solar System. It has been
interpreted as the effect of propagation of primary CRs in the Galaxy. These
elements are, in fact, almost absent at the end of the life of stellar nucleosyn-
thesis, whereas they can be produced through fragmentation reactions of
higher-mass elements, like carbon, nitrogen, oxygen, or iron during their
propagation towards the Earth. Exploiting also the knowledge of spalla-
tion cross-sections of the relevant nuclei, from fixed target experiments on
Earth, important information on CR propagation inside our Galaxy can be
derived, like, for example, the amount of matter traversed. Note also for the
progress of this chapter that neutrinos, photons, and antiprotons are also
produced as secondary products of this fragmentation reaction.

15
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Considering the mean density of matter in the Galactic disk, ~ 1 proton
/cm?3, the derived estimate of the thickness of the material traversed by
CRs is around 1 Mpc, much greater than the half-thickness of the disk of
the Galaxy (0.1 kpc). This means that CRs are confined inside the Galaxy in
a diffusive process and are trapped for more than 3 - 10° years before they
can escape into intergalactic space. The values obtained refer to the bulk of
CRs without any specific energy assumption. Since the Larmor radius R
of a particle with energy E, moving in a magnetic field B is: R ~ eZLB’ the
escape time decreases with the particle energy. Simulations of the trajecto-
ries of CRs with different energies inside the Galactic magnetic fields can
be seen in Figure 8.

/
/ -
10 10 /
- - 7 4
8 0 8 0 A
i = )
b= > /
10 1of A
1020 eV
0 0 10 A0 0 -0 TS0 o0 0
Xlkpc] Xlkpc] Xlkpc]

Figure 8: Simulated trajectory of CRs in the Galactic magnetic field. The three
different energy regimes are chosen to highlight how CRs at energies
~ 107 eV travel along almost straight lines and are not trapped inside
the Galaxy.

Another important consequence of the long time that CRs remain trapped
inside our Galaxy is that the spectrum measured at Earth can be factorised
into two independent terms: one regarding the acceleration at the source
and another one accounting for the propagation inside our Galaxy. Above
~ 10" eV, CR measurements are only accessible from ground detectors,
capable of instrumenting a large area and detecting secondary particles
contained in the shower, generated by the interaction of primary CRs with
nuclei in the atmosphere. The difficulties related to these indirect measure-
ments still cause uncertainty about the precise determination of the chem-
ical composition of CRs. For this reason, in Figure 6 the CR spectrum is
summed over all possible mass numbers of primary CRs, resulting in the
all-particle energy spectrum.

1.2.3 Galactic cosmic ray acceleration: diffusive shock acceleration

The first attempt to describe the mechanism capable of accelerating CRs
was proposed by E. Fermi in 1949, pointing to astrophysical environments
with strong inhomogeneous magnetic fields. The idea was based on the fact
that the interstellar medium is filled with "clouds" of ionised gas, which
can in principle reflect charged particles. Considering a relativistic regime,
Lorentz transformations have to be applied to go from a reference frame S,
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the one of the observer, to the reference S’, the one where the shock wave
or the magnetised cloud is at rest. Applying the transformations iteratively,
for each collision, the final energy of the particle in the observer frame can
be written in the form:

u u?
E* ~ <1 —i—Z—ZCOSG +22> -E, (28)
c c

where U is the velocity of the cloud in the S frame. The second term is
equal to zero when averaged over all possible directions and the energy
gained AE o (U/ ¢)? (second-order Fermi mechanism). When considering real-
istic cases, this kind of mechanism turns out to be inefficient.

Looking more deeply into Equation 28, energy could be efficiently gained
when cos® > 0, for the so-called head-on collisions but lost for catching col-
lisions (cos® < 0). Assuming an astrophysical environment in which only
head-on collisions occur, the quadratic term in U can be neglected, being
U/c < 1, v ~ ¢ being in an ultra-relativistic regime, obtaining an energy
gain AE oc U/c.

Astrophysical shocks, existing everywhere in the Universe, are capable to
provide such a kind of environment: for this reason, the mechanism is also
known as Diffusive Shock Acceleration (DSA) or first-order Fermi mechanism.

Shocks, which can be defined as regions where the mean plasma velocity
changes, have already been demonstrated to be a site of particle accelera-
tion due to the detection of photons, from radio to y-ray frequencies, gen-
erated by electrons of non-thermal origin. The main characteristic of this
kind of environment is that astrophysical shock waves are, in most cases,
collisionless, in the sense that energy dissipation processes do not take place
through particle collisions or Coulombian interactions. Considering now

Shocked medium Interstellar medium
Vshock/ Iy Vshock
o —®
)
D (
7 ®

Figure 9: Schematic representation of an acceleration cycle of the DSA mecha-
nism. The particle from the upstream region (interstellar medium) passes
through the shock in the downstream region. Figure taken from [27].

a shock wave propagating through the interstellar medium, an upstream
(space ahead of the shock that has not yet been shocked) and downstream
(space already shocked) regions can be distinguished. The shock itself can
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be seen as a discontinuity between upstream and downstream, in which the
mass, momentum flux, and energy must be conserved. In the shock frame,
the upstream medium approaches the shock with a velocity v equal to the
shock velocity vgn. When passing through the shock, the gas slows down
and moves away from the shock with a velocity vo=v1 /r=vg} /1. 7 is defined
as the proportional constant that links the upstream and downstream den-
sities (p2 = rp1), and in the case of strong shocks, it can be approximated as
TR % For a monatomic gas yq=5/3 and therefore r=4. Assuming that
the upstream and downstream media are magnetised, a particle coming
from the upstream medium passes through the shock and sees the down-
stream medium as a "magnetic cloud" approaching it. Taking into account
a parallel shock, whose propagation direction is along the magnetic field
lines, particles sufficiently energetic are consequently able to pass freely
between the upstream and downstream regions several times. The main
difference with respect to the configuration originally proposed by Fermi is
that now all collisions will be head-on.

Now, averaging cos6 over the range [—7/2, /2], in which only head-on
collisions occur, from equation 28 the energy can be written as:

(E") = (1 + :g) (E) = (14+Kk)(E). (29)

The limiting factor to the maximum reachable energy is represented by
the number of cycles upstream—downstream—upstream a particle can un-
dergo. In fact, in this scenario, there is the possibility for a particle to es-
cape from the acceleration region, remaining trapped inside the source. In
the downstream region, the accelerated particle sees the shock front going
away with velocity v;. Instead, in the upstream region, assumed in this ap-
proximation to be infinite, diffusion over an infinite amount of time will
lead the probability of a particle to come back to the shock to be equal to 1.
If the mechanism is efficient, the escaping probability Pes. is small and can
be calculated, using diffusion theory, simply as

d)esc

Pes = 7 (6]
¢ d)ud (3 )

where ¢esc is the escaping flux of particles from downstream region, and
$q is the number of particles passing from upstream to downstream re-
gion.

The probability that a particle remains inside the acceleration region after
n collisions is (1-Pesc)™, and starting with Ny particles with initial energy
Eo, after n collisions there will be:

N = No(1 —Pesc)™  particles with energy > E = Eo(1+k)™. (31)
Removing the n parameter from previous equation:

In(N/Np) . In(1T —Pesc) (32)
In(E/Ey)  Wn(1+k) ’ ’
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the power law is obtained:

(33)

N(> E) _ E In(1—Pesc)/In(1+%)
NO EO .

Since the shock is non-relativistic, B < 1,Pesc < 1, k < 1 and Equation 33
can be rewritten as:

—Pesc

NE) (E) £
No —<E0> - (34)

Now, the number of particles n(E), with energy between E and E + dE can
be derived:

AN(> E) No [/ E | %cx T2
= | B e gl () et o9

Equation 35 shows the required power law, and, in case of monatomic gas
and strong shocks (r=4, see text above), the spectral index acr = 2 is ob-
tained, function only of the compression ratio .

The maximum obtainable energy from this kind of mechanism can be de-
rived considering the finite spatial extension and the finite activity duration
of the acceleration region. Taking, for example, B = 100 u G and Lsource =
1 pc, the maximum energy E$12¢ can be estimated such that the Larmor ra-
dius = Lsource. With these parameters, one gets E${2¢ ~ Z-10'7 eV. This is
the same argument used by Hillas to derive the famous Hillas diagram [28],
showing the maximum energy achievable within sources based on their
magnetic field and their extension, for CRs with E > 108 eV. A more pre-
cise estimate can be derived, taking into account diffusion in the upstream
and downstream regions. It can be shown that the typical distance from
the shock, to which a particle can reach, is Laiff ~ Dv(s?‘ When the value
of Lairs is on the order of the spatial extension of the magnetised region
upstream, the particle escapes from the source. The maximum energy can
now be defined as Lqirt(ES2RLf)=Lyp. Particles with energy greater than
ESOnT will escape efficiently upstream rather than recross the shock, and

max
they will propagate through the ISM. They are just the CRs detected on
Earth. Assuming the typical parameters for a supernova remnant, a maxi-
mum energy of ESOTf ~ Z.3.10" eV can be derived, much smaller than
the estimate derived simply assuming Hillas criteria and just correspond-
ing to the knee of the CR spectrum. This also produces a different cutoff for
each nuclear species, resulting in a proton-rich spectrum before the knee
and iron-rich after, depicted schematically in Figure 10. However, there are
still some uncertainties about the nature of the knee in the CR spectrum.

The apparent tension of the result obtained above (xcr = 2.0) with re-
spect to the spectral index measured below the knee at Earth (x = 2.7)
can be solved considering the Galactic diffusion of CRs. For a more com-
plete treatment, see Section 5.1.3. The diffusion effects can be encoded
into an energy-dependent diffusion probability P, measured experimentally
through the ratio between light isotopes (Li, Be, B); see Figure 7. It was
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Figure 10: Schematic representation of CR knee. Figure taken from [29].

found P(E) o< E*P, with ap = 0.6. The final differential flux of CRs at the
source can now be estimated to be:

N N
[d P} x [d"] P(E) x E-%. EXP o E~%CR, (36)
source obs

dE dE

1.2.4 Breakthrough discovery: Pevatrons

In May 2021 the LHAASO Collaboration announced the first detection of
12 Galactic y-ray sources well above E > 100 TeV with significance > 70 and
maximum energy up to 1.4 PeV, therefore called Pevatrons [30]. Recently,
in May 2023, the LHAASO Collaboration also released the first catalogue,
collected with a data set from January 2021 to September 2023, in which
43 sources have been detected with energies greater than 100 TeV, with a
significance > 40 [31]. This catalogue complements and expands already
detected very high-energy (VHE) sources measured by HAWK in 5 years
of observation [32]. The importance of this discovery lies in the fact that
ultrahigh-energy (UHE, E > 100 TeV) y-ray photons were considered un-
questionable evidence of accelerated Galactic CRs. At these very high ener-
gies, the inverse Compton is highly limited by the Klein-Nishima regime,
and the only possible mechanism to produce such high-energy photons
was believed to be through neutral pion decay, produced in interaction of
CRs with the source matter. Another signature of ° decay and the subse-
quent acceleration of CRs is the "pion bump" at about 100 MeV (peak corre-
sponding to the rest mass of the pion itself). Supernova Remnants (SNRs),
according to the standard paradigm, are the main contributors to Galactic
CRs, and this was confirmed by the Fermi-LAT and AGILE satellite that de-
tected the pion bump [33]. Unfortunately, no association between Pevatrons
and known SNRs has been found up to now. This supports the possibility
that another source population can accelerate UHECRs. The sources that
have been detected producing this high-energy photon flux are Massive
Star Clusters (MSCs) with a high star formation rate, Pulsar Wind Nebulae
(PWNe), such as the Crab Nebula, with photons E > 150 TeV. In partic-
ular, PWNe were believed to be leptonic accelerators, but this detection
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leaves open the possibility for this kind of source to accelerate hadrons and,
consequently, CRs. The DSA theory alone could not explain the energies
reached by CRs inside environments such as PWNe. Other mechanisms
such as magnetic reconnection or similar alternatives need to take place.
Simulations of this second kind of mechanism suggest that it could pro-
duce impulsive events (flares), but it is not capable of maintaining stable
VHE emission. In this scenario, neutrino detection remains the fundamen-
tal channel for disentangle the two different y-ray emission scenarios.

Significance

Figure 11: LHAASO significance map within region 10° <1< 115°, |bl < 12°
Top: WCDA (1 TeV < E < 25 TeV) significance map. Middle: KM2A (E
> 25 TeV) significance map. Bottom: KM2A (E > 100 TeV) significance
map (WCDA and KM2A are different sub-detectors within LHAASO).
Figure taken from [31].

1.2.5 Acceleration mechanisms above the knee

While there is general agreement on the mechanism that can accelerate CRs
up to the knee, the nature and mechanisms responsible for the acceleration
of CRs up to 1020 eV are still widely debated. In any case, considering the
energies at which CRs are accelerated, they exhibit a Larmor radius much
larger than the size of our Galaxy. For this reason, it is commonly believed
that these CRs are of extra-Galactic origin. The transition between Galactic
and extra-Galactic CRs then occurs somewhere between the knee and the
ankle, also taking into account the change in the chemical composition of
the CRs, responsible for the complex substructure of the knee, as already de-
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scribed and shown in Figure 10. Composition studies support this scenario,
but heavy nuclei cannot easily account for all CR in the energy range 1-100
PeV, and a further population of protons may be needed. Proton accelera-
tion in the energy range 1-100 PeV is pushing the DSA theory in SNRs to its
limits. The idea is therefore focused on the possibility that already acceler-
ated CRs will suffer an additional acceleration, called one-shot reacceleration.
This occurs when a particle is continuously accelerated by an ordered field.
These strong fields can be found in relativistic jets of Active Galactic Nuclei
(AGNSs) or in neutron stars with strong variable magnetic fields. On the ba-
sis of energy budget and luminosity arguments, Gamma-Ray Bursts (GRBs),
Tidal Disruption Events (TDEs), and AGNs have been suggested as possi-
ble sources of particle acceleration up to 10%° eV. For example, from simple
dimensional arguments, the maximum energy available from a pulsar can
be derived [29]:

e _1d
Rpulsar cdt’

(37)

R d
pulsar d%z dB — ZeRpulsarB

with € and B respectively the electric and magnetic fields. Replacing the
estimated values for the pulsar angular velocity wpyisar and radius Rpyisar

Wpulsar Rpulsar

Emax — JZede = J Ze (38)

EMX L 5.10%erg ~3-10'%eV. (39)

Even if a small part of the total rotational energy of a single pulsar can be
used to generate the power required from the CR flux in the energy range
knee - 10'® eV, theoretical details on the mechanisms are still not known.
Another example of a model that attempts to explain the acceleration of
UHECRs through AGNSs is the so-called espresso mechanism [34]. In this sce-
nario, CR accelerated through the DSA mechanism up to 10'” eV within
SNRs can then penetrate into a relativistic jet and receive a one-shot boost
in energy, proportional to I'?, where T is the Lorentz factor of the relativistic
flow. With T" > 30, as observed in some of the most powerful blazars, a sin-
gle espresso shot may be sufficient to boost CRs to the highest energies. In
addition, the energy injection rate required to maintain the flux of UHECRs
is consistent with the AGN density observed.

1.2.6  GZK cut-off

With the discovery of the Cosmic Microwave Background (CMB) in 1966 in-
dependently, G. Zatsepin, V. Kuz'min [35], and K. Greisen [36] hypothe-
sised the suppression of the UHECR flux due to the resonant production
of pions in the interaction of protons with the CMB, through the following
processes:

P +vemp AT 5 n4nt, (40)
AT = pt 4P (41)
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The neutral pions decay into gammas, whereas the charged pions decay
mainly into p* + v. The neutron decay in p + e + V. producing in all pos-
sible final states just a proton with reduced energy compared to the initial
one, due to the simultaneous pion production. The final effect is therefore
the suppression of the proton flux for energies above E ~ 5-10'? eV. This
suppression is also known as the GZK cutoff. The energy loss length can be
evaluated as 1y, = (Y 0py ny)~ =30 Mpc, where y is the Bjorken variable.
Protons that originated at distances greater than ~ 30 Mpc from Earth are
energy suppressed because of this effect. The estimate of the chemical com-
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Figure 12: Mass composition measurements of primary CR flux performed by
Pierre Auger Observatory, through determination of the depth of the
maximum development of air shower (Xnax). Figure taken from [37].

position of CRs, even at such high energies, is fundamental to confirm the
existence of the GZK cutoff. In fact, for heavy nuclei, with mass number
A and energy E, resonance production occurs through the interaction of a
nucleon of energy E/A with the CMB. Therefore, the energy threshold for
heavier nuclei is a factor A greater than the one for protons, and it cannot
explain the features observed in the primary CR spectrum. One experiment,
the Pierre Auger Observatory (PAO), has already reported some interesting
results [38], capable of partially shedding light on the composition of CRs
in the most energetic part of their spectrum, but better resolution and im-
provements are expected in the near future.

1.2.7 Atmospheric neutrinos

Neutrinos and muons are generated through the interaction of primary
cosmic rays with nuclei in the atmosphere. As a result, they are commonly
referred to as atmospheric neutrinos and atmospheric muons. This last com-
ponent is the most abundant one at sea level because of the small energy
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losses of muons and their relatively long lifetime. The complete descrip-
tion of the cascade development, starting from the CR interaction, is done
through dedicated Monte Carlo and numerical simulations. Assuming that
the primary CR spectrum, impinging on Earth, follows a single power law
with spectral index «, the corresponding neutrino spectra roughly can be
approximated as:

QAtMO(E) o E-X T, (42)

High-energy neutrinos are produced together with muons, mainly in the
two-body decay of charged pions and kaons generated in hadronic inter-
actions. Neutrinos are also produced in muon decay, a dominant process,
especially at low energy. The full decay chain for atmospheric neutrino pro-
duction can be schematised as follows:

p+ N — 7t (K*) 4 others, (43)

with N generic nucleon. The most important channels and their branching
ratios for neutrino productions are:

E o 1E v, (9) (~ 100%), (44)

KE = pE v () (~ 63.5%). (45)
In turn, the muon, with a lifetime of ~2.2-107° s, decays:
},L:t — €i+\_/u(vu)+ve(ve)- (46)

The kinematics of the processes is such that, roughly, each neutrino in the
chain carries the same energy. In this "standard" scenario, the production
rate follows the ratio ve : vy, : v = 1:2: 0. Complications to this scheme
arise when the muon decay length becomes larger than the typical produc-
tion height in the atmosphere (~ 15 km), occurring for E, more than 2.5 GeV.
The ve /v, ratio rapidly decrease with energy, such that at high energy the
only channel contributing to atmospheric v, production is the K and K*
decay (K — m+ e+ ve and K*¥ — n° + e+ v,). Following kinematical
considerations for 2-body decay, limits on the lab energies of the secondary
particles can be derived:

mg mi

vz ESEL<E and O<E < (1145 ), (47)
for respectively atmospheric muons and neutrinos, with E corresponding
to the lab energy of the decaying meson and M its mass. Numerically

(Eu) /Ex =079 and (Ey) /Ex =0.21, 48)

while for kaon decay the numbers are respectively 0.52 and 0.48. The num-
bers suggest that the contribution of charged pions to neutrinos is sup-
pressed at high energy with respect to their contribution to muon fluxes.



1.2 COSMIC RAYS

The importance of kaon decay and the details of its production are of great
importance for precise flux calculations, especially for atmospheric ve.

At sufficiently high energies, another production mechanism is possible.
The so-called prompt emission of atmospheric neutrinos is taking place in
semi-leptonic decays of charmed mesons, like D*, D° and baryons. Tak-
ing into account the very short lifetime of charmed particles (~ 10712 s),
muons and neutrinos are produced before the parent meson loses energy
in collisions. For this reason, the prompt flux at high energy follows the
same power law of the primary CR flux, therefore being harder than the
conventional flux (see Equation 42). The prompt flux has not yet been mea-
sured (only upper limits have been placed by the IceCube Collaboration
[39]), but it is expected to contribute significantly over 100 TeV. An addi-
tional source of uncertainty, to be added on top of the already existing one
for conventional atmospheric neutrino production, concerns the charm pro-
duction cross-sections. A review of the importance of the measurement of
prompt component for a better characterisation of the all-sky diffuse signal
observed by IceCube is given in [40].

Furthermore, the effect of neutrino oscillations causes a modification
of the neutrino flavour ratio within a relatively small energy range, com-
pared to the one spanned by conventional and prompt atmospheric neutri-
nos. In fact, above ~ 100 GeV, it can be neglected for terrestrial baselines
(0(10*)km). A precise measurement of the atmospheric neutrino flux is
available and is shown in Figure 13. Above some TeVs, only neutrino tele-
scopes have the sufficient effective area to detect, with high statistics, the
flux of atmospheric neutrinos.
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Figure 13: Measurement of the atmospheric neutrino flux for v, and ve re-
ported by various experiments (Frejus, AMANDA, IceCube, Super-
Kamiokande and ANTARES). Figure taken from [41].
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1.3 ASTROPHYSICAL NEUTRINOS

High-energy neutrinos, produced inside astrophysical sources, travel through
the Universe unmodified, except for redshift energy losses and flavour os-
cillations. They are electrically neutral and, therefore, do not interact with
magnetic fields or with interstellar medium matter, pointing back directly
to the source that generated them. In this section, the main mechanisms re-
sponsible for the production of astrophysical neutrinos will be treated, even
if some of the reaction chains have already been exposed in Equations 44 -
46. The main difference resides in the target on which accelerated protons
impinge, being atmospheric nuclei or the astrophysical source matter itself.
For a complete review of the arguments treated in the following sections,
see [42].

1.3.1  Neutrino production mechanisms

In the standard production mechanism, CRs are at the beginning of both the
neutrino and the y-ray production chains. Neutral and charged pions can
be produced in the interaction with ambient matter within the astrophysical
source. The theoretical formulation of this section has been mainly inspired
by [43]. In pion photo-production,

p+y—=p+n°, p+y-ontn, (49)

charged and neutral pions are produced via A" resonance, with probability
respectively 2/3 and 1/3 and non resonantly with probability 1/2 and 1/2.
The fraction of energy released to the secondary particles, with respect to
the total energy, can be defined through the inelasticity parameter k;. Specif-
ically, from Equation 49 k for pions is =~ 0.2. In hadronic collisions

p+p—m+X, (50)

the three pions are produced with equal probabilities and the inelasticity is
kr = 0.5. In turn, pions decay through the process

= uF vy, and et Fve + vy, (51)

with neutrino energy approximated as ~ 25% of pion energy (using the
same notation above k, = 0.25). In neutral pion decay

™ v+, (52)

the energy of each photon is half of the pion energy, k, ~ 0.5. Defining the
ratio K = N+ /N, 0 = 1(2) for photo-production (hadron production), the
relation between charged and neutral pions and their production probabil-
ities can be written in the form:

Nzt = KnNno, (53)

Kr
1+Ke

(54)

Pt =
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Moreover, since in photo-pion production k, =~ 0.2 and k. ~ 0.25, the final
neutrino energy is ~ 5% of the energy of the original proton. Considering
a CR proton with energy at Earth of E, = E;, 17 - 10'7, the neutrino energy
detected at Earth will be:

€p,17
T4 2 (55)

Eyv ~0.05-E, ~5PeV-E, 17 =5PeV-

where the redshift energy loss of the proton, from the neutrino production
point (€p,17 = (1 +2z) Ep17) should be taken into account. This relation
suggests that PeV neutrinos can be produced by photo-pion production of
protons with energies just above the knee.

Taking into account the relative inelasticities involved in the y-ray pro-
duction chain, they have 10% of the energy of the original proton.

Using Equation 54, the pion rate, considered here as the number of
charged pions per unit of energy and time (with typical units GeV~'s™ 1),
results proportional to the corresponding CR rate:

AN+  Kn
dtdE 1+ Kj,

Since Equation 49 has, among its final products, also protons with lower
energies, in efficient CR acceleration sources this mechanism should be sup-
pressed.

Connecting now pion production rates to photon and neutrino ones, the
number of charged pions with energy between E; and E, can be written in
the form:

1 (*Ez2 dN
NE =g | G (57)

QE(E,) =

[QN(EN)E N =E /K- (56)

A similar equation can be written for y-rays, simply replacing the due in-
elasticities. From Equations 56 and 57, the following relations for the pro-
duction rates can be obtained:

2 Ev)

Qv (Ev) = Qs (k) ~ 8Q,s (4Ey), (58)
1 By

Qv.(Ev) = EQni (kv> ~ 4Q = (4Ey), (59)
2 E

Qy(Ey) = EQﬁo (Q) ~ 4Q,0(2E). (60)

Assuming a flavour ratio of 1: 1 : 1 due to neutrino oscillations, the neutrino
and y-ray production rates can be related to pion ones as follow:

Z E‘VQ'V‘X ~ 7'[(27'[i ETrN4EV’ (61)
[0

EVQY(EY) ~ Z[ET[QT[O(ET[)]EHQZEV- (62)

Lastly, using the relation Q,+(Ex) = K;Q,0(Ex), the direct relation be-
tween y-ray and neutrino production rates can be derived:

Z E7 Qv (Ev [EZ Qy(Ev)] e, _ze, - (63)
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with the factor 1/4 accounting for the two y-rays produced with each twice
the energy of the accompanying neutrino. In addition, the relative produc-
tion rate of y-rays and neutrinos depends only on the ratio of charged-
to-neutral pions, without any reference to the CR spectrum that generates
them. This is a direct consequence of the fact that pion production con-
serves only isospin. Before comparing neutrino and y-ray fluxes measured
at Earth, one should also consider the fact that the Universe is not transpar-
ent to PeV y-rays.

1.3.2 Neutrino and y-ray astronomy

As explained in the previous section, the production in astrophysical en-
vironments of neutral secondary particles, such as neutrinos and photons,
is strictly connected. Therefore, recent studies and results obtained by v-
ray astronomy can put severe constraints on the neutrino flux expected at
Earth coming from specific sources. However, differences of neutrinos with
respect to photons should be taken into account. First, the origin of at least
part of the emitted photons could be due to leptonic processes that do not
produce neutrinos in the final states. Furthermore, y-rays can be absorbed
by the source, if thick, and during propagation with the following reaction:

Y+ Yokg > € +e, (64)

with ypyg represented by the extra-Galactic background light (EBL). This
process attenuates the photon flux, starting from energies of the incident
photon of hundreds of TeV, if the infrared background light emitted from
stars is considered. The photon mean free path is shown in Figure 14.

photon + IR

photon + radio

logyo A(E) [, in Mpc]

photon + CMB

10 12 14 16 18 20 22 24
log,oE [EineV]

Figure 14: Photon mean free path as a function of the photon energy. Scattering
over different contributions of EBL is reported: infrared (blue), CMB
(red), and radio (green). Figure taken from [29].
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At high energies, therefore, the connection between neutrinos and y-rays
is not so intuitive, and detailed numerical simulations are needed.

Moreover, if the source itself is opaque, the high-energy part of the -
ray flux will lose energy even before escaping from it. Efficient neutrino
factories require a dense environment: this will make the source opaque
to high-energy vy-rays. Therefore, the energy of photons, associated with
cosmic neutrinos, may thus emerge below the threshold of current y-ray
instruments, making these sources y-obscure.

To fully understand the interplay and the power of multi-messenger as-
tronomy, it has been calculated [44] and reported here the y-ray flux accom-
panying the diffuse cosmic neutrino flux observed by IceCube, described by
a single power law with a spectral index of -2.15. The results are shown in
Figure 15, assuming a hadronic production mechanism (K,=2), transparent
sources and equal multiplicities of all three pion charges.

10-6 — TceCube Vy, +Vy (preliminary) 10-6 HH  HESE Gyr)
H‘ﬁf HH  IceCube combined (2015) H*ﬁg arXiv:1410.1749
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Figure 15: Calculation of the y-ray flux originated from hadronic (left) and photo-
pion (right) production, matching the Fermi data, starting from the neu-
trino flux (black line) measured by IceCube. More details on the theoret-
ical derivation are provided in the text. Figure taken from [44].

The y-ray energy flux, resulting from neutral pion decay, matches the
extra-Galactic y-ray energy flux measured by Fermi-LAT. This suggests that
IceCube observes the same Universe as Fermi. In the calculations above,
the overall normalisation of the neutrino spectrum has been adjusted to
not exceed the isotropic extra-Galactic y-ray background observed by the
Fermi satellite. Adjusting the spectral index for the fit of the IceCube data,
closer to the current observations (see Section 2.6.1), i.e. -2.5, results in a
photon flux at energies below 100 TeV, exceeding Fermi measurements. This
could be explained by the fact that sources are opaque to photons that
lose energy even before the propagation through EBL, and reaching Earth,
with energies that are too low to be detected by the Fermi satellite, in the
MeV range or lower. Alternatively, neutrino could be produced through
photo-pion reactions: this changes the value of K (=1) and the shape of the
energy spectrum, which peaks near the PeV energies, as shown in Figure
15. However, even in this scenario, the neutrino spectrum below 100 TeV is
difficult to reconcile with the assumptions made. Interestingly, the common
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energy density of photons and neutrinos is also comparable to that of the
ultrahigh-energy extra-Galactic cosmic rays.

1.3.3 Neutrino fluxes

Some more generic considerations can be made about neutrino production
in sources, starting from the description of some bounds that can be derived
on neutrino fluxes.

1.3.3.1 Bound on neutrino flux

CRs can be attenuated by interaction with background photons: this means
that the observed CRs come from the local (200 Mpc, z< 1) Universe. Start-
ing from the measurement of their flux, one can go back to the CR produc-
tion rate. On the basis of the relations written above on the neutrino and
CRs production rates (i.e. Equation 61), it is possible to derive bounds, like
the Waxman-Bachall bound (WB) [45]:

GeV

[E?®y, (E)lmax ~ 0.9-1078 ———.
w cm? s sr

(65)
It was obtained under the following assumptions:

¢ UHECRs are protons from optically thin sources with Fermi accelera-
tion spectrum (x = -2) normalised to the measured UHECR flux above
EeV energies, E2dN,, /(dt dE) ~ 10** erg/(Mpc? yr);

¢ the whole proton energy is transferred to pions inside sources;
* no magnetic fields are considered.

Another bound can be derived, based on the fact that IceCube has failed
to identify extra-Galactic sources, which should therefore contribute to the
diffuse neutrino flux. If these sources, each of them with a production rate
Q-+, (Ey) for a given flavour, are distributed with a redshift density p(z),
then the sources between z and z + dz, in the solid angle element d(), con-
tribute to the neutrino flux at Earth ¢+, (E). Then the flux per unit solid
angle of a given neutrino flavour is:

BualBs) = 3 | EP(EIQu (1 +2)E) (66)
Vo v) — 47_[ 0 H(Z) p Vx Z V).
This expression corresponds to the integral of individual point sources, dis-
tributed with density p(z) and flux given by
PS (] + Z)z
Ey)=—— 1 Ev), 6
va (Ev) ndﬁ(z)QV“(( +z)Ey) (67)
thanks to the definition of the luminosity distance d; = (1 +z)r.
Using the diffuse flux measured by IceCube, E? Y | ¢y, ~ 1078 GeV
cm 2 s~ sr~! for energies in excess of 100 TeV, bounds on the production
rate of single sources can be inferred.
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suMMARY In Figure 16 different contributions exposed in the previous
sections are summarised. The atmospheric neutrino flux (only v, and v,,),
including the prompt component, contributes significantly for energies be-
low ~ 100 TeV. It is distributed according to a power law as in Equation 42,
with spectral index o ~ 3.7. In the PeV region, the Waxman-Bachall upper
bound for an extra-Galactic diffuse neutrino flux is depicted [45].

Taking into account the upper bound for all flavours (ve + v, + V<), this
is three times larger than Equation 65. In the same energy region, the ex-
pected neutrino flux from the single GRB component is reported, with the
green dashed line. Also in this case, it is possible to estimate the maximum
neutrino flux [45]:

GeV

2 GRB __ -9
B2y, (ENGR ~ 31077 5.

(68)
Astrophysical neutrinos can therefore be selected with respect to the back-
ground, outlining an excess of events in a given direction (point-like search)
or as an excess of high-energy events (diffuse search), considering that start-
ing from ~ 100 TeV the diffuse astrophysical neutrino flux exceed the atmo-
spheric one.
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Figure 16: Expected neutrino flux estimated from different models and atmo-
spheric neutrino background. The black line is the expected atmospheric
flux, in which also the prompt component is included. The horizontal
green line is the upper bound for the diffuse flux of the astrophysical
neutrino derived from the Waxman and Bachall model (solid) and from
the GRB emission (dashed). The blue line instead represents the possi-
ble contribution of cosmogenic neutrinos.

1.3.4 Neutrinos and Blazars

Several types of astrophysical sources have been suggested to be respon-
sible for the production of astrophysical neutrinos: in particular, blazars,
known to be efficient cosmic accelerators. Blazars are the most powerful
sources of non-thermal radiation in the Universe. They are a special and
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In the fireball model, one of
the most accredited model for
GRB production, shock waves
emerge in the relativistic
outflow of material,
producing the characteristic
burst of electromagnetic
radiation. In the same region,
also protons can be
accelerated, possibly
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neutrinos, accompanying the
electromagnetic burst.
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rare type of AGN with unique characteristics, such as the emission of
highly variable radiation over the entire electromagnetic spectrum, from
radio to the very high-energy y-ray band, which originates within a rela-
tivistic jet that moves away from the central supermassive black hole and
oriented in the direction of the Earth. The central black hole is usually sur-
rounded by an optically thick accretion disk. The emission from the disk
can be obscured by a surrounding torus of molecular dust. Today, a few
thousand blazars are known, and they all emit across the entire electro-
magnetic spectrum with a Spectral Emission Distribution (SED) displaying
two broad bumps: one attributed to synchrotron radiation that peaks in be-
tween infrared and X-ray bands, and the second, more energetic one, due
to inverse Compton or other mechanisms (i.e. neutral pion decay), which
peaks in the low- or high-energy y-ray band. Recently, statistically signifi-
cant associations have become possible thanks to data accumulated, mostly
from IceCube observatory. Investigations of this type have been conducted
largely by comparing neutrino arrival directions with lists of bright radio or
y-ray sources or with catalogues of well-known blazars and other types of
AGN [46]. In this phase of multi-messenger astronomy, associations would
benefit from the detection of high-energy neutrinos together with a flaring
activity in some parts of the electromagnetic spectrum.

1.3.5 Cosmogenic neutrinos
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Figure 17: Flux of cosmogenic neutrinos expected at Earth and current IceCube
and PAO limits. The different curves represent different assumptions in
the cosmological evolution of the source. Left: primary composition of
CRs assumed purely from protons. Right: primary mass composition
extracted from PAO data, like the one also reported in Figure 12. Figure
taken from [47].

Cosmogenic neutrinos are produced from secondary pions and neutrons
originated as result of GZK suppression, discussed in Section 1.2.6. To accu-
rately calculate their flux, a detailed simulation of the propagation of CRs
is needed. This flux adds to the fluxes produced by standard sources. Their
energies have a maximum of the order of EeV, based on the assumed red-
shift evolution of the source and on the primary CR mass composition. The
authors in [47] assumed a pure proton composition: this results in a total
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neutrino flux in excess with respect to the current limits set by the PAO
and IceCube Collaboration, as shown in the left panel of Figure 17. If in-
stead the primary mass composition measured by PAO is assumed, shown
also in Figure 12, this results in a Universe with no observable neutrinos
at high energy. In this scenario,in fact, the cutoff observed in the CR spec-
trum is more likely due to a rigidity-dependent acceleration mechanism at
the source, with Eyox(Z)= Z E,,, where E,, is the maximum acceleration
energy for protons. For iron nuclei, for example, the maximum acceleration
energy obtainable is Eyyqx ~ 100-300 EeV, which implies too small energies
for nucleons, no longer capable of satisfying the threshold of the GZK ef-
fect. Therefore, no cosmogenic neutrinos could be produced by protons on
CMB, even if neutrinos of lower energies would come from the interaction
of protons with EBL. The detection of an EeV neutrino would also shed
light on different primary mass composition scenarios.

1.3.6  Gravitational wave in the multi-messenger scenario

With the first detection of the Gravitational Wave (GW) by the Ligo Collabo-
ration in September 2015 [48], a new window on the Universe was opened.
Since then, many other GWs have been detected, but probably one of the
most important ones was revealed in October 2017 by the VIRGO/Ligo Col-
laboration [49]. It was in fact announced the first coincidence signal of a GW
and its electromagnetic counterpart. The astrophysical event that generated
it was the coalescence of two neutron stars, 40 Mpc away from Earth. From
the study of the electromagnetic follow-up in the next days, the signatures
of synthesised materials, like gold and platinum was revealed, resolving a
long lasting mystery on the nature of the heaviest elements of the periodic
table. Furthermore, the neutrino signal counterpart was searched by the
IceCube, ANTARES and PAO Collaborations, but no statistically significant
excess was found [50]. In any case, since the merger of a Binary Black Hole
(BBH) could be very slow, surrounding matter is not expected at the time of
the coalescence. In fact, there is no theory of neutrino generation associated
with BBH merger, even if neutrinos could be emitted from the black hole
accretion disk. A more interesting situation, from the point of view of multi-
messenger astronomy, is represented by neutron star mergers, as in the case
of GW170817. Even in this kind of system, the acceleration of particles by
compact objects is still not well understood, and observation of neutrinos
could be striking evidence for hadronic processes. Just to mention, many
efforts have been made not only on the experimental side, trying to detect
these coincident signals, but also on the theoretical one. Many works, for
example, have studied the modification of neutrino oscillations in the pres-
ence of a static gravitational field. Some of them have also tried to infer the
impact of the interaction with a time-dependent gravitational field, as the
one produced by a GW, on astrophysical neutrino mixing [51].
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2.1 NEUTRINO TELESCOPES

Neutrinos are weakly interacting particles, therefore being able to escape
thick astrophysical environments. However, the same trait makes it difficult
to detect them. Taking into account the smallness of neutrino cross-section
(o0 ~ 10738 .E,/GeV), in order to increase the detection probability, large
transparent instrumented volumes are needed. Theoretical expectations on
neutrino fluxes and neutrino cross-section suggest that a detection area of
the order of 1 km? is necessary in order to have a rate of ~ O(10) events/year
from a source *. Neutrino telescopes register the Cherenkov light produced
by secondary particles emerging from the interaction of neutrinos with the
matter inside or surrounding the detector with a large 3D array of photo-
sensors. Furthermore, they can operate as a telescope if the neutrino arrival
direction is reconstructed with good angular precision (<1°), correlating the
direction of flight of the particle with possible sources.

Moreover, neutrino telescopes are generally optimised to detect TeV-PeV
neutrinos, where the background of atmospheric particles is reduced, and
much above the energy regime relevant for the determination of the neu-
trino mass hierarchy, in which many neutrino experiments on Earth are
operating.

Historical note: the first idea of a telescope, based on the detection of secondary parti-
cles produced in neutrino interactions, was formulated by Markov and Zheleznykh in 1960
[52]. In the mid-1970s the DUMAND Collaboration started a pioneering project to deploy
a neutrino telescope offshore Hawaii Island [53]. Unfortunately, the technology was not
yet mature and the tentative was abandoned. This marked the starting point for a series
of other projects. AMANDA at the South Pole [54], which was the precursor of the cur-
rently large detector IceCube [55]; Baikal under the water of the Baikal Lake, which is
currently expanding towards a km?3 structure, named GVD [56]. In the Mediterranean Sea,
the ANTARES experiment [57], located offshore the Southern French coast, is the precursor
of the KM3NeT/ARCA and ORCA detectors.
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2.1.1 Cherenkov radiation

Figure 18: Schematic representation of Cherenkov light emission, where 0 is the
characteristic Cherenkov angle. The red arrow marks the propagation
of the charged particle in the medium, while the blue arrows represent
the propagation of the coherent wavefront of Cherenkov light.

Cherenkov radiation is produced when a charged particle propagates in
a medium, with refractive index n, faster than the speed of light in the
medium itself (v=c/n, with c speed of light in vacuum). In such cases, an
electromagnetic shock wave is created, recalling the Mach cone of aircraft
moving faster than the speed of sound. This is due to charged particles that
polarise the molecules of the medium along the trajectory. Only when the
electrons return to their ground state, this coherent radiation is produced.
The peculiar conical shape is emitted at a precise angle:

_c/m{w) 1
cosl0e) =g = Balw)’

with respect to the trajectory of the particle. This angle is dependent on
the speed of the particle and on the frequency of the radiation emitted. In
water n ~ 1.35, giving a Cherenkov angle for relativistic particles (3 ~ 1) of
0. ~ 42° and independent of the particle’s energy. The number of photons
emitted per unit path length d/ and unit wavelength interval dA, is given
by the Frank-Tamm formula as follows:

d*N  2maz? (0 ]

dldh A2 B2n(w)? )’
where « is the fine structure constant and Z is the electric charge of the
particle. In the wavelength range from 300 to 600 nanometres, in which
the water is transparent, the number of photons per particle path length is
approximately:

dN

H water

(69)

(70)

= 340 cm ™. (71)

At the same time, the energy loss per unit path length of the charged parti-
cle emitting Cherenkov radiation can be written in the form:

dE h
T Zzo% dew sin?0.. (72)
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Even at relativistic energies this loss is of the order of ~ 1073 MeV ecm? g~ ',
almost negligible compared to other energy losses.

For the future development of this chapter it is also important to con-
sider the geometrical constraint of the Cherenkov light emission. In fact the
number of detectable photons per unit wavelength and per unit area at a
distance R from the particle trajectory can be formulated as:

d*N T

Do(R M) = .
o(RA) = T\ InRsino. (73)

2.1.2 Light propagation

During the propagation of light from the emission point, along the particle
track, until the detection point on photosensors, light suffers mainly from
two processes: absorption and scattering. Absorption affects the amount of
light and can be taken into account by introducing an extra term in the
Equation 73 of the form:

O =Dy eV Pavs, (74)

with Aqps referring to the absorption length and d is the distance travelled
by light. The absorption length is a function of the wavelength itself, as
shown in Figure 19. Scattering instead affects the path travelled by the light,
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Figure 19: Absorption and scattering length as a function of the light wavelength.
Figure taken from [58].

and its consequent arrival time on the photosensors: for this reason the pho-
ton path is not uniquely defined. There are several models that describe the
scattering of light. Since it is an effect symmetric under rotation, it depends
only on the angle between the direction of light before and after the scat-
tering, here called 05. One of the models, adopted, for example, within the
KM3NeT Collaboration, is called p0.0075 and is based on a combination of
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Rayleigh and Mie scattering. Rayleigh scattering is the elastic scattering of
light by particles that are typically much smaller than the wavelength of
the light. The resulting angular distribution is ad hoc modelled, in order to
take into account the anisotropy of water molecules, with the term:

g(a/b; COSBS) =a- (1 +b- COSGS), (75)

where a = 0.06225 and b = 0.835. The effect of Mie scattering, over large
particles, is obtained from in-situ measurements. For water, the average
cosine of the scattering angle has been measured and found to be 0.924.
Therefore, the probability density function can be defined as follows:

dPg
dQg

=p x g(cosOs) + (1 —p) x f(c; cosbys), (76)

where ¢ = 0.924 and p = 0.17, where p can be seen as the contribution of the
Rayleigh scattering. This process can be taken into account by introducing
another extra term in Equation 73, of the form:

O (77)

with d always referring to the path travelled by light. An overall effective
attenuation length can be derived, in the form:

1 1

w
— + —, 8
}\att Aabs 7\5 (7 )

with w=1 for direct light, and w=1-(cos0;) for indirect light. Optically pure
seawater shows the highest transparency for photon wavelength of ~ 400
nm, where typical values of Aqps ~ 60 m and of As =~ 55 m are reached.

In general, ice is more transparent than water, i.e. its light absorption
length is up to three times larger than that of water. On the other hand, the
dust and air bubbles, trapped into the ice, produce a stronger scattering.
Additionally, while water is a homogeneous medium, the Antarctic ice shell
was formed after snow accumulation over an extremely long period of time,
with differences in dust concentration over time.

2.2 UNDERWATER DETECTORS

One way to exploit a large amount of transparent natural medium is to
place neutrino telescopes underwater. The main advantage is the huge avail-
ability of the medium and the reduced scattering length, resulting in a bet-
ter angular resolution for particle direction reconstruction. Disadvantages,
with respect to other mediums, such as ice, are that the detector moves un-
der the effect of sea current, the difficulty in modelling the environmental
background surrounding the detector, and the corrosion due to the salinity
of seawater. A couple of experiments have been or are currently in opera-
tion in underwater locations:
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¢ the pioneering DUMAND project, started in 1976 offshore the Hawaii
Island at a depth of 4800 m. It didn’t reach its planned final configu-
ration due to technical and financial problems, but all the subsequent
projects took huge advantage of the experience gathered with it [53];

¢ the lake Baikal, Russia, at a depth of 1800 m hosts the Baikal/GVD
neutrino telescope. Actually, the Gigaton Volume Detector (GVD) is
under construction and has reached an instrumented volume of 0.5
km?, with respect to cascade-like neutrino-induced events. The effec-
tive target volume of 1 km3 is expected to be reached by 2030. A thick
ice shell is present on the lake during winter, allowing easy deploy-
ment of instruments in the water. A lower optical background rate is
expected in fresh water than in seawater, but lake Baikal is less trans-
parent than seawater or ice, limiting the reconstruction performance.
The optical modules (OM) are grouped into vertical strings, with 36
modules each at a distance of 15 m. The OMs are located at a depth
between 750 and 1275 m below the surface. Eight strings, organised
in an approximately regular heptagon shape (one string per edge and
one at the centre), form the so-called cluster. At the end of 2022, 11
clusters were deployed [59];

¢ the first successful attempt to construct and operate a neutrino tele-
scope in the Mediterranean Sea was the ANTARES detector. It was
completed in 2008 and has been fully operational up to February
2022. It was located 40 km offshore of Toulon, France, at a depth of
2500 m. It fully demonstrated the feasibility of measuring neutrinos
with a large-volume Cherenkov detector in the deep sea. From the
experience gathered from the first-generation neutrino telescope, like
ANTARES, KM3NeT detectors have been designed and are actually
under construction. KM3NeT is a multi-site deep sea infrastructure
that will host a second-generation neutrino telescope and Earth and
sea science instrumentation. A more detailed explanation of KM3NeT
detectors, subject of this work, will be given in Chapter 3.

¢ the Pacific Ocean Neutrino Experiment (P-ONE) is a planned multi-
cubic-kilometre neutrino telescope at a depth of 2660 metres in the
Northeast Pacific Ocean, offshore of Vancouver Island, British Columbia.
P-ONE will be connected to an already existing deep sea infrastruc-
ture. Following the successful deployment of two pathfinder missions,
deployed in 2018 and 2020, respectively, and recovered in 2023, to
characterise the deployment location, the P-ONE Collaboration is work-
ing towards the realisation of the first P-ONE detector line, called
P-ONET1. The final geometry is being optimised to maximise the dis-
covery potential and will be adjusted based on the experience of the
first lines deployed [60];

¢ TRoplcal DEep-sea Neutrino Telescope (TRIDENT) is a next genera-
tion neutrino observatory that will be located in the South China Sea,
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at a depth of ~ 3500 m. The location is about 180 km from the nearest
island, where detector’s power supply and data storage are located.
TRIDENT will exploit a unique position near the equator and the us-
age of advanced hybrid digital optical modules (hDOMs), which con-
tain multiple small photomultiplier tubes and silicon photomultipli-
ers. The preliminary design of TRIDENT comprises 1211 strings, each
containing 20 hDOMs separated vertically by 30 m, resulting in an
instrumented volume of ~ 7.5 km3. In September 2021, the TRIDENT
pathfinder experiment was successfully completed at the selected site
in the South China Sea [61].

2.3 UNDER-ICE DETECTORS

IceCube Lab
IceTop

_— 81 stations / 162 tanks

324 optical sensors

IceCube In-Ice Array
86 strings including DeepCore
5160 optical sensors

1450 m Il
DeepCore

8 strings optimized for lower energies +
7 standard central strings

480 + 420 optical sensors

Eiffel Tower
324m

2450 m

2820 m

Bedrock

Figure 20: Schematic representation of IceCube Neutrino Observatory, with partic-
ular attention to each of the sub-component: in-ice optical detector, the
DeepCore and IceTop.

AMANDA experiment was the first attempt to exploit Antarctic ice to de-
ploy and operate a neutrino telescope. In 2005, after nine years, it became
officially part of its successor project, the IceCube Neutrino Observatory.
Currently, the biggest neutrino detector in the world, IceCube is located at
the geographic South Pole, at the permanent Amundsen-Scott Pole station,
which offers the logistic support required for the construction and opera-
tion of the observatory. The IceCube Neutrino Observatory consists of a
subsurface array of DOMs, including the more densely instrumented Deep-
Core sub-array and the IceTop surface array. The entire detector uses the
same DOM design and associated surface readout. A schematic layout of
the observatory is shown in Figure 20. The current detector configuration
consists of 5160 DOMs deployed between 1450 m and 2450 m below the
surface of the ice on 86 vertical strings. Each string consists of 60 DOMs
deployed along a single cable, and the primary in-ice array consists of 78
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strings with a vertical separation of the DOMs of 17 m and with 125 m
horizontal spacing, instrumenting a volume of one cubic kilometre of ice. A
subset of in-ice DOMs is deployed, forming a denser instrumented volume
called DeepCore. It consists of eight specialised and closely spaced strings
of sensors in the centre of the array, with a DOM-to-DOM spacing of 7 m
for the bottom 50 DOMs. The remaining 10 DOMs are deployed at depths
shallower than 2000 m with a spacing of 10 m to form a veto cap. Depths
from 2000 to 2100 m are not instrumented, as optical scattering and absorp-
tion increase significantly in this region of the ice due to the high presence
of dust: the dust layer. Cherenkov tanks are placed on the surface, forming
the so-called IceTop detector, capable of detecting cosmic rays and charac-
terising also the background coming from downward-going atmospheric
events. The angular resolution for muon tracks and hence the incident neu-
trino direction is typically 0.6° [62].

PLANNED AND FUTURE ICECUBE UPGRADES There are mainly two ex-
pansions of IceCube detector planned and under development. The first,
called IceCube Upgrade [63], consists of seven new columns of photosen-
sors, densely embedded near the DeepCore. The upgrade strings will also
include new calibration devices, designed to deepen the understanding of
the optical properties of glacial ice and the detector response. This will be
used to improve the quality of the reconstruction, through more precise cal-
ibrations, extendable also to the already available 10-year IceCube data set.
Its goal is to provide world-leading sensitivity to neutrino oscillations and
will enable IceCube to take unique measurements of tau neutrino appear-
ance.

v lceCube-Gen2 Radio lceCube-Gen2 Optical ® lceCube + IceCube Upgrade
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Figure 21: Footprint of the IceCube-Upgrade and IceCube-Genz, with respect to
the already existing optical strings. Figure taken from [64].

The other planned upgrade for the IceCube detector is called IceCube-
Gen2 [64]. Currently under development, it will consist of three essential
components: an array of about 10,000 DOMs, expanding the volume of the
optical array from 1 km?3 to ~ 8 km?3, with an expected sensitivity five times
greater than the current one. IceCube-Gen2 digital optical modules will in-
clude a multi-PMT installation within an elongated glass vessel, resulting
in an improved photon detection efficiency of a factor ~ 4. The other two
components of the upgrade will focus on the surface array with the installa-
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tion of scintillation panels targeting air showers, and buried radio antennas
distributed over an area of more than 400 square kilometres to detect neu-
trinos beyond EeV. In Figure 21 a schematic representation of the footprint
is presented.

2.4 DETECTION PRINCIPLE
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Figure 22: Illustration of the possible origin of signal and background events inside
a neutrino telescope.

Despite the different geographical locations and the medium character-
istics exploited by neutrino telescopes currently in operation, they are all
based on the same detection principle. As already anticipated in Section
2.1, it is based on the detection of Cherenkov optical photons, generated
by secondary particles, emerging from neutrino interaction with the rock at
the base of the telescope or in the material surrounding it. The light pattern
left inside the detector is different depending on the type of neutrino inter-
action channel. In fact, v,-CC interactions generate an emerging muon that
can travel undisturbed for several kilometres in seawater or ice. In this case,
the muon direction can be reconstructed with high precision, representing
the gold channel for neutrino telescopes. The drawback is that the energy
determination is not well constrained, since part of the light produced can
be deposited outside the sensible volume. Other neutrino flavours, such as
Ve O Vg, instead, produce a completely different light deposit inside the de-
tector, identifiable through the particle shower initiated by charged leptons
or hadrons. The search for astrophysical neutrino fluxes is very challenging
considering the signal-to-noise ratio that these experiments usually have to
deal with. In fact, while an astrophysical neutrino source produces O(10)
events per year in a km3 scale detector, the greatest number of recorded
events comes from atmospheric muons, generated from the interaction of
CRs in the atmosphere above the detector. At sea level, the atmospheric
muon flux is about 10'! times larger than the atmospheric neutrino flux.
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For this reason, the detector is placed under thousands of metres of water
or ice, which act as a shield. Even in this case the shielding is not enough
to stop all the flux of atmospheric muons, which at the detector level is
still ~ 10° times larger than the neutrino flux. Therefore, further selection
techniques need to be applied. Taking into account the incoming direction
of the particles involved, atmospheric muons generate events that have a
top-bottom development. They are called for this reason downgoing events.
In fact, atmospheric muons cannot propagate through the Earth’s diame-
ter (~ 13000 km) and are absorbed before reaching the detector. Neutrinos
instead, considering the low cross-section, barely interact with Earth, and
can be detected over the full sky. For this reason, bottom-top signals, called
upgoing events, can be selected based on the reconstructed zenith and are
therefore capable of exploiting the Earth as a shield. Considering the error
in the zenith determination of reconstruction algorithms, upgoing events
still suffer from atmospheric muon background contamination due to mis-
reconstructed events. Another technique, instead, tries to select neutrino-
induced cascades in the detector, using the external layer of optical modules
as a veto, and selecting in this way only neutrino events that interact inside
the instrumented volume. For these contained events, no particular zenith
direction is required. Shower events, despite the difficulty in the precise de-
termination of the direction of the incoming neutrino, allow better energy
determination due to the containment of most of the light deposit. At the
same time, they suffer a lower background level generated by atmospheric
neutrinos (in some energy ranges, the atmospheric neutrino flux ratio can
reach ¢v, /v, ~ 20:1).

For underwater detectors, another source of background is represented
by the decay of radioactive elements dissolved in seawater, especially 40K,
or by light generated by bio-organisms (bioluminescence). In this case, the
light signature left inside the detector has a random pattern over differ-
ent optical modules, and this source of background can simply be rejected
asking for spatial and time correlation of hits.

2.5 EVENT TOPOLOGIES

The event signatures in a water/ice Cherenkov neutrino telescope are split
into two main categories: a track-like event, originating from the v ,-CC
interaction and producing a muon that can propagate in water for several
kilometres; shower events, originating from v.-CC, v-CC and v{-NC inter-
actions that give rise to particles that propagate only for tens of metres. A
schematic representation of the different topologies that occur in the detec-
tor is shown in Figure 23.
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Figure 23: Comprehensive representation of all the event topologies occurring in-
side a neutrino telescope. Black dashed lines represent neutrinos, orange
solid lines muons, red electromagnetic showers, blue hadronic showers,
and green T leptons. Taken from [62]

MUON TRACK The direction of high-energy muons produced in v,-CC
interactions is highly correlated with the direction of the incident neutrino
and can be expressed through the angle 0 :

0.6°
Ovp = e eV (79)
The precise reconstruction of the muon trajectory allows consequently to
know the direction of the incident neutrino. Looking at the kinematic con-
tribution of Equation 79, the angular resolution above few TeVs is domi-
nated by the error of the track reconstruction algorithms. The total energy
loss for muons with energies greater than 1 TeV can be expressed as:

(S5) = —alE) — B(E)-E, )
where X is the thickness of crossed material expressed in g cm 2, « refers
to ionisation and (3 to radiative losses like bremsstrahlung, pair produc-
tion and photonuclear interactions. Energy loss due to the emission of
Cherenkov radiation (see Equation 72) is almost negligible. Both parame-
ters « and 3 slowly vary with energy, especially in the regime where ra-
diative contributions dominate (below 100 GeV, 3(E)x E is less than 1% of
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«), and are dependent on the chemical composition of the medium in the
form: « < Z/A and B x Z?/A. At very high energies, where o and f can
be considered constant, the muon range can be approximated as:

R E,.p

The ratio o/ is the muon critical energy, defined as the energy at which the
radiative losses are equal to the ionisation ones (=~ 500 GeV). The formula
in Equation 81, derived from the so-called Continuous Slowing Down Approx-
imation, is of limited usefulness due to the effects of large fluctuations at
high energies. Above 100 GeV, range straggling starts to become consid-
erable because of stochastic muon interaction processes with large energy
transfers, like bremsstrahlung. These radiative energy losses are visible as
electromagnetic showers along the muon track, producing clustered light
deposition on top of the track signature. Most of the track reconstruction
algorithms, based on a maximum likelihood approach, assume a continu-
ous energy loss pattern for muons. Recently, a newly developed approach,
which also exploits the energy released inside the detector through stochas-
tic losses, has been developed by the IceCube Collaboration, producing an
improvement in track reconstruction of the 20% for through-going tracks
and up to a factor 2 for starting tracks [65]. Furthermore, considering, for
example, a 10 TeV muon travelling 4 km in water, it can reach the detector
with still 1 TeV energy. The event will be detected and reconstructed, even
if the neutrino interaction vertex is far away from the sensible volume, in-
creasing the effective size of the detector. After slowing down, the muon
eventually decays at rest into two neutrinos and an electron that causes an
electromagnetic shower.

ELECTROMAGNETIC AND HADRONIC SHOWERS Neutrino events due
to NC and v, and v.-CC interactions, within or close to the instrumented
volume, generate a hadronic and an electromagnetic (EM) shower, often re-
ferred to as a shower-like or cascade event. In v.-CC interactions, for example,
an EM shower is initiated by the high-energy electron resulting from the
neutrino interaction. Charged particles produced in the cascade can then
emit light as long as they are above the Cherenkov threshold. The detectable
signal is, in fact, mainly due to Cherenkov light produced by charged par-
ticles in the shower. Considering the radiation length of electrons in water
(Xo ~ 36 cm), the shower light emission appears point-like compared to
the typical distances between photosensors in neutrino telescopes. In water
the hadronic interaction length (~ 83 cm) is very similar to the radiation
length, and therefore the light emission from EM and hadronic showers
can be treated in the same way. The transversal distribution of light yield
for EM showers is almost energy independent and can be parameterised by
the following formula, shown also in Figure 24:

d?p

blcosOp—cosO.|? 8
dcosBoddo (82)
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where a = 0.35, b = —5.40. The constant c is defined such that P is nor-
malised to unity for the full solid angle.
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Figure 24: Parameterisation of the shower transverse profile light emission for
an electromagnetic shower. The peak corresponds to the cosine of the
Cherenkov angle in water. Figure taken from [58].

The longitudinal profile instead can be parameterised reasonably well by

the formula:

E a1 e—z/b
dz  °  bel(a)’

(83)

where z = x/X is the number of radiation lengths, a = 1.85 + 0.62-log ==/
and b = 0.54, determined specifically for water from simulations. The max-
imum, in the longitudinal profile, is zmax = (a—1)/b and is equivalent
to the brightest point in Cherenkov light emission, located ~ 1T m beyond
the starting point of the shower for energies around some GeVs. The total
Cherenkov light yield produced in EM showers is proportional to the initial
neutrino energy with fluctuations smaller than 1%, allowing a very precise
energy measurement. Hadronic showers, with the same initial energy as an
EM one, produce less Cherenkov light because of the heavier masses of sec-
ondary products. Moreover, hadronic showers show larger event-to-event
fluctuations in the total light yield.

TAU NEUTRINO A third event signature occurring in neutrino telescopes
is the so called double pulse or double bang [23], depending on the distance
of the two reconstructed vertices, and as depicted in the third cartoon from
above in Figure 23. It occurs when v interacts through charged current
interaction, producing a first hadronic shower and an exiting T lepton. The
T can propagate for several metres, producing a track of length:

Eq

Le~49m- —,
N m Pe

(84)
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before decaying (T lifetime is 2.9 -107'3 s). T can decay through hadronic
(t — v¢ + pions and kaons, BR=64.8%) or through leptonic processes
(t — e+ ve+ vy BR=17.8% or T — u+ vy + v, BR=17.4%) producing
a second electromagnetic or hadronic shower. Variants of this double bang
signature can occur when one of the two showers occurs outside the detec-
tor or when the T energy is not enough to separate the two showers and
make them distinct. In the final states, v, is generated with a lower en-
ergy than the starting neutrino. In turn, it can again give rise to the same
reactions producing a so-called T regeneration. This is a phenomenon of par-
ticular importance for the propagation of neutrinos inside the Earth.

2.5.1 Environmental background

In underwater neutrino telescopes, an optical continuous background rate
is also present. This is mainly due to the decay of radioactive isotopes dis-
solved in seawater, that is, °K, and due to bioluminescence. *°K contribu-
tion is constant and is essentially dependent on the working conditions of
PMTs. For example, on a 10-inch PMT (such as for ANTARES) with a thresh-
old set at 0.25 photo-electrons the mean “°K background rate is within the
range 45-50 kHz. Bioluminescence bursts could enhance the measured hit
rate up to 10 MHz. The entity of light production by bioluminescence is
related to the depth of the submarine site which hosts the telescope. The
deeper the site, the less contribution of bioluminescence. In the case of one
KM3NeT 3-inch PMT, the related optical background rate can be obtained
from the measured one at the ANTARES site, simply considering a conver-
sion factor of 0.1, given by the ratio of the PMT areas. This implies that for
a 3-inch PMT the “°K background continuous rate is ~ 5 kHz.

RADIOACTIVITY Seawater contains a small amount (~ 0.04%) of radioac-
tive isotopes, such as Potassium-40 (4°K), that has two main decays chan-
nels:

0K 5 Ca+e +v. BR=289.3%, (85)
VK +e” - PAr+v.+vy BR=10.7%. (86)

The electrons produced in the first process can achieve a maximal energy of
1.33 MeV and can produce Cherenkov light. Furthermore, the photon pro-
duced in the second reaction has an energy of 1.46 MeV, which can generate,
through Compton scattering, an electron over the Cherenkov threshold. Ra-
dioactive decays may produce photons in a time window of 1 ns, giving
rise to coincidences on neighbouring PMTs.

DARK CURRENT RATE This type of background is the rate measured
by photosensors without external light sources. It is usually generated by
thermal noise inside the PMT or by radioactive decays in the glass sphere
or in the optical gel.
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BIOLUMINESCENCE  Almost 90% of the organisms that inhabit the deep
ocean are capable of emitting a burst of light through the chemical process
of bioluminescence. The measurements performed at the KM3NeT/ARCA
site (at 3500 m below sea level), after more than one year of data taking,
showed a stable average rate at ~ 5 kHz, which comes from a quasi-pure
40K contribution. The fraction of times the rates were above 100 kHz was
less than 0.5%. In the French site of the KM3NeT experiment, which is
shallower than the Italian site, bioluminescence measurements show higher
rates, with an average of ~ 9.5 kHz for the 31 3-inch PMTs of the DOM.

2.5.2  Physics background
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Figure 25: Vertical muon intensity versus depth (expressed in km of water equiv-
alent) measurements for the NEMO Phase-2 tower (pathfinder detector
of KM3NeT/ARCA). For comparison, the results of other experiments
and the expected theoretical flux of the Bugaev model [66] are shown.
Figure taken from [67].

As already reported in previous sections, atmospheric muons represent,
in underwater and under-ice experiments, the bulk of events registered.
These highly penetrating particles can reach the detector even if they are
located below several kilometres of water or rock.

There is a formula that relates the intensity of muons in the vertical di-
rection as a function of depth, called Depth Intensity Relation (DIR). As the
underground detectors are at a fixed depth, in principle only one point can
be measured. However, when measuring the muon intensity at different
zenith angles 0, the amount of material changes. Therefore, DIR I (h,0)
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can be expressed as a function of a given direction 0, corresponding to a
slant depth h, and is shown in Figure 25. Assuming that the muon spec-
trum at sea level is approximated by a power law I,,(> E,) = A - E,/”, and
using Equation 81, relating the muon range (R) with its energy, the DIR can
be written in the following form:

I.(>ELR) =A [g(eﬁRU} . (87)

In Figure 26 instead the intensity of the flux of atmospheric muons is
shown at a fixed depth of 2400 m. It is a factor ~ 10° times higher than
the flux of atmospheric neutrinos interacting inside or near the detector.
For this reason, in order to remove this huge background, a geometrical
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Figure 26: Different contributions to muon background as a function of the cosine
of zenith angle at a depth of 2400 m, for two different energy regimes
(dashed: E; >100 GeV while solid: E,, >1 TeV). Black lines refer to
atmospheric muons, while blue lines refer to muon induced by an at-
mospheric neutrino.

selection is applied. Atmospheric muons can only generate downward-
going tracks, while upward-going tracks can only be produced by neutrino-
induced muons that interact in the proximity of the detector. Nevertheless,
atmospheric muons can leave an event signature in the detector that can be
mis-reconstructed as upward-going particles. The methods to further reject
this source of background highly depend on the reconstruction algorithm
capability, and it is different in every neutrino telescope. At the same time,
events induced by atmospheric neutrinos represent a small but irreducible
background present in the detector (blue line in Figure 26 and uniformly
distributed in cos 0,¢nith between -1 and +1).
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In recent years, neutrino astronomy has evolved rapidly consolidating its
practices and analysis methodologies. Some recent breakthrough discover-
ies have demonstrated, once for all, the performances and capabilities of
this field, highlighting its importance in the context of multi-messenger as-
tronomy. IceCube detector, with its 1 km? of active volume and more than
12 years of livetime in this configuration geometry, is the leading exper-
iment in the field. Nevertheless, more and more neutrino telescopes are
taking data or are under construction (a comprehensive list was produced
in previous sections), reaching their final configuration (~ 1 km?) in a cou-
ple of years from now. This will improve and complement the field of view
of the IceCube detector, pushing further current limits and boosting discov-
eries. In this section, a brief recap of the status of this field is given.

2.6.1 All-sky diffuse neutrino signal

The first evidence of the existence of astrophysical neutrinos was provided
by the IceCube Collaboration in 2013, detecting an excess of events coming
from all the sky at high energy with respect to the expected atmospheric
background. Since then, the diffuse all-sky flux has been studied through
different neutrino detection channels and topologies. The following is a
tentative list of the most updated analyses and consequent results:

¢ the first measurement of the all-sky diffuse neutrino flux was per-
formed with events with energies ranging between 30 TeV and 1200
TeV: 28 events were observed, against a background expectation of 10,
statistically significant at a level higher than 40, see Figure 27 [68].
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Figure 27: Energy and declination distribution of the observed events compared to
model predictions by the IceCube detector. Figure taken from [68].

The event selection exploited was based on the search for neutrinos
with vertices well contained within the detector volume and at high
energies. This event sample is, in fact, also known as High Energy
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Starting Events (HESE). The search methodology is sensitive to neu-
trinos of all flavours and from all directions and is capable to reduce
the background, not only from atmospheric muons, but also from
atmospheric neutrinos. An improvement of this result was obtained,
including an additional 4.5 years of data, newer glacial ice models,
and improved systematic treatment. From this sample, an astrophys-
ical neutrino flux was measured and characterised to follow a single
power law with a spectral index of 2.87, rejecting the background hy-
pothesis over 50 [69].

¢ a second sample used to address the diffuse astrophysical neutrino
flux is the so-called Northern Sky tracks. This data set consists of a
high purity sample of neutrino-induced muon tracks from the North-
ern celestial hemisphere, for a total livetime of 9.5 years. The best-fit
parameters, under a single power law assumption, result in a per-
flavour normalisation @i 3.y, = 1.44-1078 GeV~! em2 57! sr!
and a spectral index of 2.37, constrained in the energy range from 15
TeV to 5 PeV [70];

* a third sample, for a total lifetime of 6 years, is the one exploiting
cascades. Assuming standard neutrino oscillations, this cascade sam-
ple is dominated for the ~ 90% by electron and tau neutrinos. The
sensitive energy regime is from 16 TeV to 2.6 PeV, consistent with a
single power law model. The best-fit parameters are flux normalisa-
tion @giiyiey = 1.66-10718 GeV-1 ecm™2 57! sr ! and the spectral
index of 2.53 [71]. The energy distribution for this data set is reported
in Figure 28;
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Figure 28: Energy distribution of the observed cascade events compared to model
predictions by the IceCube detector. Figure taken from [71].

¢ a fourth sample, presented for the first time in 2023, comprising 10.3
years of IceCube data, is composed of starting track events. It com-
bines an excellent angular and energy resolution [72]. Veto techniques,
similar to those employed for HESE data sample, allow an efficient
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reduction of the atmospheric neutrino rate from the Southern sky, ac-
cessing the astrophysical neutrino flux well below 100 TeV. In total,
1/3 of the events included in this sample come from the Southern sky.
This sample is also known as Enhanced Starting Track Event Selection
(ESTES). The best-fit parameters found, under the single power law
assumption, are normalisation d)é%g} oy = 1.68- 10718 GeV—! cm—2
s~! sr~! and a spectral index of 2.58, with the 90% sensitive energy
range between 3 and 550 TeV. With this data set, the search for a spe-
cific emission from the Galactic plane was also performed, not finding
any significant excess.

Other data samples have been exploited by IceCube Collaboration during
the years trying to address and characterise the diffuse astrophysical neu-
trino flux, although the ones listed above are the main results obtained up to
now. Furthermore, for the first time, a general combination of IceCube data
sets was produced, taking advantage of coherent signal and background
modelling, as well as detector response and systematic uncertainties [73].
The best-fit value for the combination has been found to be, under the sin-
gle power law assumption, @i 34, =1.8-10718 GeV~! em ™2 57! sr !
and a spectral index of 2.52.

In addition, other neutrino telescopes observed the all-sky diffuse flux.
Baikal-GVD reported the observation of high-energy neutrinos using cascade-
like events with data collected from 2018 to 2021 [74]. An excess of events
was found with respect to the expected atmospheric background at a level
of 3.050. Assuming a single power law model, with identical contribution
from all flavours, the best-fit parameters found were @é%g’} oy = 3.04-
10718 GeV~' em™2 s7! sr~! and a spectral index of 2.58.

The ANTARES neutrino telescope also observed a mild excess of events
at high energies, with a combined data set containing both tracks and cas-
cades. The resulting best-fit parameters found are ®@g4f3+., = 1.5-10718
GeV~! em™2 57! sr~! and a spectral index of 2.3. The significance of this
excess over the background-only hypothesis is 1.80.

The single power law, isotropically distributed assumption made to model
the diffuse all-sky neutrino flux is generally accepted by the community. It
minimises the number of free parameters and the starting hypothesis for
the modelling. Furthermore hints for substructures in the spectrum seen in
independent measurements are so far not statistically significant. A critical
discussion of the single power law assumption is available here [75].

A graphical summary of the results presented above is also available
in Figure 29. The first evidence, once they are compared, is that the data
sets are not fully compatible with the same power law spectrum. IceCube
Collaboration reported a discrepancy greater than 30 between HESE and
Northern Sky Tracks, known also as spectral anomaly. This could suggest
that a multi-component spectrum has been observed, specifically a Galactic
contribution on top of the extra-Galactic one. The recent discovery of a
diffuse neutrino emission from the Galactic plane (see Section 5.3), and
other hints, like the excess of events coming from the Southern sky larger
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Figure 29: Summary of the principal results for the search of the all-sky neutrino
emission. Two-dimensional confidence region for the bast-fit astrophys-
ical parameters: d)é?lgg} ov/10718 GeV= T em™2 571 s~ and spectral
index. Figure taken from [74].

than what is expected assuming isotropy are supporting this hypothesis. A
preliminary estimate of the Galactic contribution to the all-sky diffuse flux
was also evaluated at the level of ~ 6-13% at 30 TeV. However, its relative
contribution is still very difficult to address, worsened by different spectral
assumptions and tested energy ranges. A critical revision on the IceCube
spectral anomaly and on the possible Galactic contribution is available here
[76].

Furthermore, to definitively solve this puzzle, a careful evaluation of the
prompt atmospheric contribution should be made. As described in [40],
shower-like events are the most promising channel to address this measure-
ment, specifically in the energy range between 1-200 TeV, since the conven-
tional atmospheric component is a factor ~ 30 less important for electron
than for muon neutrinos. In this energy range, the number of prompt and
cosmic neutrinos for the cascade channel are indeed very similar to each
other, requiring great care in the handling of the data set and trying to
disentangle these two components.

2.6.2  Point-source searches

Another breakthrough discovery, recently reported by the IceCube Collab-
oration, is the first evidence of neutrino emission from the nearby active
galaxy NGC1068 [77]. Data collected from May 2011 to May 2020 were anal-
ysed, searching for point-like neutrino sources in the Northern sky, where
IceCube is more sensitive to astrophysical sources. A probability skymap
of the Northern hemisphere is shown in Figure 30.

The quoted angular resolution is 1.2° at 1 TeV, 0.4° at 100 TeV, and 0.3°
at 1 PeV. In this specific work, 110 sources have been selected on the basis
of their y-ray flux, and tested for a possible neutrino emission. Above all,
NGC1068 was the most significant, with 79 signal events detected and a
local post-trial p-value corresponding to a significance of 4.20. The best-fit
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Figure 30: P-value sky map of the scan of the Northern hemisphere, searching for
point-like neutrino emission. Figure taken from [77].

values obtained, under a single power law assumption, were a spectral in-
dex equal to 3.2 and a normalisation at 1 TeV of (Déﬁzlv =5.0-10"11 Tev—!

cm~2 s~ . The main contribution to the excess comes from energies ranging
from 1.5 to 15 TeV. Assuming an isotropic emission for this source, and a dis-
tance of 14.4 Mpc, this leads to a neutrino luminosity Ly = (2.9 £1.1) - 10%?
erg s~ ', an order of magnitude higher than the equivalent y-ray luminos-
ity observed in the energy range between 100 MeV - 100 GeV. The source
was detected by the Fermi-LAT satellite in the energy range ~ 0.1-30 GeV,
but the MAGIC telescope did not observe any higher-energy y-ray. This
no-observation can be explained assuming NGC1068 as a y-obscure source
(see Section 1.3.2). Some theoretical models predict the neutrino and y-ray
emission to originate from the obscured environment around the AGN of
NGC1068. In these models, the supermassive black hole in the AGN is the
right acceleration site, producing also strong X-ray emission from the hot
plasma above the accretion disk, called corona. Future MeV-scale observa-
tions of NGC1068 would provide a powerful probe of the physics nature of
this source.

The other two sources with the highest significance observed were TXSo506
+056 (3.50) and PKS1424+240 (3.70). The significance related to TXSo506 is
the time-integrated over the entire data set, while previous analyses found
evidence of transient emission from this source (see Section 2.6.3).

Another important connection, with the arguments already treated above,
is the contribution of these sources to the all-sky diffuse flux. NGC1068 and
TXSo506 can contribute up to ~ 1% to the diffuse flux, even if the energy
range of the spectrum, measured for NGC1068, does not strongly overlap
with that of the diffuse flux, and the fitted spectral index is much softer
than the 2.53 measured, as shown in Figure 31.

The discovery potential for NGC1068 for the KM3NeT/ARCA detector,
in its final configuration, is reported in Figure 31. Assuming the best-fit
spectral index of 3.2, a 50 discovery can be claimed after 3 years of opera-
tion.
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Figure 31: Left: comparison of point-source best fitted fluxes with respect to the
total diffuse astrophysical neutrino flux measured by IceCube Collabo-
ration [70]. Figure taken from [77]. Right: discovery flux of KM3NeT/
ARCA in its final configuration for source NGC1068, assuming the best-
fit spectral index y=3.2. Figure taken from [78].

2.6.3 Neutrino emission from the direction of the blazar TXS0506+056

One of the first breakthrough discoveries in neutrino astronomy occurred in
September 2017 [79]. For the first time, a neutrino event was detected in spa-
tial and time coincidence with a y-ray flaring source, named TXSo506+056,
with the most probable energy of 290 TeV. The association with the position
of the source TXSo506+056 was performed shortly thereafter, thanks to the
observations conducted by the Fermi-LAT detector. Also, the MAGIC tele-
scope followed up the alert by detecting photons from the source up to 400
GeV. The significance of spatial and temporal coincidence was estimated
to be greater than 30. Other specific analyses have been carried out by
searching, within the registered data, for other significant clusters in time
of events in coincidence with the source, as shown in Figure 32. A second
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Figure 32: Time-dependent analysis results. Central time and width are plotted for
the most significant cluster of events in time, with the p-value of the
result shown by the height of the peak. The orange curves represent
the search using a Gaussian-shaped time profile, while the blue curves
represent the box-shaped time profile. Figure taken from [79].

excess of events was found, dated December 13" 2014, see Figure 32. The
observed significance for the cluster of events was 3.50 or 3.70, depending
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on the time profile assumed to model the emission and on the energies of
the events and their proximity to the source.

2.6.4 Neutrino association with tidal disruptive events

The observation of point sources emitting neutrinos, discussed in Section
2.6.2 and the Galactic neutrino contribution, have still left open the ques-
tion of which kind of extra-Galactic sources are responsible for the diffuse
astrophysical neutrino flux. Another population found in association with
neutrino emission was Tidal Disruptive Events (TDEs). These are rare as-
trophysical events that occur when a star passes close to a supermassive
black hole, sitting at the centre of a galaxy. The star, subjected to the intense
gravitational field, can disintegrate leaving its material orbiting around the
black hole itself. On October 15* 2019, IceCube reported the detection of a
high-energy neutrino candidate event, with an estimated energy of ~ 0.2
PeV. The event has been associated in time and space by the Zwicky Tran-
sient Facility (ZTF) with the radio-emitting TDE AT2019dsg. Another coin-
cident observation occurs in May 2020, with the TDE AT2019fdr discovered
by ZTF one year earlier. During this time window, AT2019fdr was not ob-
served in any of the X-ray observations by the Swift-XRT telescope or in
the y-ray surveys conducted by the Fermi-LAT telescope. Theoretical mod-
els have suggested that TDEs can be high-energy neutrino sources and, in
particular, those showing relativistic jests. A further work [80] identified a
third event in coincidence with a high-energy neutrino alert and a 3.7¢ cor-
relation between a wider set of similar TDE-like flares and IceCube alerts.

2.6.5 Neutrino directional association with blazars

In the recent years several analyses have shown statistically significant co-
incidences between high-energy neutrinos and blazars. A first association
was made by selecting IceCube track-like neutrino events above some TeVs
in coincidence with radio-bright blazars [81]. Radio observation were car-
ried out through Very Long Baseline Interferometry (VLBI), and capable
of resolving the central part of AGN. Moreover, on average these potential
neutrino sources exhibited radio flares at the time of the neutrino arrival.
TXSo0506+056 is, for example, a typical bright blazar both in radio and in
v-ray. The coincidence of neutrinos with a subset of radio-bright blazars
is found to be statistically significant at the level of 4.10: 70 blazars were
found in association with neutrinos. The consequent estimate of the neu-
trino fluence implies that blazars, hosting radio-bright jets, could explain at
least 1/4 of the entire all-sky diffuse neutrino flux, without requiring any
extreme conditions in the source environment.

A similar tentative association has been performed with data collected
by the ANTARES neutrino telescope [82]. The association has been tested
by means of a neutrino-blazar pair-counting analysis, by a time-integrated
likelihood approach, and also by a time-dependent likelihood scan. The
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first counting analysis, conducted on the same blazar catalogue used in the
IceCube search, produced 469 associations compared to the 410 expected
(excess of 2.20). Even the other two likelihood searches produced similar
results in terms of statistical significance. As a follow-up study, the most
significant sources, associated to the highest p-value in the likelihood scan,
have been compared to radio light curves, extracted from Owens Valley Ra-
dio Observatory (OVRO). An intriguing overlap has been observed in coin-
cidence with the source Jo242+1101 and its largest radio flare, as reported
in Figure 33. Additionally, Fermi-LAT and IceCube public data related to
the source have been investigated. In both cases, the most noticeable flare
seen in the last decades was in coincidence for all the four spectra. The
chance of the triple coincide between the observed flares by Fermi, OVRO,
and ANTARES has been studied and found to be at the level of 2.90. This is
an estimate that confirms the strong connection between variable neutrino
and electromagnetic emissions and motivates further studies with more ob-
servational data in the future.
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Figure 33: Light curves from the direction of the blazar Jo242+1101 as a function of
time observed, respectively from top to bottom, by: ANTARES, OVRO,
Fermi-LAT, and IceCube. Figure taken from [82].
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KM3NeT is a European research infrastructure building second-generation
multi-km? neutrino telescopes. It will host a network of Cherenkov detec-
tors, located at the bottom of the Mediterranean Sea: it, in fact, represents
a favourable environment for the construction and operation of neutrino
telescopes in its abyssal sites. The KM3NeT (acronym for Cubic Kilometre
Neutrino Telescope) design was built under the return of experience gath-
ered with the first-generation neutrino telescope built in the Mediterranean
Sea, ANTARES [83], in operation for more than fifteen years and disman-
tled in February 2022. This was the first experiment that demonstrated the
feasibility of measuring neutrinos in the deep sea with Cherenkov detec-
tors. KM3NeT comprises mainly two sites, related, respectively, to the two
main physics goals of the experiment:

KM3NeT/ARCA stands for "Astroparticle Research with Cosmics in
the Abyss’. It is located ~ 100 km offshore the Sicily coasts at a depth of
3500 metres, and aims to detect and characterise sources responsible for
the production of astrophysical neutrinos. In its final configuration, it will
instrument more than one cubic kilometre of seawater.

KM3NeT/ORCA stands for ‘Oscillation Research with Cosmics in the
Abyss’. It is located ~ 40 km offshore the Southern French coasts at a depth
of 2500 metres, ~ 10 km far from the ANTARES deployment site, and will
address the question of neutrino mass hierarchy through the detection of
atmospheric neutrinos, instrumenting in its final configuration ~ 7 Mton of
seawater.

The two detectors exploit the same construction technology, namely a
3D array of photosensors and the same detection principle. The main dif-
ference lies in the spacing between the modules itself, optimised for the
detection of the abundant flux of atmospheric neutrinos in the few-GeV
(KM3NeT/ORCA) or for the rarer astrophysical neutrino fluxes in the TeV-
PeV range (KM3NeT/ARCA).

57



58

KM3NET DETECTORS

3.0.1  The multi-PMT Digital Optical Module

Figure 34: Left: picture of the KM3NeT digital optical module. Right: schematic
representation of the components inside a DOM. Taken from [84].

The Digital Optical Module (DOM) developed by the KM3NeT Collab-
oration is an innovative multi-PMT solution enclosed in a single pressure-
resistant glass sphere of 0.44 m diameter [85]. It contains 31 3-inch photo-
multiplier tubes (PMTs), all electronics for the power and data acquisition
system, and all calibration devices. The innovative design was proposed for
the first time in 2003 and the first prototype was qualified, in deep water,
in 2013. With respect to other solutions used previously by other neutrino
telescopes, like the 10-inch photomultiplier tubes adopted in ANTARES or
in IceCube, the segmentation of the KM3NeT DOM has three times the pho-
tocatode area and also better photon-counting performances and better po-
sition and timing calibrations. Coupled with the required nanosecond tim-
ing accuracy, it also allows defining local triggers (implemented onshore) to
easily reject the environmental background (see Section 2.5.1). Furthermore,
considering the inaccessibility of the site, the impact of a failing PMT on the
overall detector performance is reduced since the module can still be oper-
ated efficiently. For what concern the technical implementation, PMTs have
a convex bialkali photocathode with an 80 mm diameter and a 10-stage
dynode structure. A polished metal ring surrounds the head of each PMT,
placed at an angle of 45° and providing a 92% reflectance for optical pho-
tons, with the main goal of increasing photon acceptance by 20-40%. The
PMTs are placed in rings, evenly spaced by 60° in azimuth: 19 PMTs are ar-
ranged in the lower hemisphere of the optical module and 12 in the upper
one. Even the displacement of PMTs has been optimised considering the
event topologies of signal events (mainly upgoing events) and considering
that sedimentation will affect primarily the top hemisphere of the mod-
ule, reducing the view efficiency of those PMTs. For this reason, electronics
and mechanical supports are placed in the top part of the DOM. A portion
of the top surface of the DOM is occupied by a mushroom-shaped alu-
minium structure, specifically designed to dissipate heat generated inside
the module, transferring it to the sea. The DOM is optically and electrically
connected to the network of the telescope via a hole, in the upper glass
sphere, and equipped with an hermetic pressure resistant penetrator for
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copper wires and optical fibres. In turn, each module is enclosed in a tita-
nium collar with polyethylene bollards to anchor it to the Dyneema® ropes
of the Detection Unit (see Section 3.0.2). The geometry of the full detector
is affected by the sea current and the position of the modules varies. At
the same time, the reconstruction precision needed for targeting neutrino
sources requires a position resolution of the optical modules on the order
of 10 cm. For this reason, each module is equipped with calibration devices
that provide tilt, pitch, and yaw to continuously measure its position and
orientation. In addition, an acoustic positioning system is used, comprising
a long baseline of acoustic emitters anchored at the seabed, hydrophones
at the base of the detection unit, and piezoelectric acoustic sensors in each
module. For timing calibrations, instead, each module is equipped with a
470 nm LED pulser, called nanobeacon, producing fast light pulses for timing
calibration of neighbouring DOMs. Nanobeacons are operated only during
dedicated calibration runs.

Figure 35: Exploded view of the KM3NeT DOM. Taken from [86].

3.0.2  Detector layout

A collection of 18 optical modules are connected together in a vertical struc-
ture called Detection Unit (DU) or string. Each DU is anchored on the
seafloor and is taught by buoyancy at the top to reduce the horizontal
displacement of the top relative to the base, in case of large sea currents.
For power supply and optical data transmission, each DU also comprises
an electro-optical cable, connected to the base module at the bottom of the
string. Each DU is connected in turns to a complex submarine network of
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Figure 36: Detector footprint for KM3NeT/ORCA (top) and for KM3NeT/ARCA
(bottom) in their final configuration. Taken from [86].

cables and junction boxes, specifically designed and deployed. The whole
detector is connected to the shore station via several main electro-optical
cables containing a limited number of optical fibres, but capable of guaran-
teeing the required bandwidth.

In their final configurations, the KM3NeT detectors will be organised in
Building Blocks (BB) of 115 strings each, 1 BB for KM3NeT/ORCA and 2



3.1 DATA ACQUISITION SYSTEM

BB for KM3NeT/ARCA. The footprint of the detectors is shown in Figure
36.

The detector layout is therefore defined by the inter-DOM distance within
a DU and by the distance between DUs. As already mentioned in the previ-
ous section, in order to target the specific goal for which KM3NeT detectors
are designed, KM3NeT/ARCA has an inter-DOM distance of 36 metres,
and the distance between neighbouring DUs is ~ 100 m, trying to instru-
ment the largest volume of seawater, preserving the ability to reconstruct
high-energy particles. DOMs in KM3NeT/ORCA are 9 metres away and
the DUs are spaced by 20 metres, creating a denser environment.

3.1 DATA ACQUISITION SYSTEM

In order to reduce the complexity of the hardware inside the optical mod-
ules, the "all data to shore" concept is adopted: all the photon hits are sent
to shore via a computer network which comprehends both the shore-station
and the detector. In the final configuration, the expected data throughput
from both sites is up to 500 Gbps. This implies that most of the detected
photons come from the environmental background (*°K decay) at a rate of 5
kHz per PMT. This must be compared with the signal event rate: astrophys-
ical neutrinos ~ 3 events/day in ARCA and atmospheric neutrinos ~ 50, 000
events/year reconstructed in ORCA, having a signal-to-noise ratio of about
1 in a million. For this reason, the performance required are: nanosecond
timing accuracy on the photon arrival time, effective and fast onshore on-
line trigger algorithms searching for correlations between all the photon
hits sent from the detector, rejecting environmental background. Concern-
ing the technical implementation, DOMs and base modules are submarine
nodes of the global networking infrastructure, together with the comput-
ing resources of the shore station. The largest part of the data stream sent
from the detector to shore contains digitised signals from the PMTs, sam-
plings of the acoustic waveform for detector positioning, and a continuous
stream of summary information sent by each DOM. The traffic required
to the slow-control section and from other instruments is negligible, while
each DOM is linked to the onshore network infrastructure with a dedicated
1 Gbps connection. Therefore, the main characteristic of the network is its
asymmetry, which originates after the so-called optical broadcast architecture
adopted for the global optical infrastructure. It consists of few downstream
optical links that broadcast slow control commands to the DOMs, while
the upstream links (one per DOM) transport the collected data to the shore
station. Exploiting these connections, a White Rabbit Switch fabric is used
to achieve the required sub-nanosecond synchronisation among the DOMs.
The data stream that arrives at the shore station is handled by a complex,
specifically designed architecture of queuing and filtering software. The fil-
tered data is then routed to a process that writes them to a ROOT-based file
on local storage.
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3.2 TRIGGER

Trigger algorithms are the very first step in selecting physical events and
reducing environmental background. However, an optimised balance is re-
quired among looser and stricter conditions, considering also the available
resources in terms of computing and data storage. Within the KM3NeT ex-
periment, trigger algorithms are based on the requirement of space-time
correlations between the registered photon hits. The following filter steps
are applied consequently to the data onshore, a part the first one, which is
applied offshore:

¢ the level-zero filter (LO) is a threshold for the analogue pulses of the
PMT. The threshold value can be modified online and is typically set
at 0.3 photoelectrons;

¢ the level-one (L1) asks for a coincidence of two or more L0 hits from
different PMTs in the same optical module, within a fixed time win-
dow, AT. The spread of this window is determined by possible delays
occurring during photon propagation in water, due to, for example,
scattering, setting typically values of AT= 10 ns. The estimated L1 rate
per optical module is about 1000 Hz, of which about 600 Hz from
40K decays (in KM3NeT/ARCA environment). The rate of L1 coin-
cidences depends on the assumed threshold set for the LO filtering
step;

¢ the level-two filter (L.2) asks for coincidences on PMTs too, but with
a further constraint on the angle between PMT orientation inside the
DOM itself, further reducing the data rate by a factor two;

* SuperNova (SN) trigger is a specific trigger implemented for super-
nova detection and is based on L1 hits with additional constraints on
the number of hit PMTs.

At this point, other aggregation steps are performed, searching for and
forming local clusters of hits that respect the following relation:

‘AH < |Ar|/cwater + Textrar (88)

where At and Ar is the time difference and the distance between two hits
within a possible cluster, ¢\ qter the group velocity of photons in water, i.e.
c/n, and Textrq is the additional time window, accounted for timing uncer-
tainties on photon propagation. After this step, all other hits that satisfy the
following conditions are connected to the already clustered ones:

¢ hits are causally connected to at least 75% of the cluster hits;

e hits are closer than 50 m to at least 40 % of the cluster hits.

Then, optimised algorithms for different event topologies, track-like or shower-

like, are applied in parallel to data: in fact muon trigger and shower trigger
are defined.
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MUON TRIGGER Under some approximations, i.e. ignoring the string
movement due to sea current effects, point-like geometry for DOMs and
straight line for muon tracks, the point of closest approach, called hot spot,
of the muon track to the detector line can be determined. The hot spot rep-
resents the seed for finding other casually connected hit clusters. DOMs
belonging to a single string are consecutively numbered along the z axis,
and for a given DOM in position 1, the adjacent and next-to-adjacent are
those on the floor i +j with j = 1,2. To correlate hits between these DOMs,
the arrival time of the photons must be within the interval:

At<j- Az% T, 89)

where Az is the vertical distance between adjacent DOMs, n the refractive
index of the medium and ts the additional time delay.

SHOWER TRIGGER For shower events, the trigger is simpler, since the
maximal 3D distance between PMTs can be applied without specific re-
quirements on the direction of the shower. A maximum distance travelled
by the light can be assumed, safely set to a few times the absorption length,
without a significant loss of the signal. This reduces the number of PMTs to
be considered and the time window that follows from causality.

3.3 EVENT RECONSTRUCTION

Various reconstruction algorithms have been developed, according to the
specific event topology occurring in the detector. Since no selection is per-
formed a priori, each event is reconstructed with all the algorithms.

3.3.1 Track reconstruction

The main goal of this reconstruction is the precise determination of the
direction and energy of ultra-relativistic muons.

DIRECTION RECONSTRUCTION The 3-dimensional muon trajectory, as-
sumed as a straight line, can be parameterised through five independent
parameters: its direction angles, time, and position along the trajectory. The
main issue is given by the non linearity of the problem, overtaken by the
use of pre-fits to provide a meaningful set of starting values. Assuming a
muon direction, a coordinate system can be defined with the z axis aligned
with the trajectory. The trajectory traverses the point z = 0 at time to and po-
sition xp and yo. In absence of scattering and dispersion, direct Cherenkov
light is expected to be detected by PMTs at the time:

~ Z. .
i :to+?l+tan(ec)%, (90)

pi = \/(Xi—xo)2+(yi—yo)2, (91)
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where p; is the minimum distance, on the horizontal plane, of the muon
trajectory to the PMT, the vector (xi,yi,zi) represents the PMT position and
0. is the Cherenkov angle. The linear pre-fit is sensible to outliers caused
by environmental background, and by delayed scattered Cherenkov pho-
tons. In order to exclude these, a cluster of causally related hits is selected
from the data (see Trigger section above). Possible outliers can also be sub-
sequently removed based on their effect on the total x2. The procedure is
repeated for a scan of the assumed track directions with a typical grid angle
of one degree. A set of n pre-fit directions provides a suitable start value
for the subsequent fit stage. n is a parameter that the user can decide and
adjust, now set to 50 for KM3NeT/ARCA.

Starting from the n pre-fits, the maximisation of the likelihood is per-
formed, fitting simultaneously all the five independent parameters. In the
likelihood function, the detector and physics effects are encoded thanks to
probability density functions:

0
L= H |:a]_:(pl/ ei/ d)il At) s (92)

hit PMTs

where 0; and ¢; are the orientations of the PMTs, and At is the time resid-
ual of the expected arrival time of Cherenkov photons with respect to the
measured one. An example of the PDF describing photon scattering and
muon energy losses is described in Section 2.5.

ENERGY RECONSTRUCTION The energy reconstruction of track-like events
is carried out once the trajectory has been determined. Information concern-
ing the spatial distribution of hit and non-hit PMTs is used. All PMTs within

a predefined width (typically 200 m) around the muon trajectory are used
to compute the hit probability.

3.3.2  Shower reconstruction

The shower reconstruction algorithm follows a two-step procedure: the fit
of the vertex, based on hit times, and the estimation of direction and energy,
using the probability of hit PMTs.

VERTEX FIT  The fit of the shower vertex starts from a small sample of hits,
which occurred to be in coincidence within 20 ns on the same DOM. Pos-
sible contamination coming from environmental background is reduced by
exploiting an M-estimator score function, comparing the expected arrival
time of photon hits, propagating on a spherical wavefront, with respect to
the measured one. In this way, the best-fit shower position and the starting
time are found, minimising the M-estimator.

DIRECTION AND ENERGY SHOWER FIT The fitted vertex position is
used as a starting point for the direction and energy estimation of the
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shower. The parameters are found starting from isotropic directions and
minimising a likelihood function based on the hit/non-hit probability.

From preliminary estimates, once KM3NeT will be completed, the direc-
tion and energy of the shower can be reconstructed with a median angular
resolution of 1.5 degrees and an error of approximately 5% in the energy
estimate, as shown in Figure 37.

KM3NeT/ARCA230 Preliminary
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Figure 37: Angular resolution for track-like (v,-CC) and shower-like (v¢-CC) inter-
actions, for KM3NeT/ARCA in its final configuration. For both samples,
the selection is at the analysis level, once the atmospheric muon contam-
ination is reduced. Figure taken from [78].

65



MONTE CARLO SIMULATIONS

Monte Carlo simulations are a key ingredient to interpret data recorded
by the detector and to understand systematic effects. Inside the simula-
tion package, the state of the art concerning theoretical knowledge on neu-
trino interaction processes and a deep understanding of the performances
and characteristics of all detector elements are encoded. In the context
of neutrino telescopes, Monte Carlo (MC) simulations can be subdivided
into three main consecutive steps: event generation, containing the physi-
cal properties of particles, generated in the proximity of the detector; par-
ticle and light propagation up to the optical modules; detector response
in terms of PMT behaviour, electronic response, data acquisition chain, and
trigger algorithms. The software packages used within the KM3NeT Collab-
oration have been partially developed within the ANTARES Collaboration
and have been updated to km? scale detectors.

4.1 EVENT GENERATION

The complete simulation of neutrino interactions and of atmospheric muon
bundles reaching the detector could be computationally intensive. For this
reason, particles are generated in the proximity of the detector. The instru-
mented volume can be seen as a cylinder that contains all the DOMs. At the
same time, particles that interact in its proximity can generate Cherenkov
light that reaches the optical modules. For this reason, the active volume is
defined as a cylinder, called can, having the bottom bounded by the seabed
and surrounding the instrumented volume, see Figure 38. The extension
of the can is defined by its radius, equal to n absorption lengths (Rcan =
n X Agqps) and by Z75¢. All the events that produce, directly or through
secondary products, Cherenkov radiation inside the can are stored in the
output file.
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Figure 38: Definition of the detector can. Figure taken from [87].

NEUTRINO EVENTS The software used to simulate neutrino interactions
inside the detector, developed within the KM3NeT Collaboration, is gSeaGen
[87]. It is a GENIE based code capable of simulating neutrino interactions
induced by all flavours (muon, electron, and tau neutrinos, interacting via
neutral or charged current) with energies up to several PeV. Neutrino fluxes
can be simulated isotropically in the sky or coming from a specific locali-
sation. An important concept is also the interaction volume. It is defined as
the volume surrounding the detector in which a neutrino interaction can
produce detectable particles. Even in this case, it is defined as a cylinder
around the can made of seawater or rock. The size of the interaction vol-
ume is defined by the type of neutrino event: for shower-like events, specif-
ically v.-CC and all NC interactions, the interaction volume coincides with
the can. For track-like events, instead, muons produced in neutrino inter-
actions can propagate for several kilometres reaching the can, even if the
vertex is outside it. In this case, the interaction volume is computed taking
into account the muon range in water or rock. When the v.-CC interaction
occurs, a muon can be produced as a result of T decay. Even in this case, the
interaction volume is defined by the muon range. The muon propagation
code used in the context of the gSeaGen library is the internal PropaMuon
or an external one, such as MUSIC [88] or PROPOSAL [89]. The neutrino
energy is always simulated according to a power law spectrum. The code
then provides a proper weight for each event that can be used to re-weight
the generated events according to a specific atmospheric or astrophysical
flux.
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The weight of each event can be seen as Weyt = Wgen - @(E, 0, ), with

O(E,

by:

with:

0, ¢) representing the neutrino flux and the generation weight given

Ig - Ig - Tgen : Agen Ny - EX. Pscate - PEartn(E; cosO)

NTot

(93)

Wgen =

It is the energy phase space. It is the integral of the generation spec-
trum « E~X, in the energy range (Emin, Emax). f X=1, [ = In(Emax —
Emin) otherwise Ig = (E}-X —E1=-X) /(1 —X);

max min

Ig (sr) is the angular phase space, depending on the type of neutrino
emission simulated: diffuse Ig = 271 (c0sOmax - cOSOmin) Or point-
like emission Ig = 1, dimensionless;

Tgen is the simulated lifetime;
Agen is the area of the generation surface;
N, is the number of generated neutrino types;

EX is the inverse of the generation spectrum, evaluated at the neutrino
energy;

Ntot is the number of simulated incoming neutrinos;
Pscate is the GENIE interaction probability scale;

Pgarth is the survival probability through Earth evaluated as:
PEarth(E, COS@) = eiNA'G(Ev)'pL(O) (94)

where o(E. ) is the total CC cross-section per nucleon. The Earth com-
position, entering through the column depth along the neutrino path
p1(0), is schematised assuming several consecutive layers of varying
density, encoded in the Preliminary Earth Model (PREM). This prob-
ability ignores NC interactions, where the neutrino energy decreases
but is not absorbed. The same applies to T regeneration. The survival
probability as a function of the cosine of the zenith angle is reported
in Figure 39.

ATMOSPHERIC MUONS Atmospheric muons represent the majority of
events recorded in a neutrino telescope, reaching the detector despite thou-
sands of metres of shielding material above it. They can also be used for
detector checks and calibration. Two main strategies have been developed

within the community to reproduce the flux of muon bundles reaching the

detector. The first is to take advantage of a complete simulation of air show-
ers, as done in CORSIKA [91]. The starting point for this approach is the
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Figure 39: Survival probability for neutrinos and anti-neutrinos traversing the
Earth in function of the cosine of the zenith (horizon is at o and a ver-
tical path traversing all the Earth is at 1). This survival probability is
reproduced and taken as a reference by the gSeaGen code. Figure taken
from [90].

simulation of the interaction of primary CRs with the atmosphere, develop-
ing and propagating the entire shower particle content down to sea level.
Lastly, muons are propagated up to the detector level. Despite the precision
obtained, the main drawback is the extremely high computational cost. In
addition, large uncertainties are still present on the interaction models and
on the primary composition of CRs. For these reasons, within the KM3NeT
Collaboration, MUPAGE software is adopted [92]. It is based on a param-
eterisation of the angular and energy distribution of atmospheric muons
underwater, as a function of the multiplicity and the radial distance to the
bundle axis. The parameterisation was derived from complete simulations
and measurements made at the MACRO experiment and extrapolated un-
der the sea. It has the advantage of producing extremely high statistics in
a reasonable amount of time, even if only a fixed atmospheric flux can be
simulated. Atmospheric muons are generated on the can surface, see Figure
38, between 0° and 85° in zenith angle, between 1 and 200 in multiplicity,
and up to 500 TeV.

4.2 PARTICLES PROPAGATION AND LIGHT SIMULATION

Long-lived particles that are saved in the generation step are then propa-
gated through the volume of the can. The water composition and density is
adjusted for each KM3NeT experimental site. However, the overall homo-
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geneity of seawater allows the usage of pre-compiled tables containing the
probability to detect a photon as a function of time, distance to the source
of Cherenkov light, energy of the particle, and incident angle of the light. In
under-ice detector, instead, the optical properties show an important depen-
dence on the ice stratification, requiring a single-photon simulation, highly
time and resource consuming. Tables are computed taking into account
light production mechanisms (ionisation, d-rays and Bremsstrahlung), light
transmission, and detection of light by PMTs. Tabulated values include only
direct light and single-scattered light.

4.3 TRIGGER SIMULATION

After light generation, the detector response is simulated. Random photon
hits can be added, according to a Poisson distribution, with a mean rate
extracted from real-data measurements. This procedure is capable of simu-
lating not only the environmental background, caused by decay of radioac-
tive salt in seawater, but also biological activity (bioluminescence) and any
kind of temporary problem related with the detector electronics. At this
point, the trigger and reconstruction steps are the same applied to data (see
Section 3.2 and Section 3.3).

4.4 RUN-BY-RUN APPROACH

The deep see environmental conditions have a significant impact on data
acquisition and the rate of recorded events. Biological and physics phenom-
ena show a seasonal evolving trend, even though, they are quite hard to
model and to predict. Also some elements of such big detectors can tem-
porarily or permanently be excluded by the data taking. The variation in
the event rate due to the optical background is extracted directly from the
data and used as input for trigger simulation. At the same time, the pro-
gramme is connected to a database where all the information concerning
the status of the detector elements is stored for each data taking run. To
correctly reproduce all these effects as reliably as possible, a run-by-run ap-
proach is adopted. It consists of the extraction of specific parameters from
the registered data to be used as input for the simulation. In this way, each
physics data taking run is associated with a specific simulated run.



NEUTRINOS FROM THE MILKY WAY

Several theoretical models predict and describe, in detail, the properties of
part of the diffuse neutrino flux originating from the interaction of Galactic
CRs with interstellar medium matter located at the centre of our Galaxy.
The common production mechanism of neutrinos and y-rays, through pion
decay, allows constraining the expected neutrino flux thanks to y-ray mea-
surements. The neutrino flux is therefore expected to be of the same or-
der of magnitude as the one measured by Fermi-LAT close to the Galactic
plane. Recently, the ANTARES Collaboration reported an excess of events
coming from the centre of the Galaxy over 20, and the IceCube Collabora-
tion reported the observation, for the first time, of neutrinos coming from
the Galactic plane at the level of 4.50. Despite the location of IceCube de-
tector that can look at the Southern sky only through downgoing events,
dealing with the overwhelming background represented by atmospheric
muons, new machine learning techniques and vetoing approach have been
exploited, leading to this breakthrough discovery. The computation of the
expected neutrino flux from the Galactic plane requires a broad knowledge
of several different aspects of our Galaxy, like the Galactic CR source pop-
ulation and its distribution, gas and matter density distribution, Galactic
magnetic fields, and much more. In the following section, a brief overview
of the topic will be given.

5.1 THE MILKY WAY

The Milky Way is the galaxy hosting the Solar System and the Earth. The
astronomical measurements of the properties of the Galaxy, with standard
optical photons, have been difficult, in the past, due to the position of the
Solar System within the Galaxy. Actual images show that the Milky Way
is basically a disk with a central bulge surrounded by a globular cluster
halo and can be classified as a barred spiral galaxy. Geometrically, it can be
divided mainly into two components: a spheroidal and a disk structure,
populated respectively by a different stellar population and by materials
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Figure 40: An artist’s impression of the Milky Way galaxy: left a face-on view, right
an edge-on view. Figure taken from [93].

with different characteristics. The spheroidal structure has three concentric
substructures: a very massive nucleus of around 3 pc of radius with a mas-
sive black hole at its centre, the bulge with a radius of ~ 3 kpc, and the
extended halo of about 30 kpc. The disk instead is 200-300 pc thick and has
a radius of 15 kpc. However, the precise determination of the disk radius
is quite difficult: the gas and atomic hydrogen disk extend up to 25 kpc,
even if the density decreases suddenly after 15 kpc. The sun is located in
the disk at 8.5 kpc from the centre. The spheroidal component is populated
by metal-poor stars and globular clusters, with a low density of gas and
dust. The disk, instead, has a high density of dust and gas, also known
as Interstellar Medium (ISM), and a high density of metal-rich stars. Com-
plementary information can be derived by looking at the Galaxy through
the radio emission at low frequency, generated by non-thermal synchrotron
emission of relativistic electrons moving into the Galactic magnetic field. It
shows a disk emission within Galactic latitude Ibl|< 5° and an ellipsoidal
halo.

5.1.1 Galactic Magnetic fields

Galactic Magnetic Fields (GMFs) play a primary role in driving Galactic
CRs, in star formation, and in many other physics processes. Knowledge of
its 3D structure is still limited, mainly due to the difficulties of studying an
object in which we are embedded. At the same time, it offers a unique op-
portunity to study the magnetic field structure at much smaller scales than
the one measured from nearby galaxies. Precise information on GMFs can
be derived from radio astronomy, measuring several observable like Zee-
man spectral splitting lines, polarised thermal emission, total intensity and
polarisation of Galactic synchrotron emission, Faraday rotation of polarised
sources, and UHECRs. Polarisation measurements tell us about the direc-
tion of the Galactic magnetic field. The strength of the magnetic field, in-
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stead, can be inferred from the Zeeman splitting lines effect and the Faraday
rotation of light from pulsars [94]. GMFs, on the basis of the actual knowl-
edge, can be modelled as a combination of: a large kiloparsec-scale coherent
component; a random component on a small scale (1-100 parsec); and an
intermediate-scale component that is ordered overall, but with small-scale
field direction reversals. The coherent component, observed, for example,
in the spiral arms, confines CRs. The similarity of field line patterns with
the ionised gas distribution supports the hypothesis that Galactic magnetic
tields affect the formation of spiral arms and the general evolution of the
Galaxy. The random component, caused by turbulence, supernovae, and
shocks, plays a role in the formation of molecular clouds and stars. The
intermediate-ordered component plays a role in the transport, heat, and an-
gular momentum of the Milky Way. Large-scale GMFs have a field strength
of the order of ~ 2-10 uG, ~ 2uG at the Sun position and with an increasing
trend towards the Galactic centre. The field is orientated mainly parallel
to the Galactic disk, with a small vertical component along the z-axis. An-
other component of the GMF is the halo. Its geometrical structure is not
yet well understood, with a magnetic field strength one order of magnitude
weaker than that in the disk. The halo magnetic field is of great importance
for the propagation of Galactic cosmic rays. Moreover, GMFs have impor-
tant implications in the deflection of extra-Galactic UHECRs. In fact, it may
be difficult to correlate the direction of UHECRS with astrophysical sources,
even if their charge and energy are accurately known, until GMFs are better
understood [95].

5.1.2 Interstellar medium matter

The Interstellar Medium (ISM) is the matter and radiation located in the
space between star systems within a galaxy. It is made of gas in ionised,
atomic, and molecular form and of dust. The gas distribution is traced by
the detection of emission or absorption lines, both in optical and in radio.
Dust instead is observed as large clouds obscuring the light of stars, as neb-
ulae reflecting the light of a nearby star, or through their infrared emission
in the vicinity of hot stars. At the level of our Galaxy, the ISM is located
mainly in the proximity of the Galactic centre and in the spiral arms. The
estimated mass is 10'° Mg, 98% of which is made up of hydrogen and
helium, the remaining 2% made up of heavier elements such as carbon,
oxygen, and other metals. Most of these atoms are in the form of gas, but
half of the heavier elements form dust. Going into more detail:

® Neutral atomic gas: it is mainly composed by atomic hydrogen (HI).
The gas could be in thermal equilibrium at relatively low tempera-
tures, T~ 100 K and located in dense clouds with a density of 20-50
cm~3 or at a temperature less than 10* K with a density of 0.3 cm~3.
These two states could coexist in pressure equilibrium, so that the
neutral atomic gas can be considered to be a two-phase medium. The

HI density, in the vicinity of the Sun, is lower than the values quoted
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above, suggesting that our Solar System is located inside a HI cavity,
called Local Bubble [96]. The bubble is filled with ionised hydrogen
with a very low density (~ 0.005 cm™—3) and was generated by several
past supernova explosions. It can be modelled as a cylindrical struc-
ture with a radius of 100-175 pc, with missing ends toward the north
and south Galactic poles. Studies have shown that the magnetic field
strength generated by the ionised gas in the wall of the Local Bubble,
perpendicular to the cylinder, is B | =8uG. This could have important
consequences on the propagation of CRs and neutrino emission [97].
For higher energies (E, > 1017 eV), the bubble is transparent, since
the Larmor radius (Rp ~ 100 pc) of such protons is larger compared
to the thickness of the bubble wall. For energies below 1 PeV instead
particles can be trapped in the wall and the flux measured inside the
bubble, suppressed;

Ionized hydrogen (indicated as HII): near hot stars, neutral atomic gas
can be ionised through UV emission. When electrons and protons
recombine, the photon emission is shifted toward lower frequencies,
with a typical wavelength of 656.3 nm, emitting Balmer lines. The
neutral hydrogen can be re-ionised, and the cycle continues. These
regions are associated with active star formation. In the end, when
supernova explosions and strong stellar winds occur, they disperse
the gases of HII, leaving a cluster of stars. Usually, ionised hydrogen
regions are concentrated in the spiral arms;

molecular gas: it is expected in high density and low temperature re-
gions, necessary for HI to bind in form of H2. These conditions are
met in cold dense clouds, called therefore molecular clouds. The most
common component of these clouds is in fact molecular hydrogen
(H2). Other molecules include carbon monoxide (CO), with its J = 1
—0 line, which astronomers often use to trace molecular cloud struc-
ture. In fact, H2 has no permanent electric dipole moment and small
moment of inertia, unable to produce emission/absorption through
vibrational or rotational motions. The H2 distribution is then derived
through CO measurements;

dust: it is typically in the form of ice grains of various species, such
as graphite, silicates, and perhaps metals. The size varies from 0.1 to
1 um. Thousands of tons of cosmic dust are estimated to reach the
Earth’s surface every year, and the density of the dust cloud, through
which the Earth is travelling, is approximately 10~° dust grains/ m?3.
Cosmic dust can also contain complex organic compounds.
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5.1.3 Galactic cosmic rays

The measured spectrum of Cosmic Rays (CRs) at Earth is the result of the
convolution of two basic processes: the acceleration in astrophysical sources
(see Section 1.2.3) and the propagation into ISM and GMF.

CR PROPAGATION The majority of the information concerning CR prop-
agation comes from the comparison of light elements (Li, Be, B) abundances
in CR and in the Solar System. In Section 1.2.2, a more complete explanation
can be found. A proton embedded in the Galactic magnetic field (=~ 3uG) of
energy 10° GeV has a Larmor radius of 0.36 pc, much smaller than the di-
mensions of the Milky Way. For energies up to 108 GeV, where the Larmor
radius starts to be comparable with the dimension of the Galaxy, CRs can be
considered confined in the Milky Way. Galactic magnetic fields are the main
factor that affects CR motion. If a constant magnetic field is present, the par-
ticle energy cannot change and the CR would propagate undisturbed. The
diffusive regime is reached by introducing perturbations to magnetic fields,
in the form of fluctuations of the fields itself, or induction of instabilities,
self-generated by the stream of charged particles [99]. It is also important
to note that the diffusion process is (quasi)resonant. This implies that the
component of the CR momentum, along the regular field, changes if the
particle finds a fluctuation in the magnetic field whose wavelength matches
the Larmor radius of the CR itself. Therefore, CRs can lose complete mem-
ory of their initial direction with respect to the regular magnetic field over
a few gyroperiods. This is a very short timescale compared to astrophys-
ical times and also to collisional timescale, for a typical ISM density of
1 cm™3. All these elements suggest that the CR movement is essentially
diffusive and collisionless, since CRs do not scatter on other particles but
on inhomogeneities of the magnetic field. The equation, describing the CR
propagation, is called diffusion-loss equation: it contains energy losses and
absorption resulting from the interaction of CRs with the ISM and a source
term, responsible for the injection of freshly accelerated CRs. Therefore, the
diffusion-loss equation can be formulated in the general form as follows
[100]:
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where Nj; is the density of particles per total momentum p for each CR
species i, Dy (T, p) is the momentum diffusion coefficient, Q (¥, p) encodes
the source and energy distribution. Vi, (7) is the Galactic wind velocity re-
sponsible for the advection of CR. In any case, for typical values of V,, ~ 10
km/s, its effect is relevant at 1 GeV and decreases at higher energies. The

time derivative of the momentum p accounts for momentum losses. The

High speed particle wind
blowing between 300-3000
km/s towards the halo,
generated by the SMBH at
the centre of the Milky Way.
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parameter T; is the time scale for radioactive decay at rest, while oj is
the spallation cross-section with interstellar gas. The macroscopic current
of CR J(¥,p) is determined through the spatial diffusion tensor Dy; as
Ji = —Dj;V;N. The presence of a large-scale Galactic magnetic field could
break the isotropy assumption, introducing a preferred direction. To solve
the transport equation numerically, it is necessary to discretise the equation,
i.e., writing it on a discrete grid and transform the derivative operators into

finite differences [100].

5.2 NEUTRINO EMISSION

In previous sections, the ingredients necessary for the calculation of the
Galactic neutrino diffuse flux have been introduced.

However, different models [75, 76, 101] based purely on IceCube all-sky
diffuse flux measurements have been formulated trying to solve the spectral
anomaly observed (see Section 2.6.1) postulating a Galactic diffuse neutrino
emission. They are based on minimal assumptions and on a very limited
number of free parameters, however showing common features and similar
predictive results with models exposed in the next section. Nonetheless a
coupled measurement of diffuse y-ray and neutrino flux offers invaluable
information on the spatial and spectral distribution of Galactic CRs. Fur-
thermore, the diffuse neutrino flux will provide a clear and unique window
into the mechanisms responsible for Galactic CR acceleration and propaga-
tion. The two common approaches in this case are to solve the problem
analytically, simplifying the CR transport equations, or numerically. The
numerical approach has been developed mainly based on codes such as
GALPROP [102] or DRAGONZ2 [100]. In the following sections, some of the
most up-to-date models will be briefly exposed.

CcRINGE MODEL CRINGE is a recently published model [103]. It has been
derived by fitting the CR spectrum from newly collected data from AMS-02,
DAMPE, IceTop and KASCADE. One of the main innovations of this model
is the accurate treatment of systematic uncertainties associated with each
component considered. A general formulation for the neutrino or hadronic
v-ray flux, given by the line-of-sight integral (s) of the volume emissivity
as a function of Galactic latitude (1) and longitude (b) and as a function of
energy (E) can be written as:

1 o0 o0 do
J(]'/ b/ F—) — E Z J dSJ dEI dT-TEL’_rL (E,/ E) . Im(r/ E/) . ngas,n(r) ‘T:T‘(l,b,s)’

mmnvo E

(96)

where ], is the Galactic CR intensity, and (dom,n/dE) is the differential
cross-section for y-ray or neutrino production from CRs of species m and
energy E’ on a gas species n. The variable ngqsn(r) is the 3D distribution
of ISM in the Galaxy.
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In the specific:

¢ the Galactic CR (GCR) distribution is derived by solving numerically
Equation 95 through DRAGON code. The assumptions made are the
isotropy of the diffusion process. The diffusion coefficient then de-
pends only on the rigidity of the particles. No advection nor particle
re-acceleration has been considered here. The source term in the dif-
fusion equation has been considered as Q(r,p) = S(r,z) - g(p), where
the momentum and spatial dependencies have been factored into two
separate components. The spatial distribution of the source S(r,z) has
a significant impact on the morphology of the diffuse emission sig-
nal. The assumed parameterisation is based on population studies of
SNRs and pulsars in the Milky Way. The injected spectrum g;(p) for
all nuclear species 1 is assumed to follow a single power law;

¢ the 3D map of ISM can be obtained from surveys of emission and
absorption lines. Assuming a different velocity between the gas and
the observer and a velocity model for the Galaxy, 2D surveys can be
moved into a 3D map;

¢ another source of uncertainty is represented by unresolved sources.
These are point-like sources with an emitted flux smaller than a cer-
tain threshold, linked to the sensitivity of current experiments. These
sources, however, collectively contribute to the diffuse flux, even though
the emission comes from specific astrophysical objects in the sky and
not from GCR interaction with the ISM and GMFs. For this specific
model, following Fermi-LAT observations in y-ray, the source pop-
ulation, composing the major part of unresolved sources, has been
attributed to pulsar;

¢ the flux of y-ray above few TeV is subject to absorption in the in-
teraction with the Galactic CMB and EBL. This should also be in-
cluded when the flux of y-rays is evaluated at Earth. It is incorporated
by calculating the survival probability o« exp(—t(E,s(l, b)), where
T(E, s(1, b)) is the optical depth evaluated along the line of sight. The
overall effect of absorption depends on the assumed CR and gas dis-
tribution, even if the dominant effect is the interaction with CMB.

All the parameters left free in the model are fitted simultaneously to the
available observational data. The best-fit model reproduced the GCR data
with a relatively good x?.

In Figure 41 the predicted flux of y-rays is reported in the window |b|
< 5% and 25° <1< 100°, for which observational data are available. Without
the inclusion of unresolved sources, the single power law emission of y-rays
is oc E727 for an energy range between GeV and tens of TeV. Above this
limit, the power law assumption is no more valid due to the knee in the CR
spectrum. The theoretical flux derived cannot explain the measurements by
LHAASO and Tibet ASy. The inclusion of unresolved sources significantly
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Figure 41: Top: y-ray intensity as a function of energy in the window Ibl < 5°
and 25° <1 < 100°. Observational data from TibetAsy, ARGO-YBJ and
LHAASO at high energy are also reported. Bottom: neutrino intensity
as a function of energy in the window |bl < 8° and |1l < 80°. For
both plots, CRINGE model prediction without (left) and with (right)
unresolved source contribution. The shaded bands represent the uncer-
tainties associated with each of the elements taken into account in the
modelling. Figures taken from [103].

increases the emission above a few tens of TeV, leading to a harder spectral
index, E~%3. However, in the high-energy part, the uncertainties associated
with unresolved sources dominate the total uncertainty. The single-flavour
neutrino intensity for the inner Galaxy region (Ibl < 8° and I11 < 80°)
is represented in Figure 41, compared to other models such as Fermi-rt°,
KRA?, and KRA%_’,O. Even in this case, the inclusion of unresolved sources in
the inner Galaxy window produces an enhancement in the intensity above
10 TeV. The prediction is close to the KRA2 model, even if the origin of the
hardening is of completely different nature. The predicted Galactic neutrino
flux from the CRINGE model, integrated between 10 GeV and 10 PeV, can
account for ~ 3% of the all-sky diffuse emission.

KRAy, MODEL A complementary approach, with respect to CRINGE model,
is the one adopted for the formulation of the KRA, model [104]. It aims to
reproduce y-ray observations in different regions of the Galaxy, with par-
ticular attention to the explanation of the hardening of the spectrum in
the inner Galaxy, observed by Fermi-LAT [105] (shown in Figure 42). Fur-
thermore, LHAASO [106] and Tibet Asy [107] experiments have recently
reported the first evidences of a diffuse y-ray emission from the Galac-
tic plane up to PeV energies. This should be originated by ~ 10 PeV CRs
injected into the Galaxy, produced in the so-called PeVatrons (see Section
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Figure 42: Spectra measured by Fermi-LAT Collaboration from the inner Galaxy,
with the associated systematic uncertainty (experimental points re-

ported as black dots, and grey shaded band representing systematic

uncertainties). For comparison, also the expected contribution from 7°-

decay (red dashed line), inverse Compton (green dashed line), and
bremsstrahlung (cyan dashed line) is reported. Figure taken from [105].

1.2.4), allowing to study directly the knee region of the CR spectrum. Even
in this case, the starting point is the numerical solution of the diffusion-loss
equation using the DRAGON2 code. The current model is based on the as-
sumption of an inhomogeneous diffusion of CRs in the Galaxy, taken into
account specifically to explain the hardening of the y-ray flux.

The diffusion coefficient can be written therefore as:

R 5(R)
D =Do- <%) . (97)

Based on Equation 97 two scenarios have been postulated: a y-optimized
model where the spectral index of the diffusion coefficient §(R) depends
on the galactocentric distance (R); and the base model where the diffusion
coefficient is spatially constant and tuned on CR measurements. Specifically
for the base model 6=0.5 is assumed, while for the y-optimized one it has
been parameterised as follow:

8(R) = 0.04(kpc 1) - R(kpe) +0.17  (forR < Ry = 8.5kpc), (98)
5(R) =05 (forR>Rg). (99)

In both scenarios, the normalisation of the diffusion coefficient Dy has
been chosen to reproduce the boron-to-carbon ratio. Taking into account
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also the large discrepancies observed in the CR spectrum measured by dif-
ferent experiments, two hypotheses have been chosen, which have been
called Min and Max configurations. The comparison of the derived y-ray
flux obtained through the base and the y-ray optimized scenario, with re-
spect to the observational data, is shown in Figure 43, in the window |b|

< 5°,25° <1< 100°.
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Figure 43: y-ray diffuse spectra from the base and y-optimized models compared to
Tibet Asy, LHAASO, Fermi-LAT and ARGO-YBJ data in the window
Ibl < 5°,25° <1< 100°. Contribution from unresolved sources is not
included. Figure taken from [104].

The main consequence of this model is that hadronic emission dominates
the y-ray flux at very high energies and in the innermost region of the Galac-
tic plane. The consequent neutrino emission is expected to overcome possi-
ble point-like sources sitting on the Galactic plane region and also inherit-
ing features of the initial CR spectrum. In Figure 44 the expected neutrino
emission is reported, together with the upper limits placed by ANTARES
[108] and together with the all-sky IceCube astrophysical neutrino flux.
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Figure 44: Full sky neutrino emission predicted with the KRA., in the base and -
optimized configurations, compared to model independent upper limits
obtained from ANTARES Collaboration [108]. The KRA% expectation is
also reported. Figure taken from [104].
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An earlier version of the model, known as KRA?Y, has been widely used

in the past and also in the recent IceCube template fitting analysis. This
model is based on the same assumptions as the one exposed above, with
the additional introduction of an exponential cutoff in the CR spectrum.
The apex 5 just refers to the value of the cutoff energy.
FERMI-T® MODEL A simple extrapolation of the neutrino diffuse emis-
sion can be obtained using the y-ray flux measured by the Fermi-LAT satel-
lite. As usual, the y-ray flux is a superposition of a leptonic and hadronic
contribution. Therefore, the main assumption to be made here is the per-
centage of y-ray flux originating from 7° decay. An estimate of the diffuse
photon flux, produced inside the Galaxy, was derived from the Fermi-LAT
Collaboration, subtracting all the detected point sources. The data collected,
above 3.4 GeV, can be described very well by a single power law where the
flux normalisation and spectral index are fitted from the data. The spec-
tral index obtained in the inner Galactic plane (Ibl <4° and 11 < 40°) is
found to be slightly softer, between 2.5 and 2.6, relative to the rest of the
sky. In the inner part of the Galactic plane, the 7t® contribution is found to
be around 70% at 10 GeV, and extrapolating at higher energies shows that
it is at the level of 45% at 1 PeV. The photon attenuation plays an important
role for photon energies above 10 TeV, for Galactic distances, but here it is
not taken into account. From the measured diffuse y-ray flux, the 7 flux
can be derived. Lastly, neutrino emission can thus be obtained in a similar
formulation, thanks to the relation between the = and 7° flux. Assuming
a single power law for neutrino emission, the fitted spectral index varies
from about 2.6 to 2.7, depending on the primary CR spectral index chosen
to reproduce y-ray measurements and depending on the particular region
of the sky.

5.3 ICECUBE OBSERVATION OF A DIFFUSE EMISSION FROM THE GALAC-
TIC PLANE

At the end of June 2023, the IceCube Collaboration reported the observation,
for the first time, of neutrino emission coming from the direction of the
Galactic plane, at a significance level of 4.50 [109]. As shown in Figure 45,
it was possible to obtain a neutrino map of the Galactic plane, paired with
those obtained through other optical and y-ray observations.

The Galactic Centre and the bulk of the expected neutrino fluence is
located in the Southern sky. IceCube neutrino observatory, located at the
South Pole, has perfect visibility for the Northern sky through upgoing
track-like events that use the Earth as a shield against the background of
atmospheric muons. To observe the Southern sky, the analysis of IceCube
data focused on events whose reconstructed interaction vertex was located
inside the instrumented volume. Also, vetoing techniques can be exploited
to reduce the background represented by atmospheric neutrinos. In fact,
at high energies, a fraction of atmospheric neutrinos can be tagged and

81



82

NEUTRINOS FROM THE MILKY WAY

Latitude [b]

n

Northern Sky
2
A— . S
25
Southern Sky
Galactic Coord

b e

‘ .
0

-120° -180°

o

Weight [sr~1]

<)
=)

N b
Significance
[o]

15° =

vobserved-——
Sy

Latitude [b]  Latitude [b]  Latitude [b] Latitude [b]

0
Galactic Longitude [/]

Figure 45: Galactic plane emission visible through photons and neutrinos. The -
ray emission is the integrated flux seen by the Fermi-LAT telescope at
energies greater than 1 GeV. The other panels show, respectively, the
expected neutrino flux, considering the 7 template and the template
itself convolved with angular uncertainty of the sample analysed (= 7°).
In the last panel, the pre-trial significance is reported from the all-sky
scan for point-like sources. Figure taken from [109].

excluded eliminating those events that contain also a simultaneous atmo-
spheric muon, originated within the same CR air shower. The flux of at-
mospheric ve, which generates cascade-like events inside the detector, is
also an order of magnitude smaller than the corresponding atmospheric v,
flux at the TeV scale (see Section 1.2.7). Focusing on cascade events allows
reducing atmospheric muon contamination and lowering the energy thresh-
old for the search for astrophysical neutrinos. The main disadvantage is the
low angular resolution, but in the case of extended regions, like the Galactic
plane, this can be compensated for. The discovery has been made possible
thanks to the application of innovative machine learning techniques that
have produced an increase in the statistics of the 10 year IceCube data set,
producing more than 20 times as many events as previous analysis, and
an improvement in the angular resolution by a factor 2 at TeV energies.
Atmospheric muon contamination obtained, with the developed event se-
lection, is on the order of 6%, and the contribution of astrophysical neutrino
events is at the level of 7%, with the remaining percentage represented by
atmospheric neutrinos. Three models have been tested for Galactic diffuse
emission: Fermi n°, KRAS and KRA3®. The expected neutrino emission
from the models has been converted into a spatial template, convolved with
detector acceptance and angular resolution of the data set. The t® model as-
sumes a single power law spectrum, with spectral index equal to 2.7, which
can be extrapolated up to TeV-PeV energies. The KRA, model assumes
a more complex energy dependence, based on the specific spatial region.
No assumption on absolute model normalisation has been made, consider-
ing the uncertainties related to the distribution of unresolved sources. The
background-only hypothesis has been rejected at the level of 4.71c for the
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n°, 4.37¢ for the KRA?, and 3.960 for the KRAf/O model. The fitted flux nor-
malisation obtained for the ° model at 100 TeV is 21.8 - 10712 TeV cm™—?2
s~!. For the KRA, models, since it has a more complex spectral depen-
dence, flux normalisation has been reported as a multiple of the predicted
flux, corresponding to 0.55 and 0.37 for the KRA? and KRA%_’,O, respectively.
The predicted energy spectra for the three tested models are shown in Fig-
ure 46, together with their best-fit flux normalisation.
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Figure 46: Energy spectra for the three different tested models. The sky integrated,
per-flavour neutrino flux is reported. Dotted lines are the model expec-
tations, while solid ones represent the best fitted normalisation values
obtained from the analysis, with the 10 uncertainty reported through
the shaded area. The diffuse all-sky flux measured by IceCube is also
reported with a grey band. Figure taken from [109].

The Galactic diffuse neutrino emission contributes also to the all-sky as-
trophysical diffuse flux. Its contribution varies according to each different
model, ranging from 6 to 13% at 30 TeV. However, these comparisons are
quite difficult considering the different spectral shapes tested, the different
energy ranges, and the event topologies exploited for the different analysis.
Interesting consequences of this observation can already be derived [110].
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KM3NeT detectors, thanks to their modular design, are capable of acquir-
ing data even in the construction phase and with an incomplete detector.
During each of the sea campaigns conducted by the KM3NeT Collabora-
tion in the last three years, new DUs have been deployed, producing a great
enlargement of the effective area of the KM3NeT/ARCA detector. After the
recent deployment, in September 2023, the KM3NeT/ARCA detector com-
prises 28 fully working DUs. The data analysed within the context of this
thesis were among the first collected by the Collaboration in its multi-DU
configuration. A lot of work has also been done in the tuning and test-
ing of the several components taking an active role in the data analysis,
i.e., Monte Carlo simulation parameters, reconstruction algorithms, calibra-
tions, and more. Within this chapter, the analysed data set will be presented,
with particular attention to data quality and the strategies adopted to filter
and analyse data. The number following the name KM3NeT/ARCA (i.e.
KM3NeT/ARCA6, KM3NeT/ARCAS) refers to the number of active DUs
that were taking data actively in a specific period.

6.1 DATA-TAKING PERIODS

The data included in the analyses reported within this thesis were collected
by the KM3NeT Collaboration starting from May 2021 up to the end of 2022.
During this period, four main detector configurations, and subsequent data
sets, have been made available to the analysers, for an overall livetime of
432 days, after data quality selection.

In the specific:

¢ KM3NeT/ARCA6 was in operation from May 2021 up to Septem-
ber 2021, for a livetime of 102 days. In Figure 47, the footprint of
KM3NeT/ARCAG6 can be derived considering the light blue and grey
points plus the DU in the red circle, marked as "recovery". Within this
period, a further split of the data set must be taken into account. A
first period, extending up to July 22™4, accounts for 60.2 days of live-
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Figure 47: Footprint of the KM3NeT/ARCA detector with 21 active detection units

(circular marks). The different colours refer to different marine sea cam-
paigns (referred to MOx-year in the legend) and therefore different de-
tector configurations. The recovered DU (red arrow) is just the DU-18
that no longer collected data during the KM3NeT/ARCAS period. The
rectangular markers are the junction boxes, specific optical and power
split points of the seabed infrastructure. MEOC-1 is instead the 100 km
long electro-optical cable, driving data onshore and providing the re-
quired power to the detector.

time over the full KM3NeT/ARCAG6 period. A second period from
July 224 up to September 10" was subjected to a special treatment
in the simulation, as erroneous time calibrations were assumed in the
acquisition of the data at trigger level. This erroneous calibration has
an overall impact quantifiable in a loss of 32% in the number of signal
events (number evaluated after a set of preliminary cuts). A special
treatment of the Monte Carlo allowed obtaining good agreement with
data and also to fully exploit this second part of the data set;

KM3NeT/ARCAS8 was operational from the end of September 2021
until the end of May 2022, for a total livetime of 212 days. During this
period, in December 2022, one of the DUs stopped working (DU-18),
leaving the detector, since then, with seven working DUs up to the
end of this period. From Figure 47, the KM3NeT/ARCAS footprint
can be derived by adding, with respect to the previous configuration,
the dark blue points. Unfortunately, DU-19 was connected, but did
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not take data during this period due to a connector failure within the
junction box;

¢ KM3NeT/ARCA19 was acquiring data from June up to September
2022, for a total livetime of 50.6 days. The footprint of this geometry
configuration can be obtained considering the additional green points.

¢ KM3NeT/ARCA21 was in operation from September 2021 until Septem-
ber 2022. Within the work of this thesis, for practical reasons, data up
to the end of 2022 were included, analysing an overall livetime of
67.4 days. The rest of the data, concerning this configuration geome-
try, are currently under analysis by the Collaboration. The footprint
in this case is obtained by adding the purple points.

Although the final geometry of the building block will be symmetric under
rotations, these partial configurations are not. This could introduce some
azimuth dependence in the distribution of the reconstructed events.

6.2 STABILITY OF THE DATA-ACQUISITION

KM3NeT detectors acquire data continuously throughout the day, with an
up-time of more than 95%. Thanks to the full-sky field of view and no
particular environmental constraints, the detector can always look at the
whole sky. The data acquisition is split into runs ranging from 3 to 6 hours.
Weekly, the "physics" data taking is interrupted, and some runs, scheduled
in advance, are devoted to calibration of the detector. A part from these
specific time periods, other dead times could be due to expert intervention
to fix specific problems. Usually, the stability of the event rate is used as an
estimator of the good quality of the acquired data, as shown in Figure 48.

5 DOARCAO021
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Figure 48: Time integrated number of events acquired with KM3NeT/ ARCA21
detector, in the period 20/08/23 - 27/08/23. The constant and mono-
tonic increase in the events collected, without any plateau, suggests a
stable and efficient data taking. The average data taking efficiency for
this week was evaluated to be at the 98.3%.
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Figure 49: Top: angular distance of the directions reconstructed, on the same trig-
gered events, respectively with static and dynamic calibration as a func-
tion of time. The median (solid red line) and the 32% quantile (dashed
blue line) are shown, calculated over one hour time interval. Points at
zero represent time windows with no data available. Bottom: Ampli-
tude of the string displacement, seen here as the angle with respect to
the vertical nominal position, as a function of time derived from the
acoustic positioning system. The sharp peaked string displacement is
highly correlated with the difference in reconstruction that takes advan-
tage of the two different calibrations.

All the data collected are filtered through specific trigger algorithms (see
Section 3.2) and then stored in ROOT-based files. The next step, before
performing high-level analyses, is to apply calibrations and reconstruction
software. A system of dynamic calibrations allows reaching very good an-
gular resolutions. Strings of the KM3NeT detector are moving under the
effect of the sea current. In both Monte Carlo simulations and data at the
trigger level, for simplicity, the detector is assumed to be at its nominal po-
sition. The acoustic positioning system, together with gyroscopes and other
sensors within the DOM, allows to know, with high precision (less than
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~ 10 cm), the position of each active element of the detector as a function
of time. This time-dependent position calibration, together with refined me-
chanical models of the string, allows fully reconstructing the movement of
the string. In Figure 49, the angular displacement of the string with respect
to the nominal vertical position as a function of time, measured through the
acoustic system, is shown in the bottom panel. To compare the impact of
dynamic calibrations with respect to a "static" calibration system, the same
events were reconstructed with the two different calibration approaches. In
the top panel of Figure 49, the angular distance between the reconstructed
directions of the same events is shown, assuming, respectively, a static and
dynamic calibration. This difference is binned in time and the 32% and
50% quantiles are reported. The correlation between peaks in the string
displacement and in the median angular difference, once dynamic position-
ing is taken into account, is quite striking. This improvement in calibra-
tion, witnessed by inspecting the time residuals of the reconstructed tracks
and the likelihood distribution, has been made available starting from the
KM3NeT/ARCAS data set.

64 DATA QUALITY AND RUN SELECTION

The KM3NeT detectors will produce a huge amount of data in more than
10 years of activity. For this reason, a wide spectrum of parameters and ob-
servables must be considered in order to ensure a good quality of the data
analysed. More specifically, each factor that could change data permanently
or temporarily should be taken into account and its impact quantified. More
or less stringent criteria for data quality could also affect the data/Monte
Carlo agreement. Therefore, this is also another important parameter that
is constantly evaluated and considered. All the runs registered by the de-
tector are classified as silver, gold and platinum runs, having more and more
stringent requirements for the quality of the data. The gold selection level
already represents a good set of candidate runs through which robust scien-
tific results are extracted. The platinum selection was designed for specific
searches for rare events that require high purity. In the analysis presented
in this thesis, the gold run selection has been used to produce the results
exposed. The main selection criteria that runs need to satisfy are:

¢ lifetime of the run between 1200 and 61200 seconds. The lower limit
is derived from the possibility to minimise errors occurring at run
change, while the upper limit is a constraint in order to have a reason-
able file size;

¢ lower limit on the efficiency of the data-taking evaluated here as the
(UTCiax-UTCin)/lifetime;

¢ upper and lower limit on the trigger rate, appropriately tuned based
on each specific detector geometry;
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¢ fraction of High Rate Veto (HRV) over the whole run. HRV is a veto
condition embedded in the firmware of the central logic board related
to the bioluminescence activity, and is tuned for each abyssal site of
the KM3NeT experiment;

¢ upper and lower limit on the mean and on the root mean squared rate
of PMTs, in order to avoid any issue related to malfunctioning PMTs
and in order to limit the bioluminescence activity;

* good and stable conditions for the electronic and time synchronisation
of the active elements in the detector.

The application of the run selection exposed above, once all calibration
runs and those scheduled for specific maintenance or upgrade are excluded,
selected the ~ 90% of the runs collected throughout all the different detector
geometries.

65 DATA SAMPLES AND EVENT SELECTION

In the following section, a general overview of the analysed data samples
will be provided, specifically for each detector configuration. Before going
into details and evaluating the numbers, some details must be specified.

6.5.1  Neutrino fluxes

As already anticipated in Section 4.1, neutrino events are generated in
Monte Carlo according to a specific power law and are stored in files along
with a generation weight Wgen. To obtain the proper weight for each event,
Wgen should only be multiplied by a specific neutrino flux. In this work,
the conventional atmospheric neutrino flux adopted to weight events is
that provided by Honda [111]. The flux ¢ is available in tables as a func-
tion of the neutrino energy and of the incoming zenith direction. Unfor-
tunately, tables are available up to 10 TeV. Therefore, an extrapolation has
been performed by the Collaboration to derive the flux parameters at higher
energies. The extrapolation was extended over the PeV energy range; there-
fore corrections for the CR knee have to be taken into account, specifically
assuming a primary mass composition for the CR spectrum given by the
Gaisser-H3a model [112]. For the prompt flux component, the calculations
made in the ERS model [113] have been adopted. In this case, the flux is
available for all energies of interest. Only a corrective factor for the CR
knee (similar to that used for conventional flux) has been adopted. For the
subsequent development of this chapter, the uncertainty associated with
the atmospheric fluxes used is also important. As shown in Figure 50, the
relative error associated with the Honda flux is reported as a function of
the neutrino energy. The computation is available up to 1 TeV and is then
extrapolated to higher energies. For simplicity, it is generally assumed to
be a constant contribution of the order of 20-30%. For what concerns the
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ERS model, also here the error has been provided directly from the authors,
coming mainly from the uncertainty on the primary CR mass composition
and slightly on the cross-section of charmed particles. It is assumed to be

about 40%.
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Figure 50: Overall uncertainty (black solid line) for atmospheric neutrino flux cal-
culated with Honda model (single error source contribution also shown).
Figure taken from [111].

For what concern astrophysical neutrino fluxes a simple power law per
each individual neutrino flavour is generally assumed, of the form:

E,

Eo

Some standard fluxes have been considered in this work. Specifically, an
all-sky diffuse flux of the form ®,=1.2-10"% GeV" ' m~2s ! sr ! and I'=2,
used also in [86], and the best fit flux obtained in a recent work from the
ANTARES Collaboration for neutrino emission from the Galactic Ridge of
the form ®4=7.6- 107> GeV~' m™2 s~ ! sr—! and I'=2.45 [114].

—Ir
q)SStT‘O(EV) — (DO i ( > Gev—] m—z S_] ST_lu (IOO)

6.5.2  Effective area

The number of detected events for a given neutrino flux can be obtained
through what is called effective area, following the formula:

NV—JGJ(EV)-dEV-Af,”-T (101)
where T is the livetime considered. The effective area can, in turn, be de-
fined as follows [29]:

ASTT(Ey) = A Pyu(Ey, EN ) e e O(Ev)-pNAZ(0) (102)

with A the geometrical detector area, P, the probability, for a neutrino
with energy E., to produce a muon with sufficient energy to reach the de-
tector and e relates to the overall efficiency, including possible trigger, recon-
struction, and analysis selection cut efficiencies. The term encoded in the
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exponential instead is the Earth survival probability, also shown in Figure
39. More refined calculations can be obtained directly from the Monte Carlo
simulation. In fact, the effective area information is implicitly encoded into
the generation weight with the following relation:

eff N N (Ev) Wgen * (1-X)

S W5 S TR P (o
with Ny (Ey) number of events in a given energy bin, X the generation
spectrum (usually equal to 1.4 in KM3NeT simulations), Eyqx and Emin
are the maximum and minimum generated neutrino energies and Nio¢
is the number of generated events. The effective area is also a parameter
through which the performances and construction status of neutrino tele-
scopes can be evaluated. In Figure 51, a comparison of the effective areas
of KM3NeT/ARCA for upgoing track-like events is reported, specifically
evaluated for each different detector geometry. Also, the effective area of
ANTARES is reported, although it is not a completely fair comparison, con-
sidering the different muon contamination present in the data samples and,
therefore, the different analysis selection efficiency.

Effective Area

103E

102€

Arcab (v,CC, v,CC) - [reco, up]
Arca8 (v,CC, v,CC) - [reco, up]
m—=Arcal9 (v,CC, v,CC) - [reco, up]
m— Arca2l (v,CC, v,CC) - [reco, up]
m—— ANTARES (v,CC, v,CC) - [reco, up]

=
o
&

2 3 4 5 6 7
log1o(E, [GeV])

Figure 51: Comparison of the effective areas for track-like upgoing events of
KM3NeT/ARCA detector, calculated with respectively 6, 8, 19 and 21
active detection units.
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6.5.3 Event selection

The primary issue of all analyses developed within the KM3NeT Collabo-
ration is to reduce the background represented by atmospheric muons and
generated within the environment surrounding the detector itself. Most of
the environmental background is reduced at the trigger level, asking for
photon-hit clusters, in between different DOMs, to be casually connected.
What still survives from this first filtering step can be rejected with some
simple cuts on reconstruction variables like likelihood or number of hits.
The atmospheric muon background rejection is more difficult. The topol-
ogy of these events, being downward-going particles (see Section 2.4), can
be exploited to reduce this component by using the Earth as a shield. There-
fore, a cut is applied to the reconstructed zenith. The surviving atmospheric
muons are those that have been wrongly reconstructed as upward-going
particles. The rejection of this component change according to the anal-
ysis, depending on several aspects, i.e., signal efficiency required, purity,
source extension, methodology of the search, and more. In the context of
the analysis presented in this thesis, the signal is represented by astrophysi-
cal neutrinos that produce track-like events within the detector. Taking into
account also the extension of the source in the sky, a further requirement of
well-reconstructed tracks can help in obtaining a better overall background
rejection. The event selection developed is mainly organised into two steps.
Firstly, a set of fixed cuts on reconstruction variables, common also to other
offline analyses developed by the Collaboration, has been applied in order
to get rid of the environmental and part of the atmospheric muon back-
ground. A second step was also developed, using Boosted Decision Trees
(BDT), capable of classifying the surviving part of atmospheric muons and
rejecting the majority of them. More details are provided in the following
sections.

6.5.3.1 Fixed cut selection

The fixed cut selection has been developed by the Collaboration for the first
time and has been slightly modified during several expansions of the detec-
tor. It consists of a series of consecutive cuts on reconstruction variables, as
explained more in detail in the following;:

* Preliminary selection: a first set of preliminary cuts have been applied in
order to select all the events that have been successfully reconstructed
by the track algorithm. Furthermore, this selection level contains the
requirement that the variables of interest (likelihood, see Equation 92,
estimate of the angular error called 3o, the reconstructed track length,
and energy) are within a physics range, specifically greater than zero;

* Anti-noise selection: random coincidences in the detector, produced by
environmental background, are generally reconstructed as track-like
candidate events with a low likelihood value. These events are also
usually reconstructed as up-going particles. For this reason, a cut in
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likelihood is adopted. In particular, in Figure 52, the zenith distribu-
tion for data and Monte Carlo of the KM3NeT/ARCAS8 detector is
reported before (left) and after (right) the application of anti-noise
selection (likelihood cut at 40). The discrepancy observed at zenith
values above 120° is due to the environmental background, which is
not simulated in Monte Carlo. During the enlargement of the detector
geometry, the trigger conditions have been changed and appropriately
tuned. Despite this, the specified likelihood cut has always been ver-
ified to efficiently remove the surviving environmental background;

KM3NeT/ARCAS8 preliminary KM3NeT/ARCAS8 preliminary

Events / bin
Events / bin

.
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Figure 52: Data and Monte Carlo comparison for the zenith distribution of
KM3NeT/ARCAS events. Left: distribution after preliminary selection.
Right: distribution after preliminary and anti-noise selection. The dis-
crepancy between data and Monte Carlo observed in the left plot, for
zenith values above 120°, is due to environmental background events
that are not simulated within the Monte Carlo chain. After applying the
anti-noise selection, a satisfactory data/Monte Carlo ratio is recovered.

* Upward-going selection: a cut is applied to the reconstructed zenith
of the events to reduce the number of downward-going atmospheric
muons. Looking at the distributions of the reconstructed zenith (see
Figure 52), for each single component simulated in Monte Carlo, the
curve representing atmospheric muons is steeply decreasing with the
increase of the zenith angle. Neutrinos instead are almost flat, evenly
distributed in zenith, except for a mild peak at the horizon. Despite
the fact that a stricter cut on the zenith would have allowed rejecting
more atmospheric muons, at this stage of the selection the priority
was also to keep the larger number of signal events as possible. For
this reason, the zenith cut, after several optimisations, has been chosen
to be set at cos(0zenitn) < 0.1 (equivalent to 0,enith > 85°);

e Final fixed cut selection: other two cuts on reconstruction variables have
been applied. The first is performed on the parameter referred to as
Bo. It is an output of the track reconstruction algorithm and should
be a proxy of the angular error associated with the track direction. It
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is defined as /02 + Gﬁ, where oy and oy are the errors along the x
and y axes of the transverse plane with respect to the direction of the
incident particle. Considering the aforementioned cut on the recon-
structed zenith, the surviving muons are only those that have been
wrongly reconstructed as upward-going particles, having therefore a
large angular error. However, the 3o variable did not show a high
correlation with the angular resolution, evaluated on the Monte Carlo
sample. When inspecting the distribution, a cut in logjo(o) < -1.5
helped in the rejection of the remaining atmospheric muons. The sec-
ond cut was applied to the reconstructed track length. As shown in
the right panel of Figure 53, most of the atmospheric muons show a
track length shorter than 200 m. This could be mainly due to the con-
volution of the detector geometry and the incoming particle direction.

KM3NeT/ARCAS8 preliminary KM3NeT/ARCAS8 preliminary
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Figure 53: Data and Monte Carlo comparison after upward-going selection for
(left:) the angular error estimate (3¢, and (right:) the reconstructed track
length.

TUNING AND VERSIONING For each new detector configuration, the
data and Monte Carlo have been processed with the most up-to-date soft-
ware versions at that specific moment. Multiple tests have been conducted
to try to reduce the data/Monte Carlo mismatch, especially in some specific
zenith and energy ranges. However, these changes produced a significant
modification in the overall data/Monte Carlo ratio, as can be seen from Ta-
ble 1. In any case, regular updates to Monte Carlo, reconstruction software,
and other points of the processing chain, coupled with enlargement of the
detector, have significantly improved overall performance. One of the most
important updates, whose effects are visible also in the change of the data-
Monte Carlo ratio trend, is the tuning of the MUPAGE parameterisation on
the data. In fact, starting from the KM3NeT/ARCAS data set, a tuning of
the parameters used to simulate the flux of atmospheric muons has been
conducted, thanks also to the parallel work done on the KM3NeT/ORCA
detector. In Table 1, a detailed description of the numbers related to the
different data sets is reported at different levels of selection.
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Selection level

Atmo p  Conv atmo v Prompt atmo v

cosmic v

DATA  DATA/MC

KM3NeT/ARCAG - first period

Preliminary ~ 8.0x10° 429 3.1 5.91 8.8x10° 1.11
Anti-noise  5.8x10° 313 2.0 4.2 5.7x10° 0.98
Upward-going 4.9x10% 231 1.7 2.33 3.48x10% 0.71
Final fixed cut 3.3x10% 191 1.4 2.0 2.4x10% 0.70
KM3NeT/ARCAG6 - second period
Preliminary  9.5x10° 237 1.8 3.16 8.5x10° 0.89
Anti-noise  7.9x10° 188 1.6 3.12 5.6X10° 0.70
Upward-going  2.3x10% 152 1.1 1.6 1.6x 10" 0.71
Final fixed cut 1.7x10% 128 1.0 1.4 1.2x10% 0.70
KM3NeT/ARCAS
Preliminary ~ 1.8x10” 1231 11 18.78 2.6x10” 1.46
Anti-noise  1.6x10” 1049 9.8 16.63 2.3x107 1.45
Upward-going 1.3X10° 779 6.4 9.21 1.5%10° 1.13
Final fixed cut 4.5x10% 422 3.7 6.7 5.1x10° 1.13
KM3NeT/ARCA19
Preliminary  1.4x10’ 940 6.8 9.31 1.9x107 1.4
Anti-noise 1.3x107 829 6.3 8.61 1.8x107 1.38
Upward-going  6.1x10% 599 4.0 4.8 7.4x10% 1.21
Final fixed cut 2.5x10% 445 2.9 4.05 3.2x10% 1.24
KM3NeT/ARCA21
Preliminary ~ 2.4x10” 1534 10.6 14.21 3.0x107 1.26
Anti-noise 2.1x107 1346 9.8 13.13 2.6x10” 1.24
Upward-going 1.1x10° 977 6.3 7.33 1.2X10° 1.07
Final fixed cut 4.7x10% 733 4.6 6.1 5.1x10% 1.06

Table 1:

Table summarising events contained in each of the data sets analysed.
Numbers reported after each subsequent selection level applied and spec-
ified in the text. The cosmic neutrino flux adopted here and for which the

numbers refer is @y =1.2-1074 GeV~"' m 2 s~ ! sr ! and I'=2.
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Figure 54: Data and Monte Carlo comparison for reconstructed zenith and energy
for the KM3NeT/ARCA6 and KM3NeT /ARCAS detector configura-
tions, after the final fixed cut selection.
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Figure 55: Data and Monte Carlo comparison for reconstructed zenith and energy
for the KM3NeT/ARCA19 and KM3NeT /ARCA21 detector configura-
tions, after the final fixed cut selection.

6.5.3.2 Boosted Decision trees

Even after the application of the final fixed cut selection, the background
represented by atmospheric muons is still larger than the neutrino sample.
For this reason, it was decided to train a Machine Learning (ML) algorithm,
specifically a Boosted Decision Tree (BDT), in order to classify and reject
atmospheric muons.

A decision tree is a binary tree classifier in which repeated decisions are
made (yes/no), on a single variable at a time, until a stopping criterion is
found. The boosting part, for this ML method, refers to the possibility to
aggregate more binary trees (forest) and to combine each output at the end
into a single classifier, assigning to each of the trees a specific weight.

The different detector geometries included in the whole data set do not
allow to produce a coherent classification, exploiting one single trained
model. For this reason, two separate models were trained, respectively, on
KM3NeT/ARCAS8 and on KM3NeT/ARCA21 Monte Carlo. The KM3NeT
/ARCAS8 model was then used to also predict the output score on the
KM3NeT/ARCAG6 data set, after a careful evaluation of the score distribu-
tion. Instead, the model trained on KM3NeT/ARCA21 was used to predict
the output score also on the KM3NeT/ARCA19 data set.
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Specifically for the KM3NeT/ARCAS training, 10% of the simulated life-
time within the Monte Carlo production is taken as a train sample and is
not used in the later steps of the analysis. At the analysis level, the entire
data lifetime is used, simply by rescaling Monte Carlo with the missing 10%.
For KM3NeT/ARCA21 instead a specific ML production has been made
available by the Collaboration, and therefore the trained model has been
applied to all the data and Monte Carlo standard production. The BDT was
trained with unweighted events in Monte Carlo. Taking into account the
simulated statistics for each neutrino flavour and for atmospheric muons,
the resulting training data set was unbalanced. The signal, labelled as 1,
was considered to be all neutrino flavours with an angular resolution lower
than 5 degrees. The background, labelled as -1, was all events reconstructed
with an angular resolution greater than 10 degrees. This choice was made
since after the upward-going selection step, the training data set is mainly
composed by wrongly reconstructed atmospheric muons, having a median
angular resolution much greater than 10 degrees. Finally, considering also
the limited portion of the sky in which we are interested in the analysis, a
signal event with an angular resolution greater than some degrees would
not be detected.

The features used to train the BDT were variables produced as output
from the reconstruction algorithm.

FEATURE SELECTION Among all the available variables, a subset of 15
was selected, based on their separation power, and chosen to be as less
correlated as possible. The feature selection has the main advantage of re-
ducing overfitting, improving overall accuracy, and reducing training times.
The selection was based on the possibility of ordering each input variable
based on a specific scoring function. The function adopted was ANOVA,
acronym for Analysis of Variance, a commonly used statistical method to
check whether the mean of two groups is significantly different and to eval-
uate their distance. The 15 variables selected with this method are:

e track length;
* log10(Bo): the logarithm in base 10 of (3¢ variable;

¢ likelihood: the likelihood resulting from the track reconstruction algo-
rithm;

e zenith angle reconstructed by the shower algorithm. A good capability
for the shower algorithm to reconstruct the zenith direction of track-
like candidate events was observed. This variable therefore enhances
the already applied cut within the upward-going selection step;

e ratior10 defined as the ratio of early time photon hits with respect to
all hits used in reconstruction;

e ratio lower hits defined as the total number of triggered hits on the
lower hemisphere of the DOM with respect to the total number of
triggered hits;
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* reconstructed zenith produced by the track reconstruction algorithm;

* number of Cherenkov DOMs defined as the number of DOMs which
registered a photon hit time compatible with the direct Cherenkov
light emission;

o minimum zenith solution: each track-like candidate event was recon-
structed exploiting 50 pre-fits, each of them reconstructing a different
zenith direction for the event. This variable is the minimum recon-
structed zenith among the 50 pre-fits produced for each event;

o normalised likelihood defined as the difference between the maximum
and minimum likelihood among the 50 values available from the pre-
fit step normalised to the value of the best likelihood;

o maximum triggered ToT representing the maximum registered Time
over Threshold (ToT) for the triggered hits within each event;

* number of good solutions defined as the number of pre-fits whose angu-
lar distance with respect to the best-fitted track direction is below one
degree;

* maximum difference solution defined as the maximum angular distance
of the pre-fit solutions with respect to the best-fit track;

* number of triggered lines is the number of DUs containing at least one
DOM that registered a triggered hit;

* downgoing solutions is the number of solutions among all the available
pre-fits, that produced a downgoing track-like candidate.

The order of the variables reported in the above list is also representative
of their importance in the classification step for the trained model. In Figure
56, the unweighted distributions of the signal and background sample are
reported, for each of the selected variables.

MODEL OPTIMISATION The tuning of the hyperparameters of the cho-
sen model is another step required to produce an efficient and accurate
classifier. This can be done with already built-in methods in common ML
libraries, like the Grid Search method. It allows to scan and test all the pos-
sible combinations of hyperparameters, within pre-defined values. Each of
the models, resulting from a specific combination of hyperparameters, can
then be ordered on the basis of selected metrics. Specifically, for each model
tested during optimisation, a set of predefined cuts was also applied to
the resulting BDT score, linearly spanning the whole range (within -1 and
+1). Therefore, the chosen metrics to order and categorise the models were:
cosmic neutrino efficiency, atmospheric neutrino and muon contamination,
and the overall data/Monte Carlo ratio. More than 2500 combinations of
hyperparameters were tested. The tuned hyperparameters optimised were:
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Figure 56: Distribution for each of the input variables used for the BDT training, di-

rectly output of the TMVA package. Background (red) and signal (blue)
distributions are separately reported.

NTrees: number of trees in the forest. Within the best model, it was set

to 1200;

MinNodeSize: minimum percentage of training events required in a
leaf node. Within the best model, it was set to 1;

NCuts: number of grid points in a variable range used to find optimal
cut in node splitting. Within the best model, it was set to 14;

MaxDepth: maximum depth of the decision tree allowed. Within the
best model, it was set to 6;
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* AdaBoostBeta: learning rate for AdaBoost algorithm. Within the best
model, it was set to 0.02.

The boosting technique used here is the well-known Adaptive Boost (or
AdaBoost shortly). It consists in a re-weighting of the incorrectly classified
instances such that the subsequent classifiers focus more on difficult cases.
The boost weight is defined, starting from the misclassification rate err of
the previous tree, as:

1T—err

x = et (104)

Within this framework, the learning rate is represented by the parame-
ter B that influences the variation of the boost weight « — of. A "slow
learning" can, in fact, improve the performance of the algorithm. For more
details, see [115].

OUTPUT SCORE DISTRIBUTIONS In the left panel of Figure 57, the final
unweighted distribution of the BDT score is shown, evaluated, respectively,
on training and test samples. In the right part of Figure 57, the receiver
operating characteristic curve, or the ROC curve, is reported instead. The
ROC-integ value, also reported in the figure, is the integral of the ROC curve.
This value is also known as AUC (area under the ROC curve) and repre-
sents a scalar metric of the efficiency of all possible cuts in the classification
score.
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Figure 57: Left: BDT score distribution evaluated on the training and test sample.
The visible agreement between the curves suggests the lack of overfit-
ting during the training. Right: ROC curve, widely used metric to com-
pare and evaluate the performances of ML methods.

An important step, in order to assess the robustness of the trained model,
is to check and verify the agreement between the BDT score distribution
evaluated both on data and Monte Carlo. Here in the following, the weighted
BDT score distributions on Monte Carlo and on data for the different detec-
tor geometries are reported. Taking into account the region of interest for
the development of the analysis (generally above 0.4), a satisfactory agree-
ment is reached .

Event  selection developed in  tight collaboration with V.  Tsourapis:
tsourapis@inp.demokritos.gr.
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Figure 58: Data and Monte Carlo comparison for the BDT output score distribu-
tion, evaluated on KM3NeT/ARCAG6 (left panel) and KM3NeT/ARCAS8

(right panel) data sets.
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Figure 59: Data and Monte Carlo comparison for the BDT output score
distribution, evaluated on KM3NeT/ARCA19 (top panel) and

KM3NeT/ARCA21 (bottom panel) data sets.

6.6 PEAK CLUSTERING - KM3NET/ARCA21 DATA SET

During preliminary data and Monte Carlo comparisons conducted on the
KM3NeT/ARCA-21 data set, a peak has been observed in the reconstructed
zenith distribution of the data, which is not present in Monte Carlo. The
peak, as shown in Figure 60, is suspiciously located at a distance of ~ 42°
from the vertical position, equivalent to the Cherenkov angle for ultrarela-
tivistic particles propagating in water. After a more detailed study, it was
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Figure 60: Reconstructed zenith distribution from the shower algorithm. The plot
was produced after final fixed cut selection, with a further cut on likeli-
hood greater than 75, in order to make more visible the peak in the data
distribution.

possible to reconstruct the shower vertex position of those events and cor-
relate it with the nearest DOMs. All events that make up the observed peak
are compatible with a possible light emission in correspondence with DOM
12 on DU 12. Unfortunately, this is a DOM that lost communication with
onshore more than a year ago, and was not possible to check its status nor
re-configure and disable the instruments on-board. To try to assess and iso-
late this kind of events, a detailed analysis at the triggered hit level was
performed. The main idea is to try to cluster events, based on a common
topology or signature of the light pattern left inside the detector. The first
thing noticed was a high number of hits with long ToT durations in the up-
per DOMs within DU12, i.e. DOM13 DU 12, and specifically on the PMTs
located in the lower hemisphere. Furthermore, also looking at the footprint
of the KM3NeT/ARCA-21 detector (see Figure 47), DU12 was quite isolated
from the other DUs. The nearest DUs that could have also seen some light
were DU5 and DUT11. Taking into account this, it was possible to test and
compute the time residuals of the registered triggered photon hits with
respect to the expected arrival time. The expected arrival time was calcu-
lated by assuming a point-like emission of light produced in correspon-
dence with DOM12 DU12, even if the exact cause of this light emission is
still a mystery. The script developed was therefore launched on each sin-
gle event in each of the 561 runs that were forming the KM3NeT/ARCA21
data set. Among all events analysed, it was possible to identify and isolate
some, as can be seen in Figure 61, that showed a time residual on the upper
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DOMs of DU12 and the DOMs of DU5 consistent with the hypothesis made.
Additionally, all events selected based on their time residuals also showed
a common topology of photon hits registered by DOM13 DU12. They were
quite uniformly distributed on all PMTs contained within the lower hemi-
sphere of DOM13 and also showed a very long ToT duration. Thanks to
this analysis, it was possible to compile a list and exclude the majority of
these suspicious events, allowing to restore a satisfactory data/Monte Carlo
ratio and to safely analyse the KM3NeT/ARCA21 data set. Further investi-
gations are, however, still ongoing by the Collaboration. The same kinds of
checks have also been performed on the other KM3NeT/ARCA data sets,
included in the analysis, but they do not show any of the characteristics of
the distributions observed in the KM3NeT/ARCA21 data set.
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Figure 61: Time residual distribution calculated for triggered hits under the as-
sumption of point-like emission in correspondence of DOM12 DU12.
Top: Time residual compatible with the hypothesis, used to flag suspi-
cious events. The further plot presented in the pop-up window shows
the time residual distribution on the individual PMTs of DOM13 DU12.
As can be seen, most of the hits have been registered for channel-ids >
12, belonging to the lower hemisphere of the DOM. Bottom: time resid-
ual distribution of the other events analysed. It is clearly visible that the
points are not compatible with the assumption made. The event topol-
ogy analysed here was presumably caused by a downgoing atmospheric
muon.
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The Galactic plane is the most evident source in the sky in all the electro-
magnetic wavelengths. According to the hadronic production mechanism,
the predicted neutrino flux is expected to be of the same order as the y-ray
flux, and in the innermost part of the Galactic plane, defined here 11 < 30°
and |bl < 2°, namely the Galactic Ridge, the CRs spectrum should be de-
scribed by a spectral index harder than that measured locally at Earth. The
ANTARES Collaboration recently reported an excess of events coming from
the Galactic Ridge that was incompatible with the background expectation
at the ~ 96% confidence level. The IceCube Collaboration has reported the
first observation of high-energy neutrinos from the Galactic plane, with a
statistical significance of 4.50 (see Section 5.3). In this context, the analysis
performed and described in this Chapter, searching for a neutrino emission
from the Galactic Ridge, was the first ever done with data collected by the
KM3NeT experiments.

7.1 KM3NET/ARCA VISIBILITY

KM3NeT detectors are located in the Northern hemisphere. Taking also into
account track-like events and the accuracy in their reconstruction, these
events represent the golden channel for searches of astrophysical neutrino
sources. As explained in Section 2.4, in order to reduce the overwhelm-
ing background represented by atmospheric muons, the Earth is used as a
shield and upgoing events are selected. Specifically, the KM3NeT visibility,
through track-like upward-going events, covers, for most of the time, the
Southern sky, where the Galactic Centre is located. A visibility map for a
neutrino telescope located in the Mediterranean Sea is shown in Figure 62,
where the largest part of the Galactic plane is visible for more than 75%
of the time. At the contrary, neutrino observatories located in the South-
ern hemisphere, like IceCube, are more sensible to astrophysical neutrino
sources located in the Northern celestial hemisphere. However, thanks to
cascade and veto techniques, they were also able to observe this portion of
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Figure 62: Sky visibility of a neutrino telescope located in the Mediterranean Sea,
in Galactic coordinates. The dark (light) blue shaded areas represent
the visibility over 75% (25%). Some candidate neutrino sources are also
reported. Figure taken from [86].

the sky, but with an overall angular accuracy of ~ 7° [109]. In Chapter 5,
it was also shown how the expected neutrino flux is highly influenced by
unresolved sources. For this reason, the good angular accuracy of track-like
upward-going events detected by KM3NeT and other neutrino telescopes
in the Northern hemisphere will be fundamental in the precise characteri-
sation of the neutrino flux coming from the Galactic plane.

7.1.1  Template fitting and model independent search

Up to now, two different methodologies have been used for the study of
the neutrino emission from the Galactic plane. One is based on a template
titting, like the one used recently by IceCube Collaboration and previously
also by ANTARES [116]. Models like the ones presented in Chapter 5, i.e.
KRA,, CRINGE, Fermi-n°® are capable of producing a detailed pixelised
map of the neutrino emission from each portion of the sky. Furthermore,
the fluence and spectral shape can vary as one moves from one pixel to
another on the map. An example of the neutrino sky map predicted by
the KRA, model can be seen in Figure 63. The analysis is then carried
out through an unbinned likelihood method, testing the signal hypothesis
(H1) with respect to the background only hypothesis (HO). The number of
signal events is then incorporated in the likelihood for the H1 hypothesis
as s = T- Wmodel, €xtracting the parameter r directly from the fit of the
data. This method has the advantage of constraining each model and the
subsequent starting hypothesis with high precision and fully exploiting the
statistical power of a likelihood method. On the contrary, it is highly depen-
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y — optimized Max model, E=10 TeV

-9.01074 -14.1305

Figure 63: Per flavour neutrino sky map at 10 TeV energy predicted by the +y-
optimized Max model, represented in Galactic coordinates. The colour
scale is proportional to the logarithm of the flux. Figure taken from
[104].

dent on the theoretical model considered, with all the uncertainty related
to it, as has also been shown in Chapter 5. Another technique exploited by
ANTARES and then by the KM3NeT Collaboration is a model-independent
search, capable of putting more general limits on the neutrino flux, with-
out relying on any specific model assumption. This technique is based on
a cut-and-count approach, comparing the number of events and the energy
distributions observed from the region of interest, called the ON region,
with respect to a background estimation derived from regions in which
no signal is expected and therefore defined as OFF regions. In this second
methodology, background estimation is a crucial part. For observatories
like KM3NeT, located at mid-latitude, the Earth rotation allows observing
different portions of the sky, but with the same exposure and the same
coverage for the detector, simply at different times within the day. For Ice-
Cube, located at the South Pole, the Earth rotation does not produce the
same effect, leaving the Galactic plane in almost the same location of the
sky. Also for this specific reason, KM3NeT detectors are privileged obser-
vatories in the search for neutrino emission from the Galactic plane, being
capable of exploiting both the two analysis methodologies exposed above.
Taking into account all the uncertainties related to a new detector, currently
under construction, such as KM3NeT, and the possible bias in the energy
and direction reconstructions, the second methodology has been chosen,
being more reliable and less error prone. In fact, at its final stage, it simply
relies on a data-to-data comparison of the obtained energy distributions.

7.2 PREVIOUS SEARCHES FROM THE GALACTIC RIDGE

The ON-OFF technique exposed above was already used in other searches
carried out within the ANTARES Collaboration. An attempt was carried
out in 2016 [117], taking advantage of the first six years of data, but already
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able to put constraints on the theoretical models available up to that time.
A second search was recently performed, increasing the size of the data
set and also including the shower sample [114]. This search, in which I
participated in developing and producing shower selection, observed an
excess of events from the ON region incompatible with the background
expectation at the level of 2.20. Under the single power law assumption, as
follows:

ENT
D(Ey) = Do - <V> : (105)
Eo
it was possible to fit and derive the per-flavor neutrino flux parameters:
O(1GeV) =7.6739-107> GeV 'em 25 'sr ', (106)
I'=245.

7.3 ANALYSIS STRATEGY

The overall strategy adopted within the work of this thesis is the ON-OFF
technique exposed also in the previous section. The simple idea is to com-
pare the energy distributions obtained from, respectively, the ON and OFF
regions, searching for a possible excess originated by the signal we are
searching for. The Galactic Ridge is the region in which our searches fo-
cus and can be defined as |b| < 2° and I1l < 30° in Galactic coordinates.
The choice of this definition for the Galactic Ridge extension was motivated
mainly by the fact that it contains the Galactic bar and the innermost part
of the spiral arms. These are responsible for the highest star formation rate
inside our Galaxy. Furthermore, with respect to previous searches, where
the Galactic Ridge was defined as |b| <3°and |1l <40° [117], the smaller
region adopted here allows easier comparison with respect to the observed
v-ray fluxes exposed in [118], and with respect to the recent results ob-
tained by the ANTARES Collaboration [114]. Also, reducing the extension
of the observed sky region from which we are expecting the signal to come
from has the advantage of reducing the signal dilution into the background,
which originates from atmospheric muons and neutrinos reconstructed in
the same portion of the sky.

An important effect to consider in the search is also the angular resolution
of the events. In fact, even if the Galactic Ridge is defined as Ibl| < 2°
and |1l < 30°, some part of the signal originated inside this region could
be reconstructed outside. For this reason, to take this effect into account,
the ON region has been dynamically defined as |bl < Ibyeco | and |11 <
Ilyeco |- To mimic the effect of angular resolution on the simulated signal,
only events whose true Monte Carlo direction falls in the region Ibl| < 2°
and [11 < 30° are taken into account. Furthermore, a second requirement
is also applied, which asks the reconstructed direction to come from the
region |bl < Ibreco | and 11 < Ilyeco |- The two dimensions (breco, lreco)
will be chosen on the basis of an optimisation procedure (see Section 7.4.2).
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The events selected in this way are then weighted according to a proper
astrophysical flux, i.e. the best fit found by ANTARES.

The OFF region is defined as the same region in the sky as the ON re-
gion, with therefore the same sky-coverage, but shifted in right ascension.
Taking into account a movement of ~ 15° /hour in right ascension, the shift
can be translated into a shift in time. A schematic representation of the
shift in right ascension and the subsequent definition of the OFF region is
given in Figure 64. The map, in Galactic coordinates, shows the ON-region
(green rectangle) and the OFF-region, obtained by shifting the ON-region
by a given time. Each rectangle refers to a precise time shift. Therefore,
the OFF region can be defined continuously, applying a random shift in
time between the two extremes [tp, t1]. The exact values of ty and t; are
chosen based on the optimised amplitude of the ON region and with the
unique constraint to avoid an overlap of the OFF region with the Fermi
Bubbles. On the map reported in Figure 64, the two extremes were [4.5h,
17.5h]. The exclusion of the Fermi Bubbles from the OFF region was done
to avoid possible bias in the background determination. This in fact is a re-
gion whose y-ray emission was detected by the Fermi-LAT telescope and in
which the nature of the y-ray production is not yet understood, possibly be-
ing leptonic or hadronic. Therefore, from this region a flux of astrophysical
neutrinos could originate. Past searches for neutrinos coming from Fermi
Bubbles have also been conducted by the ANTARES Collaboration [119].

To reduce the statistical error associated with the background estimation,
each event that does not fall either in the ON or within the Fermi Bubble
region is shifted multiple times. After each shift, if the event falls into the
ON region, then it is selected and used for the background estimation. Thus,
for each event, a weight w; is assigned proportional to the number of times
the event has been selected.
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Figure 64: Map in Galactic coordinates of the ON (green rectangle) and OFF
(viridis rectangles) regions. The OFF region can be seen as the continu-
ous portion of the sky locked up by all the viridis rectangles.
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7.4 OPTIMISATION PROCEDURE

Putting together all the different parts exposed in the previous sections, the
final selection is chosen based on an optimisation procedure. After the final
fixed cut selection (see Section 6.5.3), the remaining cuts that still need to
be determined are the following:

¢ a cut on the BDT score: this is strictly connected to the atmospheric
muon contamination. Furthermore, it has been trained to recognise
events with angular resolution below 5°, therefore it has an impact
also on the final resolution of the sample considered;

* the extension of the ON region (breco, lreco). The optimal point re-
flects the angular resolution of the data set and also represents the
right balance between the inclusion of as much signal as possible,
avoiding to include too much background;

¢ another variable scanned in the optimisation is the reconstructed en-
ergy of the events. The range of values scanned for this variable is,
however, limited since precise knowledge of the signal shape is not
available, and the excess of ANTARES starts to be visible around 10
TeV.

7.4.1  Model rejection factor

The Model Rejection Factor (MRF) is a method to optimise experimental
cuts in order to place the strongest constraints on theoretical models [120].
All optimisation procedures, which were developed within the blinding
policy of the KM3NeT Collaboration, were performed only on Monte Carlo
simulations. The definition of MRF is based on the concept introduced by
Feldman and Cousin of the average upper limit. This limit calculation can
be seen as the limit that would be observed, after hypothetical repetitions
of the experiment, with an expected background ny and no true signal. The
average upper limit can therefore be defined in the following manner:

n Mobs
) (), (107)

figo(Mu) = Y oo(Mobs, Mb) Mopo)]

T‘-obs:O
with ny the number of expected background events and g the expected
upper limit. Over the set of hypothetical experiments, the strongest con-
straint is given by the set of cuts that minimise the quantity:

MRF — Peo(mo) (108)

Ns

where ng is the number of signal events. Both ny and ng can be derived
from the Monte Carlo simulation. From the value of the MREF itself it is also
possible to derive an estimate of the sensitivity as follows:

®(E,0)90 = ®(E,0) - MRF. (109)
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7.4.2  Optimisation results

An optimisation procedure was performed, based on the minimisation of
the MREF, on each individual data set. A critical point could be raised con-
sidering that the optimal set of cuts for the whole merged data set does not
coincide with the optimal points found for each single data set. As it will
be shown in the following section, all the minima found are quite wide in
the parameter space, and for data sets referring to a similar detector config-
uration, i.e. ARCA6 and ARCAS8 or ARCA19 and ARCAZ21, the individual
optimal selections often coincide. Furthermore, the BDT models have been
trained on different configuration detectors, leading to slightly different fi-
nal score distributions. Lastly, considering the rapid growth of KM3NeT
detectors and the increase in the number of different data sets to handle,
it will be easier and faster in the future to combine results at the statistical
level, with respect to handling a common optimisation each time.

For each of the variables taken into account in the optimisation, differ-
ent cut values have been considered, linearly spanning a pre-defined range
of values. Therefore, the MRF value is calculated for each possible com-
bination of cut values. The number of signal events considered here are
weighted with a single power law spectrum with a spectral index I'=2.4,
similar to the best fit found by ANTARES [114]. The optimal point does
not depend on the spectrum normalisation assumed, but only on the spec-
ified spectral index. In Table 2, the optimised selections for each detector
configuration are reported, with particular attention also to other checks
performed.

breco lreco BDTscore T ng n

v Energy cut [GeV]  MRF
ARCA6
7 33 0.6 24 10104 61 500 5.33-10%
ARCAS8
5 31 0.6 24 210104 64 No cut 2.68-10%
5 31 0.6 24 205104 54 500 2.59-10%
5 32 0.6 24 1.9510 % 4.4 1000 2.55-10%
6 32 0.6 24 135104 145 5000 2.66-10%
5 33 0.6 20 1.6510 % 6.8 No cut 3.47-10%
5 31 0.6 27 1.2:10° 638 No cut 4.56-10°
ARCA19
4 31 0.4 24 165101 3.9 500 2.90-10%
ARCA21
4 31 0.5 2.4 2441074 56 500 2.20-10%

Table 2: Reported optimised cut values found after the MRF minimisation over the
whole tested parameter space.
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In Figure 65, the contour plots of the MRF are reported as a function of
the three optimised variables.

Specifically, for the KM3NeT/ARCAS data set, more entries have been
reported. In each of them, a different starting value for the optimisation
procedure was chosen, i.e. a change of the assumed signal spectral index or
an increasing energy cut, to check possible differences with respect to the
selection adopted. The amplitude of the ON region and the BDT cut are
quite stable for all different parameters tested. Concerning the energy cut,
the best value would result in a cut at 1 TeV. Despite this, considering also
the energy resolution of the detector still to be improved, a conservative
approach has been adopted. Therefore, a cut at 500 GeV was adopted. In
fact, moving the energy cut to a value of 500 GeV produces a degradation
of the MRF value of the order of ~ 2%.

To estimate the efficiencies obtained after the final optimised selection
and to easily compare the numbers with those reported in Table 1, the
number of events for the full sky is reported in Table 3, after the application
of the optimal BDT and the energy cut found. The signal efficiency and

Detector BDT cut Atmopn Atmov Cosmicv DATA €signal Hcont
ARCAG6 - 1%t period 0.6 18 76.92 0.91 108 46%  ~20%
ARCAG6 - 2™4 period 0.6 13 53.23 0.67 77 8%  ~20%

ARCAS 0.6 9 193.13 3.37 308 47% ~5%

ARCA19 0.4 7 193 2.2 289 54% ~5%

ARCA21 0.5 12 330 3.3 510(*) 54% ~5%

Table 3: Reported the number of surviving events in the whole sky after the appli-
cation of the optimised cut on the BDT score and on energy.
(*) The data events for ARCA21 reported in the table have been computed
after the subtraction of events probably at the cause of the peak observed
in the zenith distribution and flagged with the methodology described in
Section 6.6. At this stage of the selection, the number of flagged events
subtracted from the final sample is 12.

muon contamination reported in Table 3 are computed respectively as:

number of selected cosmic signal events

€signal = . : ; "
J number of cosmic signal events at previous selection level

number of atmo muon surviving the selection
sum of all events passing the selection level

Hcont =
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Figure 65: Contour plot of the MRF value reported as a function of the three opti-
mised variables. The central plot corresponds to the combination of pa-
rameters producing the minimum MRF, marked with a red point. The
plots on the left and right show the same distribution for adjacent BDT
cuts. The two innermost contours around the minimum represent the
relative variation of 1% and 5% with respect to the minimum MRE.



7-4 OPTIMISATION PROCEDURE

7.4.3 Angular resolution

The final optimised cut on the BDT dramatically reduced the number of
atmospheric muons in the final sample. At the same time, the signal effi-
ciency suggests that almost 50% of the overall signal (containing track-like
and shower-like events) is lost with the introduction of this final cut level.
Looking more deeply into the numbers, and in the methodology of the
analysis, the events we are more interested in are those with a good an-
gular resolution. For this reason, the plots of the angular resolution are
reported in Figure 66. The parameter o has been computed considering the
angular distance between the true neutrino direction and the reconstructed
direction of the outgoing muon.
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Figure 66: Histogram showing the angular resolution (o) of the simulated neutrino
sample, weighted with a E~2 single power-law, at final fixed cut level
and after the BDT and energy cut (top and bottom left panels). For
comparison also atmospheric muon angular resolution is reported.

In the legend of the plots in Figure 66, the integral number of signal
events with an angular resolution below 10°, before and after the introduc-
tion of the BDT cut is also reported. The value of 10° is taken as a reference,
also considering the typical optimised angular amplitude of the ON region.
If the signal efficiency is now recomputed considering only the subset of
events with a good angular resolution (below 10°), a general value of ~ 80%
is obtained. For completeness, the angular resolution of muons at the final
fixed cut selection is also reported. In fact, considering the cut on the re-
constructed zenith, most of the muons are badly reconstructed as upgoing
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and, therefore, showing a high angular resolution. A peak around logio ()
~ 1.9 is visible for both neutrinos and muons. A possible explanation could
be given considering those events interacting outside the detector and pro-
ducing photon hits that impinge on multiple DOMs at the same time. With
this specific topology, the reconstruction algorithm can mis-reconstruct the
direction of the particles shifting the direction by a value equal to double
the Cherenkov angle.

7.4.4 Merging event selections

In order to simplify and get comparable results, further studies have been
performed to try to merge the different event selections for the smaller
detector, i.e. KM3NeT/ARCA6 and 8 and the larger detector geometries,
i.,e. KM3NeT /ARCA19 and 21.

Inspecting the optimal selection found for KM3NeT/ARCA6 and for
KM3NeT/ARCAS the only difference is in the amplitude of the ON region.
For this reason, the sensitivities, only for KM3NeT/ARCA®6, have been cal-
culated assuming a smaller ON region, namely Ib| <5° and [11 < 31° like
the one found for the KM3NeT/ARCAS detector. This produces a degra-
dation in the final sensitivity of KM3NeT/ARCAG6 of the order ~ 4% with
respect to optimal selection. Considering the impact of this detector geom-
etry on the final combined sensitivity, the final selection adopted for both
KM3NeT/ARCA6 and KM3NeT/ARCAS is:

Final fixed cut selection + BDT score > 0.6 + Energy > 500 GeV,
[Lreco | <31°, Ibreco ! <5°

The same treatment has been applied for the KM3NeT/ARCA19 and 21
data sets. In fact, the only difference there is the value of the cut in the
BDT score. Even in this case the sensitivities for KM3NeT/ARCA19-only
have been computed with a stricter cut on the BDT score > 0.5. This has an
impact quantifiable in a sensitivity degradation of the order of ~ 3%. Also
in this case the two event selections have been merged into a common one,
as follows:

Final fixed cut selection + BDT score > 0.5 + Energy > 500 GeV,
Ilreco | <31°, Ibreco | <4°

The numbers reported in following sections will refer to this two selections.
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7.5 FINAL BLINDED ENERGY DISTRIBUTIONS

Once the final selection is implemented in the different data sets, the ON
and OFF energy distributions can be derived selecting the events falling in
the ON and OFF regions, as described in the previous sections. For blinding
policy, the energy distribution from the ON region was blinded, scrambling
the right ascension of the events considered. Blinded energy distributions
are reported in Figure 67.
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Figure 67: Blinded energy distributions for the four different data samples. Shaded
blue areas represent the background derived from data in the OFF re-
gion, with its relative statistical uncertainty. For comparison but not
used in the other steps of the analysis, the background derived from
Monte Carlo simulations (dotted blue line) is also reported. The scram-
ble data points falling in the ON region (black triangles) and the ex-
pected signal events, weighted with the ANTARES best-fit flux [114],
are also drawn (red line).

In Table 4, the integrated energy numbers obtained from the distributions
of Figure 67 are reported.

Detector | MC bkg estimate Data bkg estimate Signal events
ARCA6 4.1 4.8 0.34
ARCAS 5.4 7.6 0.8
ARCA19 3.2 4.9 0.59
ARCA21 5.5 8.03 0.93

Table 4: Energy integrated background estimation derived from data and from
Monte Carlo. The Monte Carlo estimate is simply reported as a further
check of the data and Monte Carlo comparison. The expected number of
signal events is also computed, assuming the ANTARES best-fit flux [114].
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7.5.1 Statistical analysis

To derive limits and fitting parameters of interest, the following statistical
approach have been used. It allows also to handle easily possible combina-
tion with other detectors, i.e. ANTARES, and a proper treatment of system-
atic uncertainties. The statistical treatment starts from the binned energy
distributions in the ON and OFF regions. From the content of each bin, the
following binned likelihood method can be applied, considering Poisson
statistics:

L(Ny,S;(T), B, e) = H Poisson(Ny, B; +¢€-Si(®y,T) (110)

1

where:

¢ S;i(TI") is the expected number of signal events in each i-th bin, accord-
ing to a specific signal flux. In the context of this work, only single
power law (@, ") was assumed to shape the signal;

* B; is the expected background derived from data in the OFF region;
¢ Nj; is the number of ON events;

® ¢ accounts for systematic on the signal acceptance. Further details are
given in Section 7.8.

To easily treat systematic and statistical uncertainties, a Bayesian approach
has been used. This offers the main advantage of integrating out the nui-
sance parameters, thanks to the marginalisation of the posterior probability.
In the frequentist approach, the profiling of the likelihood is very inten-
sive from a computational point of view, and it greatly increases with the
number of nuisance parameters to be profiled. To build the posterior distri-
bution, some assumptions have to be made, incorporated in the prior terms
as follows:

Background prior, 7t(Bs; B?, 6}3) = (111)
H Gaussian(By, u = B?, o= e%)
i
signal systematic, 7t(e;e,) = Gaussian(e,u=1,0=e,) (112)

signal prior, 1(®y, ') = flat (113)

As the background is derived directly from data, only statistical uncertain-
ties e have been taken into account. The systematic on signal acceptance
e, has been incorporated after detailed calculations (exposed in Section 7.8)
accounting for an overall 20% uncertainty. The prior on the signal has been
taken flat, < 1. Putting together previous Equations 110-113, the posterior
probability can be obtained as a product of the priors with the likelihood
function. Again, due to posterior marginalisation, nuisance parameters are
integrated out, and the posterior distribution can be written as a function



76 SENSITIVITIES

only of the parameters of interest, specifically ®¢ and I'. Further infor-
mation from the posterior distribution can be obtained as best-fit points,
68% 90% and 99% credible interval contours, upper limits, the best-fit nor-
malisation for each tested spectral index, and sensitivities drawing pseudo-
experiments. An example of the statistical procedure, through some images,
is reported in Figure 68.
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Figure 68: Left: 2D plane showing the posterior distribution as a function of the
parameters of interest, ' and ®y. Red lines mark the 68%, 90% and
99% contours, and the white cross shows the best-fit point, obtained
maximising the posterior probability. Right: Profiling of the posterior
distribution, fixing the spectral index I' and deriving the 90% upper
limit.

76 SENSITIVITIES

Sensitivities can be obtained from the same scheme exposed above, thanks
to pseudo-experiments. The number of observed events in each energy bin
N; is extracted as follows:

Ni ~ Poisson(Bg), (114)

compatible with the background only hypothesis. For each pseudo-experiment,

consisting of the extraction of the n values Nj, with n the number of en-
ergy bins, the 90% upper limit can be calculated, producing the distribution
shown in Figure 69. Therefore, the sensitivity is calculated as the median
upper limit. This calculation can be repeated in parallel for all spectral in-
dices tested, allowing to put specific constraints as a function of the spectral
index itself.
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Figure 69: Distribution of 90% upper limit obtained for each pseudo-experiment,
for a given fixed spectral index, i.e. '=3.5. Sensitivity is extracted taking
the median upper limit (marked by the red dashed line).

In Table 5 the sensitivities calculated for the different data sets have been
reported, as well as more general combinations, for a subset of tested spec-
tral indices. The combination of different detector configurations is per-
formed by multiplying the respective posterior probabilities.

Sensitivities
' ARCA6 ARCA8 ARCA6+8 ARCA19 ARCA21 ARCA6+8+19+21
22 73107° 36107 28107° 41107 3.0107° 1.4.107°
23 22107% 1.1.100% 83.107°> 1.2:107% 8.9.107° 4.2.107°
24 571074 32107% 24107% 36-100% 26-107% 1.2.1074
25 161073 8810~* 7.0107% 97.107% 7.210°* 3.5.1074
26 421073 241073 19103 26103 1.89.10°3 9.8 .10
27 111072 631073 491073 69103 485103 251073

Table 5: Sensitivities for KM3NeT/ARCA 6, 8, 6+8, 19, 21 and the full combination.
Reported in units of GeV~' em™2 s7! sr~! at a reference energy Eo=1
GeV.

The energy range validity for the sensitivities shown above is considered
by calculating the 5% and 95% quantiles for the weighted signal energy
distribution. The results are reported in Table 6.
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Energy quantiles - logio(E) [GeV]
I ARCAG6 ARCAS ARCA19 ARCA21
5% | 95% | 5% 95% | 5% 95% | 5% 95%
221316 630|326 636|327 6.21 325 6.18
231299 6.04 311 6.10| 313 6.21 | 3.11 594
24 |284 581|297 588|299 597|298 5.73
251271 559|283 567|287 556|286 5.54
26 | 259 540|270 548|276 539|275 5.36
2.7 1249 522|259 530|266 522|265 5.20

Table 6: 5% and 95% quantiles for the different detector geometries as a function
of the tested spectral index I'.

In the left panel of Figure 70, a graphical representation of the sensitivity
is given, for a fixed spectral index I'=2.4. Another commonly used represen-
tation to express, with a unique line, all the different sensitivities, calculated
for various spectral indices, is the so-called butterfly plot, like the one shown
in the right panel of Figure 7o.
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Figure 7o: Right: sensitivity reported for the single KM3NeT/ARCA detector con-
figurations as well as final combinations. The best-fit flux by ANTARES
is also reported. Right: graphical explanation of the construction of the
butterfly contour, summarising, within a single plot, all the different
tested spectral indices.

In Figure 71, a comparison of the sensitivities obtained with KM3NeT
/ARCA is reported, considering separately smaller detector configurations,
i.e. KM3NeT/ARCA6+8, and the full combination. Even if the KM3NeT/
ARCA19+21 data sets have a limited livetime, compared to KM3NeT/ARCA®6
or 8, their contribution to overall sensitivity is significant, due to the in-
crease in the detector effective area (roughly by a factor 3). For comparison,
also the ANTARES best-fit flux with relative uncertainties is reported, as
well as IceCube best-fit fluxes, obtained for the KRA?Y and Fermi-m® models.
Since the IceCube analysis was based on a full-sky template fitting proce-
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dure, while ANTARES and KM3NeT exploit the ON-OFF methodology, to
produce a fair comparison, the ANTARES and KM3NeT sensitivities have
been integrated over the solid angle extension of the Galactic Ridge.
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Figure 71: KM3NeT combined sensitivity for ARCA6+8 (dark blue dashed line)
and the full data set (light blue dashed line). The ANTARES and Ice-
Cube best-fit fluxes have been reported. For a fair comparison, the
ANTARES and KM3NeT limits have been integrated over the solid an-
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gle spanned by Galactic Ridge.

7.7 UNBLINDED RESULTS AND UPPER LIMITS

Once the unblinding is granted, the final energy distributions can be drawn
(see Figure 72) and the total number of events in the ON region, found for

each detector configuration, are reported in Table 7.

o

Detector | BKG from DATA | Signal-best fit Antares | ON region events
ARCA®G6 4.8 0.34 7
ARCAS8 7.6 0.8 8
ARCA19 4.9 0.59 4
ARCA21 8.03 0.93 8

Table 7: Final numbers for the background data estimation from the OFF region,
number of events found in the ON region, and expected number of sig-
nal events assuming the best-fit flux of ANTARES, specifically for each

KM3NeT detector configuration.
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Figure 72: Final energy distributions, after unblinding, for the ON and OFF re-

gions, for each different detector configuration.

The numbers found are compatible with the background expectation, not
showing any significant excess in any of the energy bins. For this reason,
exploiting the energy distribution of the ON events found after unblind-
ing, the 90% confidence level upper limit can be calculated, and has been
reported in Table 8.

123

90% C.L. upper limits

Iy | ARCA6 | ARCA8 | ARCA6+8 | ARCA19 | ARCA21 | ARCA6+8+19+21
2286-107° | 45.107° | 3.4-107° | 49-107° | 3.4107° 1.9.107°
23 (271074131074 | 1.1-100% | 15-107° | 1.0.107% 5.8 107>
241821074 139.107%| 3.0-107% | 41-107% | 28107 1.7 1074
2512310311103 {9.0-107% | 111073 | 781074 481074
2665107329103 | 25.1073 | 28-1073|21.10°3 131073
2711710274103 | 68103 |71-103|55-.10°3 351073

Table 8: 90% C.L. upper limits under a single power-law assumption for a ref-

erence energy Ep = 1 GeV and with spectral indices I' ranging from
2.2 to 2.7 for KM3NeT/ARCA6, KM3NeT/ARCAS, KM3NeT/ARCA19,
KM3NeT/ARCA21 and the combined data sets. All results are expressed

in units of GeV~! ecm™2 s7! sr~! at a reference energy Eg=1 GeV.

A similar plot to Figure 71 has also been produced, reporting this time
the upper limits found after the unblinding (see Figure 73).
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Figure 73: 90% confidence level upper limit, for the tested spectral indices, re-
ported in Table 8 and drawn here as butterfly contour. For comparison,
ANTARES and IceCube best-fit fluxes are reported. As previously done
for the sensitivity plot, ANTARES and KM3NeT limits have been inte-
grated over the solid angle, spanned by the Galactic Ridge.

78 SYSTEMATIC EVALUATION

The systematic error in the signal acceptance has been evaluated by per-
forming dedicated Monte Carlo simulations, allowing a limited number of
parameters to be identified as the main contributors. To differentiate and
quantify their contribution to the overall systematic error, a dedicated sim-
ulation has been performed, varying one parameter at a time. The main two
parameters considered in this study were the light absorption length and
the PMT quantum efficiency. Since the final upper limits are extracted from
distributions derived from data, no other systematic uncertainties, possibly
affecting the background simulation, have been considered. The 10% of the
overall livetime of the KM3NeT/ARCAS data set has been used and simu-
lated with varying starting conditions: a +10% for the absorption length, in
agreement with what was previously done by the ANTARES Collaboration
[121] and a £5% on the PMT quantum efficiency. The percentage varia-
tion with respect to the standard Monte Carlo production has been calcu-
lated and shown in Figure 74. When combining the respective variations in
quadrature, an overall value of 20%, assumed constant in energy, has been
adopted and used at the statistical analysis level. Taking into account the
time-consuming computational cost of launching several different Monte
Carlo productions, the value of 20%, calculated over the KM3NeT/ARCAS8
data set, has also been used for the other detector configurations. In other
analyses of the KM3NeT Collaboration, other uncertainties affecting atmo-
spheric neutrino and muon flux, reported in Figure 50, have also been con-
sidered.
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Figure 74: Percentage variation of the modified Monte Carlo simulations with re-
spect to the standard simulation, as a function of the reconstructed en-
ergy. Each of the single contribution is visible: PMT quantum efficiency
(green solid line), light absorption length (purple dashed line) and the
quadrature sum of the two (blue solid line).

ENERGY RESOLUTION  Another point currently under evaluation by the
KM3NeT Collaboration is the energy resolution obtained on the different
data samples and the impact of the parameter variations on it. In Figure
75 with the same methodology described in the previous paragraph, the
percentage variation with respect to the standard Monte Carlo has been
computed as a function of the true neutrino energy. The main visible effect
occurred for the decreased absorption length, which produced a greater
number of detected and reconstructed neutrinos with true energy below ~ 5
TeV. These events are then redistributed in different bins of reconstructed
energy, generating the differences observed in Figure 74. The shift of these
events among the two distributions is just due to the energy resolution of
the detector. In Figure 76, an estimate of the energy resolution for v,-CC
events, weighted with an E=2 spectrum, is also reported.
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Figure 75: Percentage variation of the modified Monte Carlo simulations per-
formed with respect to the standard simulation chain, in function of
the true neutrino energy.
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Figure 76: Left: 2D histogram of the Monte Carlo energy (MCE) as a function
of the reconstructed energy for v,,-CC events. With the red points the
weighted median distribution is marked. Right: median, 68% and 90%
contour distribution for the energy resolution.



ONLINE FOLLOW-UP STRATEGY FOR KM3NeT

In the context of multi-messenger astronomy, real-time alerting systems
have been developed by several experiments from CR to GW detectors,
including neutrino telescopes and electromagnetic satellites and ground-
based detectors, constantly exchanging information on interesting events.

The alerts sent through circulars, rapid bulletins distributed to the com-
munity worldwide, contain key information on the event: sky localisation,
time of the event, angular uncertainty, and localisation map. Within this
context, KM3NeT, on the basis of the experience gathered with follow-ups
conducted by the ANTARES Collaboration [122], has started to develop
tools and frameworks capable of reconstructing and analysing data in real-
time. The necessity to rapidly perform follow-up of external alerts arises,
particularly during the occurrence of fast transient phenomena. In fact, neu-
trino signals have been predicted, in many scenarios, to constitute part of
the prompt emission, which, if detected, would allow other observatories
to point their field of view in the same direction.

8.1 FIRST KM3NET FOLLOW-UP: PKS 0735+17

The first follow-up search, conducted by the KM3NeT Collaboration, in
which I was among the corresponding authors, was for the IceCube-211208A
alert, occurred during the KM3NeT/ARCAS8 data taking period. Specifi-
cally, the IceCube Collaboration reported an event with a moderate proba-
bility of having astrophysical origin (signalness 50.3%) and a reconstructed
energy of 172 TeV [124]. The source PKS 0735+17, a prominent radio and
y-ray blazar, was located just outside the 90% containment of the IceCube
event. Other follow-up observations of the source found the blazar experi-
encing a strong flaring activity in the y-ray [125], X-ray [126—128], optical
[129, 130] and radio [131] bands. The IceCube [132] and the ANTARES Col-
laboration [133] searched for additional neutrino events in correlation with
the source, but no further candidate events were found.
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The signalness definition
given by IceCube
Collaboration, in order to
categorise alerts, is defined as
follow:

Nsignal
Nsignal + kag

with Nsignal and kag
respectively the number of
signal and background events
surviving to the selection
cuts [123].
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8.1.1 Time windows

The strategy adopted to follow up the alert, within the KM3NeT Collabora-
tion, was to perform two separate searches, trying to find neutrino events
in spatial and time coincidence with the source PKS o0735+17, during its
flaring activity. The first focused on a time window of +1 day with respect
to the IceCube event time (2021-12-08, 20:02:51.1 UT), and centred on the
Fermi sky localisation of the PKS 0735+17 blazar: right ascension (RA) =
114.539° and declination (DEC) = 17.707°. A second similar analysis was
performed following up the longer flaring period observed in y-ray by the
FERMI-LAT telescope, accounting for the whole month of December, as
also shown in Figure 77.
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Figure 77: y-ray flux of the blazar PKSoy35+17 observed by the Fermi-LAT tele-
scope in the period 2009 - 2022 (left) and around the flaring period in
December 2021 (right). Figures taken from [134].
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8.1.2  Analysis procedure: ON-OFF method

The analysis strategy adopted for the follow-up of this event is the same
cut-and-count approach exposed in Chapter 7. The main change here is the
definition of the ON and OFF regions. The ON region, also referred to as
the Region of Interest (Rol), has been assumed to be a circular cone, centred
on the source position and with a variable radius, established through an
optimisation procedure. The OFF region was selected as a declination band
centred on the source declination and with an amplitude of 20°. The main
reason for this choice is to obtain a reliable background estimate, avoiding
bias selecting events from regions in the sky with a different declination dis-
tribution. At the same time, the amplitude of the band of 20° allows enough
events to be selected in order to reduce the statistical error associated with
the background estimation. As in the case of the OFF region construction
in Section 7.3, the right ascension of the centre of the ON region moves
roughly ~ 15° /hour, spanning the full declination band within a full day.
For this reason, also in this case, the OFF region can be seen as the continu-
ous time-shifted ON region in 24 hours. A schematic representation of the
ON and OFF regions is shown in Figure 78. The background estimation can

ON-OFF definition Arca MC

5 RA (rad]

Figure 78: Schematic representation of the ON and OFF region considered in
IceCube-211208A alert follow-up.

then be derived by rescaling the number of data events falling in the OFF
region by a solid angle factor, defined as:

Qon _ QonN (115)
Qorr Qvana —QonN’

with:
Qon = 27 [1 — cos(Rol radius)] (116)
Qpang = 27 [sin (pks + 10°) —sin (dpks — 10°)] (117)

where dpks is the declination of the blazar PKS 0735 + 017, determined
by the FERMI-LAT detector.
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8.1.3 Event selection

The event selection adopted in this search was similar to the one exposed
also in Chapter 6. It is based on a series of consecutive fixed cuts on recon-
struction variables, trying to get rid of the environmental and of the atmo-
spheric muon background. Subsequently, an optimisation was performed,
searching for the optimal value of the extension of the region of interest
and the best cut in the reconstructed energy. As a starting point, the same
preliminary, anti-noise (events with likelihood values above 50 instead of
40) and upward-going selection have been applied to the data set (see Sec-
tion 6.5.3). At the moment of the alert, no Monte Carlo simulations were
available for the KM3NeT/ARCAS detector, but only those referring to the
KM3NeT/ARCA6 configuration. However, to perform a rapid follow-up,
the selection procedure was tested and optimised on the available simula-
tions, incorporating a constant shifting factor, for the event normalisation,
to match the KM3NeT/ARCAS data.

MODEL DISCOVERY POTENTIAL The optimisation procedure was based
on the minimisation of a metric, commonly used within the context of neu-
trino telescopes, called Model Discovery Potential (MDP) [135]. It is defined
as follows:

MDP — noc(<nb>)
ns) ’

where 1y is the signal strength that leads to a p-value less than « in a
fraction 1 — 3 of the hypothetical experiments, and (ny) and (n) are, re-
spectively, the number of expected background and signal events.

The MDP could be interpreted, taking into account an arbitrarily astro-
physical flux (@), producing (n;) signal events inside the detector during
the livetime AT, as:

(118)

®, =0 - MDP, (119)

where @ is just the minimum flux leading to a discovery. The values of x
and B chosen in this specific work were o« = 1.35-1073 (for a statistically
significant evidence above 30) and a power of 1 — 3 = 0.5.

The optimal values found from the minimisation of the MDP, carried
out in the two-dimensional parameter space radius of the Rol region and
reconstructed energy, are:

ROI radius = 1.4° and reconstructed energy > 500 GeV.
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8.1.4 Results
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KM3NeT/ARCA events falling in a cone with radius of 10°. Re-
ported with shaded areas: the KM3NeT ON region in red (centred on
the blazar location detected by the Fermi-LAT telescope), the best-fit
IceCube position, and the relative 90% containment error in blue, and
the Baikal-GVD shower event with associated uncertainty in green.

In Table 9 the final unblinded results for this analysis have been reported:
no events have been found in the ON region for the time window of +1
day. For the full month time window, instead, 1 event has been found in
the ON region, providing a Poisson significance of 1.060. For completeness,
the reconstruction variables for this event are provided in Table 10.

FINAL RESULTS

Time window + 1 day 1 month
Signal (ON region) 0 1
OFF region band 52 736

Background (OFF region,

after solid angle factor)

(4.740.7)-1072

(6.6+0.3)-1071

Poisson significance

1.060

Table 9: Final number of events in the ON region, once data set has been unblinded.
The value "OFF region band" reported the number of events found in the
full declination band, whereas the "background" refers to the estimate after

the solid angle rescaling.
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FINAL NEUTRINO CANDIDATE EVENT #1
1 month time window
DETECTION TIME 15th December 2021
08:51:31.6 UT
RECONSTRUCTED ENERGY 4.104 TeV
RIGHT ASCENSION 113.48°
DECLINATION +17.55°
ZENITH 101.44°
AZIMUTH 211.37°
ANGULAR UNCERTAINTY By 0.74°
LIKELIHOOD 58.82
NUMBER_OF HITS 42
TRACK LENGTH 241.07 m
RUN 10845
EVT.ID 32588

Table 10: Values of the main reconstructed variables for the unique neutrino candi-
date event found inside the ON region in the full month time window.

The results of the follow-up have been published through the first As-
tronomer telegram, sent by the KM3NeT Collaboration, available here [136]

1

1 Analysis conducted in tight collaboration with ]. Palacios Gonzales: Juan.Palacios@ific.uv.es
and R. Muller: rasamuller@gmail.com.
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8.1.5 Other IceCube alert follow-ups

Other searches, similar to the one exposed in the previous section, have also
been performed soon after, looking for possible space and time correlations
of candidate neutrino events within the KM3NeT data set with IceCube
alerts. The following alerts have been followed-up:

IC-220225A [137]. Time: 2022-02-25 14:12:00.7 UT;

position (J2000): RA: 34.7° (+3.1°/ — 2.6°), DEC: 0.00° (+1.8°/ —1.5°),
errors referring to the 90% point spread function containment. One -
ray source was found within the 90% error region: the flat-spectrum
radio quasar PKS o215+015, which is known to be a radio and y-bright
AGN. PKS 0215 + 0215 has shown enhanced y-ray activity since mid-
2021;

IC-220303A [138]. Time: 2022-03-03 18:00:07.62 UT;

position (J2oo0) RA: 267.80° (4+-1.50°/ —1.17°), DEC: 4+-11.42° (+0.89°/ —
1.14°). There were no Fermi 4FGL or 3FHL catalogue sources in the
90% uncertainty region.

IC-220304A [139]. Time: 2022-03-04 17:44:12.21 UT;

position (J2000) RA: 48.78° (47.68°/ — 6.24°), DEC: 4.48° (+5.91°/ —
4.96°). The energy of the event was estimated to be 263.21 TeV. Many
Y-ray sources were compatible with the 90% region;

IC-220425A [140]. Time: 2022-04-25 02:44:57.82 UT;

position (J2000) RA: 268.24° (+1.98°/ —1.66°), DEC: —10.73° (+1.71°/ —
1.48°). One y-ray source listed in the 4FGL-DR3 Fermi-LAT catalogue

was located within the 90% containment region. The source was asso-
ciated with the flat-spectrum radio object TXS 1749-101;

IC-220524A [141]. Time: 2022-05-24 07:41:32.185 UT;

position (J2000) RA: 47.20° (+4.21°/ —2.51°), DEC: —3.28° (+0.77°/ —
0.89°). No Fermi 4FGL or 3FHL catalogue sources were located within
the 90% uncertainty region.

The analysed ON time window, for each of the alerts listed above, was
the "standard" +1 day with respect to the alert time. Furthermore, an op-
timisation procedure was conducted separately for each of them. After un-
blinding, no events have been found in the ON region for any of the alerts
analysed.
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8.2 GRB221009A FOLLOW-UP

During October 9" 2022, at 14:10:17 UT, the Swift-BAT telescope detected a
transient event catalogued as Swift [1913.1+1946, with a position in equato-
rial coordinates RA = 288.263° and DEC=+419.803° [142]. Then Fermi-GBM
sent an alert pointing out a triggered event at time 13:16:59.0 UT (since
now referred to as Tp) at the location RA = 290.4° and DEC = +22.3°,
with 1-degree statistical uncertainty, consistent with the Swift-BAT locali-
sation [143]. The event represents one of the brightest GRBs ever detected
by Fermi-GBM. Soon after, the LHAASO Collaboration reported the de-
tection of events in coincidence with GRB221009gA with energies greater
than 500 GeV and up to 18 TeV, within 2000 s after Ty [144]. This was
the first detection of photons above 10 TeV in association with a GRB. The
Fermi-LAT telescope also observed the event in a time window Ty+200s
and Tp+800s, detecting the highest energy photon 240 seconds after the
Fermi-GBM time, with an estimated energy of 99.3 GeV [145]. Tentative
redshift determination from the afterglow observation derived a value of
z = 0.151. In a follow-up analysis of the Carpet-2 data [146], at the Baksan
Neutrino Observatory, a photon shower event was detected, consistent with
the position of GRB221009A, with an estimated energy of 251 TeV, detected
4536 s after the Fermi-GBM trigger time.

High-energy photons lose energy through the creation of electron-positron
pairs in interaction with the EBL, as described in Section 1.3.2. A 250 TeV
photon cannot reach Earth from a source located at redshift z=0.151 (~ 638
Mpc), as also shown in Figure 14. A possible explanation of the Baksan ob-
servation, not invoking new physics beyond the Standard Model, could be,
given the declination of the source near the Galactic plane, a coincidence
detection of a photon originated inside our Galaxy. A further search for neu-
trino emission was performed by the IceCube Collaboration, without any
significant detection. Unfortunately, ANTARES was no longer taking data
at that time, and no results were promptly reported by the Baikal-GVD tele-
scope. Given the importance of this event, a fast analysis was performed
with the data collected by the KM3NeT detectors.

8.2.1  KM3NeT follow-up

The same ON-OFF strategy described before has also been used for the
follow-up of the event GRB221009A. The selected time window for this
search, often referred to in the text as ON time window, regards a transient
phenomenon. For this reason, it is considerably shorter with respect to pre-
vious follow-ups and has been chosen as an interval of the form: [T(-50
s, To+5000 s]. Although the window is longer than 90% time containment
of the flaring light curve detected by Fermi and Swift, it was conserva-
tively decided to extend it in order to account for the event measured by
the Carpet-2 detector. Within the entire duration of the ON time window,
the source was located in the downgoing sky for the KM3NeT detectors.
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In fact, the zenith of the source, specifically for the KM3NeT/ARCA tele-
scope, at time Tp-50 s was 50.8° and at the time To+5000 s was 34.2°. As
already specified in this thesis, the downgoing sky is dominated by atmo-
spheric muon background, which makes neutrino selection quite challeng-
ing. However, considering the limited extension of the ON time window
and the importance of the event, a follow-up analysis was performed. The
KM3NeT/ARCA detector, at the time of the event, comprised 21 active de-
tection units. Unfortunately, no Monte Carlo was available, therefore, a fast
search was performed directly on the data. A first inspection of the event
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Figure 8o: Reconstructed event rate in KM3NeT/ARCA21 (dominated by the at-
mospheric muons) as function of UTC time, in time bins of 5 minutes.
The Ty (red), To% 6 hours (green), and Tp+ 12 hours (yellow) are also
reported with vertical lines.

rates in the data collected in 12 hours with respect to Ty, available in
Figure 80, suggested stable data acquisition and good quality of the data
acquired by the KM3NeT/ARCA detector.

Furthermore, the ON region was selected as a circular cone around the
source location, with a fixed radius of 2°. This value was chosen consider-
ing a rough estimate for the median angular resolution of neutrino events
detected with the KM3NeT/ARCA21 telescope. Since the time window se-
lected for the search was not an entire multiple of a day, the background
estimation has not been performed in equatorial or Galactic coordinates.
In fact, considering a time interval shorter than a day, the source spans
only a subset of the right ascension range, with respect to what occurs for
other follow-ups, making the background estimation no more reliable. For
this reason, the search was performed in local coordinates, always taking
advantage of the concept of band, in order to reduce the statistical error as-
sociated with the background estimation, but now defined as zenith bands,
following the schematic procedure also reported in Figure 81. Additionally,
considering the limited extension of the ON time window, the background
estimate was derived considering larger time windows around Ty, referred
often in the text as OFF time window. Specifically for this event, the follow-
ing windows have been selected: [T - 50 s - 1.5 h, Tp - 50 s] and [Ty + 5000
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Figure 81: ON and OFF region definition for the GRB2201009A follow-up taking
into account the movement of the source in local coordinates (blue
points) in the time interval [Ty - 50 s, To + 5000 s]. OFF zenith band
defined as the maximum and minimum zenith values reached by the
region of interest in the ON time window (green dashed lines).

s,To + 5000 s + 1.5 h], accounting for a total livetime of 3 hours. The number
of events found in the zenith band, in the OFF time window, should then
be rescaled by a solid angle and a livetime ratio factor, following the form:

Qon  Ton
Qorr Torr’

Nbkg = Norr - (120)
with Q; the solid angle spanned by the ON and OFF regions (see Equation
117) and T; the livetime considered for the ON and OFF time windows
respectively.

8.2.2 Ewent selection

The event selection adopted for this follow-up, which does not rely on any
Monte Carlo simulation and involves the downgoing sky, is based on sim-
ple assumptions looking at the data distributions. The starting point is the
usual preliminary selection level (see Section 6.5.3). Additionally, other sim-
ple cuts on reconstruction variables have been adopted, with the main goal
of deriving a background expectation below 0.1 events. When inspecting
the energy distribution, as shown in the left panel of Figure 82, a double-
peaked structure is visible. The first peak, around hundreds of GeV, is
mainly due to single atmospheric muons traversing the detector. Instead,
the second broader peak, in between 1 and 10 TeV, should be mainly due
to muon bundles traversing the detector. In fact, bundles are reconstructed
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as a single atmospheric muon with energy equal to the sum of the energies
of all the muons in the bundle. For this reason, a cut has been set, selecting
events with reconstructed energy larger than 1 TeV, to exclude single atmo-
spheric muons. The second cut on the likelihood has been tuned to reach
the background of 0.1 expected events, without any specific requirement on
the resulting signal efficiency or muon contamination (for a detailed defi-
nition, see Section 7.4.3). Nevertheless, atmospheric muon events that sur-
vive to the energy cut are dominated by muon bundles. These are expected
to be reconstructed with lower likelihood values with respect to neutrino-
induced track-like events (corresponding to actually one muon). In fact, the
likelihood function is constructed assuming, as hypothesis, a single track
for the fit. For these reasons, events with a likelihood value greater than
155 were selected.
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Figure 82: Top: reconstructed energy distribution of the KM3NeT /ARCA21 data,
showing the double peak distribution, also described in the text. Bottom:
reconstructed likelihood distribution for the KM3NeT/ARCA21 data set
considered in the follow-up, highlighting the distribution before (blue)
and after(orange) the cut in energy introduced.
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In summary, the selection adopted for the follow-up of the event is:
likelihood > 155, reconstructed energy > 1 TeV and Rol radius=2°.

The number of events found in the OFF zenith band, within the OFF time
window, is 452. When taking into account the solid angle (~ 2.5-1073)
and the livetime (5050 s / 10800 s ~ 0.47) rescaling factors, the expected
background derived is:

(8449) 1073,

After unblinding, no events have been found in the ON region, and a
sky map showing a 15° cone around the source localisation is available in
Figure 83.

KM3NeT sky map, GRB221009A follow-up
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Figure 83: Sky map showing a circular region of 15° centred on the FERMI localisa-
tion for the GRB221009A. Highlighted the region of interest (red shaded
circle) and possible events found in KM3NeT/ARCA data set (blue dot).

Additional searches have been performed with KM3NeT/ORCA data
and combining the two KM3NeT detectors for a low energy search, cen-
tred in the MeV-low GeV range. Even in this case no statistically significant
excess has been found.

The results of all these searches, conducted within the KM3NeT Collabo-
ration, have been summarised and sent to the outside community through
the GCN circular, available here [147], just three days after the event.

The Collaboration also produced more refined analyses in the subsequent
months, exploiting ad hoc Monte Carlo simulations and the most up-to-
date version for calibrations, whose results are available here [148]. Even in
this case, no events in the ON region have been found, and upper limits
have been derived 2.

2 Analysis conducted in tight collaboration with J. Palacios Gonzales: Juan.Palacios@ific.uv.es
and A. Zegarelli : Angela.Zegarelli@roma1.infn.it.
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83 TOWARDS AN AUTOMATIC ANALYSIS PIPELINE

The follow-ups reported in the previous sections were among the first to
be ever performed within the KM3NeT Collaboration. Although manually
triggered and with some limitations, for example, the occasional lack of
Monte Carlo simulations and/or calibrations, they allowed us to gain in-
valuable experience and expertise regarding detector capabilities, generat-
ing a deeper understanding of the data sets and of the different analysis
methodologies. All acquired know-how has then been implemented into a
series of programmes and tools capable of performing automatically follow-
ups for specific events and integrated into the real-time framework devel-
oped by the Collaboration.

The new fully automated procedure starts already from the online data
acquisition stages and terminates realising the results of a correlation anal-
ysis (the part in which I was mainly involved in). To achieve all this, many
intermediate steps are performed.

8.3.1  Online data reconstruction

One of the main goals of the real-time framework is to automatically re-
construct and make the data available shortly after data taking. For this
reason, the stream of data, coming from the detector, is continuously mir-
rored to a series of clients, namely C++ applications, running on dedicated
servers. This procedure is also intended to avoid overloading or perturbing
the data acquisition system and related services. The processing strategy
follows a partial edge-computing model, where the major requirements in
terms of CPU load are for the real-time event reconstruction (both tracks or
showers) algorithms, directly running in the shore station computer centres.
The number of clients and the resources assigned to this duty have been,
and are constantly tuned on the basis of the incoming event rate from the
detector and on the basis of the available hardware resources. The perfor-
mance of this step is constantly monitored, reaching a median processing
time, for the entire chain, from data acquisition to reconstruction, on the
order of less than 5 seconds. Also, a large set of monitoring tools have been
set up to store and keep under control interesting metrics, reflecting the
correct functioning of the online apparatus and the status of the resource
usage. Furthermore, the static calibration system has been used up to now,
assuming nominal positions for the active elements of the detector. There
are plans, however, by the Collaboration, to filter the acoustic data stream in
real time, therefore, deriving a precise determination of the string position
as a function of time, in order to apply the system of dynamic calibrations
(see Section 49) even in real-time data processing. Once reconstructed, the
events are first tagged with some quality factors and then sent to a common
platform, currently hosted at the KM3NeT/ORCA shore station, where the
data flow coming from the two KM3NeT detectors is merged. Data is stored
in a centralised database and are ready to be accessed and analysed by pro-
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grammes and tools. The database is constantly filled, allowing the various
analysis pipelines to run and retrieve, in real time, events from both detec-
tors.
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Figure 84: Schematic representation of the real-time framework developed within
the KM3NeT Collaboration. Figure taken from [149]
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8.3.2  External trigger receiver

Another pool of programmes and software has been built by the Collabo-
ration to receive and filter the alerts sent by other experiments. Each notice
received through, i.e. the GCN stream, or other specific brokers, is parsed,
and the main information on the event automatically extracted. Then, each
external alert is tagged as "Selected" or "Excluded" on the basis of specific
criteria, such as the visibility of the best-fit localisation at the time of the
alert, the probability for the event to originate from terrestrial noise or by
BBH merger, and other criteria tuned on the specific nature of the astro-
physical object. In the first case, once an alert is "Selected", then the due
analysis pipeline is triggered. In addition, more notices could be sent by ex-
ternal experiments focused on a single specific event, each time containing
more refined information.

The alerts currently received and analysed belong to mainly five cate-
gories: gamma-ray bursts, transient events, gravitational waves, neutrinos,
and Core Collapse SuperNovae (CCSN). These alerts are sent by other ob-
servatories such as Fermi-GBM, Fermi-LAT, Swift, INTEGRAL, IceCube,
LVK (Ligo, Virgo, and Kagra) and by supernova warning systems such as
SNEWS [150].

CCSN correlation and low-energy searches are based on a different ap-
proach relying on the number of photon hit multiplicity evaluated at the
level of a single DOM. They will not be treated in this section. For more
information, see [151].

All the other 4 main categories of alerts, instead, are currently analysed
based on the ON-OFF methodology exposed above.
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8.3.3 Statistics

The real-time framework is currently running and analysing data 24 hours
a day. Starting from September 2022, mainly for debug reasons, automatic
correlation analyses have been performed, allowing external alerts to flow
into the system and trigger specific analysis pipelines. Additionally, from
May 24" 2023, Ligo interferometers started the O4 observational run, con-
sequently sending alerts to the community. Except for a first period, from
the beginning of July 2023, the system has continuously filtered and pro-
cessed external GW alerts. In Figure 85, the number of alerts that flowed
into the system and those automatically followed up ("Selected"), is re-
ported, as well as the rate of alerts per day the system has to handle.

Rate of SELECTED alerts per day

Alerts analyzed since 2023-07-01T00:00:00
" GRB

GW

Neutrino

TRANSIENT

103

mm alerts ] =
Selected 71

Alerts / day
N
L
L

Number of alerts

GRB GW Neutrino  TRANSIENT

Sep' ' ' Oct
Alert type analyzed

0+ r—r
Jul Aug

2023

DATE

Figure 85: Left: bar chart showing the number of received (blue bars) and selected
(orange bars) external alerts as a function of the four main categories
analysed. Right: rate of selected alerts per day, subdivided by category.
Both the plots refer to a period ranging from July 15 2023 up to October
17" 2023.

More than 1300 alerts of all of the above categories have been received
by the system from July 15% 2023 up to October 17" 2023, and around
200 were scrutinised and analysed in order to perform the due correlation
analyses.

8.3.4 Automatic correlation analysis

A set of specific programmes has been built capable of triggering the pro-
cesses that implement the correlation analysis, retrieving data, and manag-
ing the final result, which can, in principle, be reported to the external com-
munity. All these tools are centralised and communicate with each other
through a common dispatcher. Specifically, when an external alert is re-
ceived, a message is sent through the dispatcher properly parsed into a
pre-defined json format. Then, one of the programmes continuously listens
to the dispatcher, extracts the main information from the alert, and triggers
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A dispatcher client connects
processes according to a
many (m) to many (n) m : n
protocol over Ethernet. The
dispatcher is capable of
multiplexing the distribution
of the same information to
multiple destinations,
according to the due tag
subscription.
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the specific pipeline built for each alert category. The pipeline can be easily
configured through external configuration files, in which it is possible to
specify all the parameters needed to perform the correlation search, i.e. the
duration of the ON and OFF time windows, the selection cuts to apply to
the data, and many others.

For example, in correlation searches of neutrino or transient alerts, the fol-
lowing ON time windows have been chosen:

e first iteration [Ty - 1 hour, Ty + 1 hour];
¢ second iteration [Ty - 24 hours, Ty + 24 hours];

The neutrino pipeline therefore waits respectively for 1 and 24 hours, in
order to have all the required data processed and stored in the database,
before launching the iteration. For GW alerts instead, the two iterations,
corresponding to two different ON time windows that are actually used,
are: [To - 500 s, To+ 500 s] and [Ty - 500 s, To+6 hours].

Regardless of the nature of the alert, each iteration performs a set of
common tasks listed in the following:

¢ it accesses and retrieves from a database the most refined information
concerning the analysed alert. Since multiple circulars could be sent
by an experiment regarding a specific alert, even after couple of hours,
each iteration performs this step;

¢ definition of the ON region, based on the type of follow-up performed.
Specifically, a circular cone around the best-fit localisation is assumed
for GRBs, neutrino, and transient follow-ups, while the specific sky
map, containing the 90% sky localisation probability of the gravita-
tional wave, is exploited. The radius of the circular region is assumed
to be the maximum between 2° (the estimated median angular resolu-
tion of the KM3NeT/ARCA detector) and the error radius associated
with the alert position, provided directly by the external experiment.
Instead, for GW alerts, the map is always enlarged by a fixed amount
of 2°, as shown in Figure 86;

¢ definition of one or multiple bands in local coordinates for the back-
ground estimation, similarly to what has been done for the follow-up
of GRB221009A event;

e retrieval of events for a specific detector (KM3NeT/ARCA or ORCA)
from the centralised database, containing all the reconstructed events
in real time. If the OFF time window is longer than the ON time
window, then the data collected days or weeks before the alert time is
retrieved. For gravitational wave events, the OFF time window covers
the previous 2 weeks before the alert time, while for other searches it
extends only a week before;
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Skymap ARCA GW S231020ba iter 1

50% contour ON region ® KM3NeT events in ON region
—— 90% contour Region above horizon at to % Other KM3NeT events in signal TW

Figure 86: Map in equatorial coordinates showing the 90% sky localisation proba-
bility for a specific GW event. This contour, sent through GCN notice,
is then enlarged by the due angular extension, in order to take into ac-
count the angular resolution of the KM3NeT detectors.

¢ check for the quality of the data collected, computing the event rate
over the full livetime, considering both the ON and OFF time win-
dows (like in Figure 80) and selecting only those runs showing a sim-
ilar rate with respect to those included in the ON time window;

¢ accurately compute the livetime for the ON and OFF time windows,
in order to derive the due rescaling factor;

¢ if specified in the configuration file, perform an optimisation based
only on data. Further details are available in Section 8.3.5;

¢ derivation of the background expectation, rescaling the number of
events found in the OFF region bands by the solid angle and the
livetime factors, following Equation 120;

¢ count the number of events falling in the ON region;

¢ compare the number found at the previous point to the expected  The acceptance is computed
Ms

background, evaluating also the associated Poisson p-value and, if —considering the ratio: g=,

. T with ng the expected number
pre-computed acceptances are available, also upper limits; : )
of signal events according to

an astrophysical flux with
normalisation @.

¢ production of plots for cross-checking the results and also sky maps
for external reporting, such as the ones shown in Figure 87;

¢ sending the results back to the central dispatcher, where another spe-
cific application shows them in a clear and intelligible way into a
dedicated web page.
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Figure 87: Top: sky map automatically produced by the analysis pipeline. Left,
full-sky distribution of the selected events for background estimation in
the Mollweide projection. Right, a zoom around the ON region. Bottom:
visibility curve for the alert localisation. Displayed also the percentage of
time spent below (upgoing sky) and above (downgoing sky) the horizon.
In the same plot the bottom panel displays also the energy of events
found in the ON region as a function of time.

8.3.5 Optimisation

One of the main tasks in order to maintain the system operational and ca-
pable of producing interesting physics results, even during a construction
and expanding phase, like the one currently experienced by KM3NeT detec-
tors, is to constantly update the event selection. Furthermore, considering
the high variability of the characteristics of the alerts analysed, for example,
spanning, with their sky localisation, from a few to hundreds of squared
degrees, another critical point is to find, for each alert, the optimal selection.
For this reason, a dynamical optimisation procedure has been adopted, al-
lowing to be performed rapidly, in order not to delay the sending of the
results, and relying only on data. The starting point for event selection is al-
ways a series of fixed cuts, applied to reconstruction variables, similar to the
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one already reported in Section 6.5.3 in order to reduce environmental and
atmospheric muon background. This also offers the advantage of reducing
the overall number of events retrieved from the database. Subsequently, the
optimisation is performed, specifically tuned to the characteristic of each
alert. The metric chosen to be optimised is a threshold value for the back-
ground estimate: this, in fact, is computed directly from the data, without
the need for any Monte Carlo simulation. A value lower than the 2.7 - 103
is required, corresponding to the criteria 1 event-30: if an event is found in
the ON region, with the expected background below this threshold value,
then the Poisson p-value associated with the observation is above the 3o
level. The optimisation is therefore performed scanning a set of consecu-
tive cuts on a pre-defined variable, i.e. likelihood for the KM3NeT/ARCA
detector, or other machine learning score, until the point in which the num-
ber of background events reaches the defined threshold. The choice of the
variable on which carry out the optimisation has been the object of care-
ful evaluations by the Collaboration. It was derived mainly by looking at
the variables capable of guaranteeing the highest signal efficiency once the
background threshold is reached. Another factor, which is monitored, is
the number of background events falling in the OFF region band, directly
related to the statistical error associated with the background estimation.

GENERAL REMARKS The KM3NeT real-time framework has been in op-
eration for more than a year and is efficiently reconstructing data, flowing
from both detectors. The overall system has been extensively tested, show-
ing good stability under various external conditions.

Furthermore, the general idea at the base of the development of the tools
and packages responsible for automatic correlation analyses is to provide
a robust and user-friendly framework in which every user can deploy his
own analysis, performing a specific follow-up study. Moreover, two peo-
ple from the Collaboration are constantly on shift for one week at a time,
monitoring the correct functioning of all the apparatus and reporting, on
dedicated channels, if interesting results are obtained.

Up to now, no follow-up results with this automatic pipeline have been
sent outside to other experiments through circulars. However, by the end
of 2023 an automatic report to the external community is planned.
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CONCLUSIONS

The emerging paradigm of multi-messenger astronomy is poised to revo-
lutionise our understanding of astrophysical events. The synergy between
different observatories and instruments, such as neutrino telescopes like
KM3NeT, gravitational wave detectors, and electromagnetic observatories,
has the potential to unlock a deeper insight into the Universe’s most violent
and energetic events.

The work of this thesis attempts to go through an examination of recent
discoveries in neutrino astronomy, trying to highlight the invaluable contri-
bution that this field of research could bring in the study of astrophysical
sources. In this context, KM3NeT, with its field of view and unique design,
will provide a novel perspective on astrophysical phenomena, ranging from
core-collapse supernovae to the most energetic sources.

The recent observation of neutrino emissions from the centre of our
Galaxy, as reported by the IceCube Collaboration and also hinted by the
ANTARES Collaboration, marks a significant breakthrough that demon-
strates the possibility of studying the properties of our Galaxy through
neutrinos.

Specifically, this thesis focuses on an analysis seeking to detect a diffuse
neutrino flux originating from the Galactic Ridge region, defined here in
Galactic coordinates as Ibl < 2° and I11 < 30°, exploiting the first data
collected by the KM3NeT/ARCA detector, in various configuration geome-
tries, for a total livetime of 432 days.

Unfortunately, the analysis presented in this study did not reveal any
significant excess compared to the expected background estimates. Addi-
tionally, the upper limits placed by this work are not yet competitive with
the results reported by the ANTARES and IceCube Collaboration, obtained
with the respective data sets, both of which account for more than 10 years
of livetime. However, the fast growth planned for the KM3NeT detectors
in the near future and its position in the Northern hemisphere will allow,
in a couple of years, complementing those observations and to further con-
strain the neutrino emission from the centre of our Galaxy. Currently, the
KM3NeT/ARCA detector comprises 28 active detection units, for an effec-
tive area that is more than three times higher than that of ARCA6/8. Fur-
thermore, only the first period of the KM3NeT/ARCA21 data set has been
included in this analysis, but another 6 months of data, gathered with this
configuration geometry, are currently under analysis.
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This research showcases the evolving and expanding capabilities of the
KM3NeT neutrino observatory. The ongoing data analysis and the increas-
ing sensitivity of this detector hold great promise for further discoveries
and deeper insights into the energetic processes taking place within the
Milky Way.

However, in this period of rapid development for the KM3NeT detector,
significant results can be obtained by detecting neutrino events in conjunc-
tion with rapid transient phenomena or in correlation with the observations
of other experiments. In this type of search, in fact, there is no need to rely
on a large livetime data set to produce stringent limits and constrains. The
KM3NeT Collaboration has thus begun a broader effort to create a frame-
work for real-time data reconstruction and processing, as well as automated
correlation analysis. Some of the results for correlation analyses, coincident
with external alerts, such as IceCube-211208A and GRB221009A, have al-
ready been shared with the external community, and details have been re-
ported in the last chapter of this thesis. In the near future, the system will
be able to automatically manage a larger number of correlation analyses,
allowing KM3NeT to contribute significantly in this kind of search.
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