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ABSTRACT

With the discovery, in 2013, of a diffuse flux of astrophysical neutrinos (vs), high-energy
neutrino astronomy entered a new era. Since then, in the last few years, several associations
between active galactic nuclei and high-energy vs have emerged. Despite the exploration
of synergies between different instruments, we still are not able to explain the origin of
the diffuse neutrino flux. High-energy astrophysical vs originate in processes involving
very high-energy primary hadrons, through collisions of Cosmic Rays (CRs) with high-
density matter and/or radiation fields, where both vs and gamma () rays are released.
Among those, vs are peculiar particles because they can cross the Universe preserving the
directional information about their production site, allowing to unambiguously identify
the most efficient sites of particle acceleration. Gamma-Ray Bursts (GRBs) have long been
predicted as promising candidates for emitting vs, as hadronic acceleration mechanisms
have long been believed to occur inside their relativistic jets. In such sources, the neutrino
energy depends on the site of the jet region where acceleration takes place: multi-GeV vs
are expected to be produced as a result of the dissipation of the jet kinetic energy through
nuclear collisions occurring around the photosphere, below which the jet is still optically
thick to high-energy radiation (inelastic collisional scenario); at higher distance from the
GRB central engine, TeV-PeV vs can be produced at shocks inside the jet between shells of
plasma during ultra-high-energy CR acceleration (internal shock scenario).

So far, neutrino emissions in GRBs from the former scenario have been poorly investi-
gated from an experimental point of view. In the present thesis, I discuss the prospects for
identifying vs produced in such collisionally heated GRBs with the large-volume v tele-
scopes KM3NeT and IceCube, including their low-energy extensions, KM3NeT/ORCA
and DeepCore, respectively. To this aim, I evaluate the detection sensitivity for vs from
both individual and stacked searches for coincident GRBs. As a result of my analysis, I
find that it is possible to detect a significant flux of vs from a stacking sample of ~ 900
long GRBs (i.e., with prompt y-ray emission lasting more than 2 seconds) already with
DeepCore and KM3NeT/ORCA. The detection sensitivity increases with the inclusion of
data from the high-energy telescopes, IceCube and KM3NeT/ARCA, respectively.

Acceleration at internal shocks in GRBs might, in turn, be responsible for the multi-TeV
energies required to contribute to the observed diffuse astrophysical v flux. I investigate
this possibility through a search for upward going muon neutrinos in ANTARES data in
spatial and temporal coincidence with 784 GRBs occurred from 2007 to 2017. For each
GRB, I computed the expected v flux by the model quantifying, for the first time in this
kind of analysis, the impact of the lack of knowledge of source redshifts and other intrin-
sic parameters of the emission mechanism. For the selected sources, I analyse ANTARES
data by maximising the discovery probability of the stacking sample through an extended
maximume-likelihood strategy. Although no neutrino event passed the quality cuts set by
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the optimisation procedure, the 90% confidence level upper limits (with their uncertainty),
estimated according to the model, are found to constrain the contribution of GRBs to the
observed diffuse astrophysical v flux around 100 TeV to less than 10%.

To help identifying and characterising the cosmic sources in the selection of the most
promising ones contributing to this flux, multimessenger observations are crucial. In partic-
ular, real-time v alerts for triggering prompt multiwavelength follow-ups constitute a great
thrust forward the detection of transient sources; in fact, Cherenkov-based v telescopes, be-
ing characterised by a field of view comprising the whole sky, are ideally suited to detect
and inform in very short time other instruments about interesting events. KM3NeT is mov-
ing towards this direction, being progressively fully integrating into the multimessenger
global network. I here present the online pipeline developed for the real-time reconstruc-
tion of events in KM3NeT/ARCA, which is optimised for the detection of TeV-PeV neutri-
nos. I show that, for the current operational detector (21 detection lines), the response time
of the online system is on average ~ 4 seconds, a short enough timescale to allow pointing
instruments to perform quasi-simultaneous observations. Fast analyses performed with
events reconstructed in real-time can significantly increase the discovery potential of tran-
sient cosmic accelerators in the sky.

xiv
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PREFACE

This thesis explores several topics in the context of high-energy neutrino astronomy. In par-
ticular, it is focused on cosmic neutrinos, produced as a result of cosmic ray hadronuclear
and photohadronic interactions with matter and photon fields, respectively.

The thesis is organised as follows:

Chapter 1 provides background information relevant to understand my field of research.
In particular, it aims at introducing the several cosmic messengers used to explore the
Universe, within the framework of the new frontiers provided by the multimessenger
astronomy: cosmic rays, photons, neutrinos, and gravitational waves. Their charac-
teristics, their propagation to the Earth, and the physical processes responsible for
their production are outlined. Moreover, the strong connection between cosmic mes-
sengers is highlighted, in order to demonstrate the importance of common observa-
tional strategies between neutrino telescopes, cosmic-ray observatories, gamma-ray

instruments, and interferometers for gravitational waves detection.

Chapter 2 is dedicated to neutrinos, the main messenger around which this thesis is devel-
oped. Their properties, as well as all aspects related to the detection of high-energy
neutrinos are explained. In particular, the chapter pays special attention to ANTARES
and KM3NeT detectors in the Mediterranean Sea, being the author part of the two
collaborations. ANTARES was dismantled at the beginning of 2022; KM3NeT is un-
der construction and currently operating with a partial detector configuration. Tech-
nical descriptions and expected performances of the two detectors are provided.

Chapter 3 focusses on one of the most promising sources to be studied in the framework
previously described in the thesis, namely Gamma-Ray Bursts (GRBs). These extra-
galactic sources can in principle explain particle acceleration of cosmic rays to ultra-
high-energies, from whose interactions high-energy neutrinos come from. After a
general description of GRBs and of the physical mechanisms responsible for gamma-
ray and possible neutrino emission, the chapter presents the result of a study carried
out by the author, aiming at evaluating the detection prospects for KM3NeT (in its
full detector configuration) of ~GeV neutrinos, expected to be produced in one of
the several scenarios capable of explaining GRB emission (i.e., via inelastic collisions
between protons and neutrinos occurring around the photosphere of the GRB jet). In
addition, the author also provides estimates for the current IceCube detector.

Chapter 4 describes the procedure and results of an analysis performed by the author
on behalf of the ANTARES Collaboration, searching for temporal and spatial cor-
relations between TeV-PeV neutrinos and GRBs using 10 years of ANTARES data.



CONTENTS

Here, an alternative scenario (internal shocks between plasma of shells in the jet)
with respect to the one investigated in the previous chapter is considered. Thanks
to this analysis, a new constraint of the GRB population contribution to the existing
astrophysical diffuse flux discovered by IceCube in 2013, and whose origin is still
unknown, is provided. For the very first time, the derived limits are evaluated in as-
sociation with the uncertainty that possible not well-known parameters of the model
can introduce in the neutrino flux evaluation.

Chapter 5 presents the studies carried out by the author within the KM3NeT Collabora-
tion in the multimessenger context. The fast-response online pipeline, developed for
the reconstruction in real time of data collected by KM3NeT/ARCA (i.e. the KM3NeT
telescope optimised for the detection of TeV-PeV neutrinos), is presented. The charac-
teristics of the events reconstructed through this pipeline are studied. Additionally,
the performances of such pipeline for a future fully funded detector configuration are
also investigated. Finally, the results of the first quasi-real-time analysis performed
on a transient source (GRB 221009A) taking advantage of data reconstructed in real

time are shown.

Chapter 6 summarises and discusses the results presented in this thesis.
At the end, the thesis includes the following appendices:

Appendix A presents some calibration activities on the KM3NeT/ARCA detector, in
which the author has contributed.

Appendix B summarises the Monte Carlo event simulation and reconstruction algorithms
of ANTARES and KM3NeT, both adopted in this thesis.

Appendix C presents the author’s computation of an energy correction that was applied
in the first follow-up analysis performed by KM3NeT for the search of neutrinos in

association with a gamma-ray source.



MESSENGERS FROM THE HIGH-ENERGY
UNIVERSE

Over the last decades, the way of performing astronomical studies has changed profoundly.
Originally, astronomy was centred only on what we were able to see with our own eyes.
Since the beginning of the seventeenth century, when the first optical telescopes were
built thanks to Galileo Galilei’s contribution, the Universe has long been studied using
exclusively optical light. Nowadays, this view has been expanded. Visible light no longer
constitutes the only message that the cosmos is sending us. Astronomers can benefit the
information coming from the entire electromagnetic spectrum, from radio to gamma-rays,
unveiling a Universe filled by sources of various nature and characteristics from vast dis-
tances and early epochs. Beyond light, other astrophysical particles, as Cosmic Rays (CRs),
neutrinos, and gravitational waves can be used to investigate the cosmos.

Astronomy is living now the so-called multimessenger era: particles travelling through
space and then pelting Earth and ripples in spacetime are tracked with the aim of pro-
viding unique and valuable insights into the properties of the Universe and underlying
processes. Indeed, a deep understanding of the physical processes governing individual
cosmic sources in the cosmos, related among others to their particle composition, radiation
and acceleration mechanisms operating inside them, can arise from the complementary in-
formation carried by the four aformentioned messengers, namely photons, gravitational
waves, neutrinos, and CRs. Through this approach and by accumulating statistics by all
those messengers, the possibility to more and more figure out the properties of the sources
populating the Universe increases and, consequently, different source populations may be
characterised.

In this chapter, the several messengers coming from the high-energy Universe, namely
CRs, photons, neutrinos and gravitational waves, are described in Sects. 1.1, 1.2, 1.3, and
1.4, respectively. Their production mechanisms are outlined in Sect. 1.5. Finally, the con-
nection between the messengers and the current observing scenario defined within the

multimessenger community are the topics of Sect. 1.6.

1.1 cosMIC RAYS

At the beginning of the twentieth century, a series of experiments revealed an increasing
ionisation rate with an altitude greater than 1 kilometre with respect to sea level [1-4].
At that time, the nature of the discovered radiation was completely unknown. Today, it
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is firmly associated with charged particles impacting the Earth’s atmosphere, called CRs.
It is remarkable that CRs with energy up to three orders of magnitude higher than that
protons have at the Large Hadron Collider (LHC) at CERN' are observed (see Fig. 1.1).

The main properties of CRs are discussed in Sect. 1.1.1. Afterwards, the focus is moved to
the highest-energy CRs, which are most likely related to the cosmic sources investigated in
the present thesis. These CRs are first described in Sect. 1.1.2, while their connection with
astrophysical sources is presented in Sect. 1.1.3 as resulting from the experimental point
of view. Later, in Sect. 1.1.4, some theoretical considerations about candidate sources are
introduced.

1.1.1  Energy spectrum and mass composition

Observationally, it is well established that CRs are ordinary atomic nuclei accelerated to
very high energies which arrive in the neighborhood of the Earth from outside the so-
lar system (except for those associated to solar flares, which are not of interest for this
thesis). These high-energy particles are mainly (89%) protons, but also include a fraction
of ~10% helium nuclei and smaller abundances of heavier nuclei (~1%) [5]. Our atmos-
phere is continually crossed by such primary CRs, uniformly and isotropically, that impact
the atmosphere originating the so-called secondary CRs. The energetic particles that arise
from this process collide in turn with other nuclei producing Extensive Air Showers (EAS),
namely cascade of particles. The latter, being detected by ground-based experiments, allow
us to infer the properties of high-energy CRs.

The observed CR flux extends in energy over ten orders of magnitude, from ~ 1 GeV
up to ~ 100 EeV, steeply falling with increasing energy. In fact, the differential cosmic-ray
spectrum (number of particles per unit energy) is well described by the following power
law:

iI]:“] xE™*, (1.1)

that results from the convolution of several physical processes undergone by the charged
particles, including their acceleration at the source and their propagation in Galactic
and/or extragalactic environments. As CRs are accelerated in various astrophysical en-
vironments, several effects are responsible for the observed spectrum, and the slope of the
power law varies with energy. The flux of all nuclear components that make up CRs (the
so-called all-particle spectrum) is shown in Fig. 1.1, where the differential CR spectrum in
Eq. (1.1) is multiplied by a factor of E? to appreciate the observed features. Two main char-
acteristics are easily recognisable. The first one is the so-called knee at about 3 x 10° GeV
(= 3 PeV), where the spectral slope of the differential spectrum steepens from a = 2.7 to
a = 3.1, and the other one is the ankle, at about 3 x 10° GeV (= 3 EeV), where the spectrum
flattens again (« = 2.6). At low energies (below ~30 GeV), where the flux of detectable

LHC is the world’s largest and most powerful particle accelerator, located in Geneva (Switzerland). It consists
of a 27-kilometre ring of superconducting magnets with a number of accelerating structures to boost the
energy of the particles along the way.
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Figure 1.1: Cosmic-ray energy spectrum measured by several experiments in the past two decades.
This plot has been produced by using the public Git project [6]. References to each
data set shown in the plot are listed in the corresponding dedicated GitHub repository:
https://github.com/carmeloevoli/The_CR_Spectrum.

particles is large (greater than 1 particle/m?/s), the flux is influenced by the solar modula-
tion. The number of observed particles is modulated on different timescales by the 11-year
cycle of the heliosphere magnetic fields (e.g., [7-9]). The origin of the steepening of the
CR spectrum around 3 PeV is a long-standing debated point. It has long been suspected
to correspond to the energy beyond which the efficiency of Galactic sources of CRs is
steadily exhausted [10]. However, this consideration is strongly model-dependent. The ex-
perimental signature that now is considered to explain this characteristic is the change in
CR composition around the knee. CRs appear to be increasingly more dominated by heav-
ier nuclei at high energy, at least up to a few ~ 107 eV [11-14]. Thus, as the maximum
cosmic ray energy at the source depends on the rigidity” [10], more massive particles are
expected to show the corresponding break at higher energies. Indeed, if the maximum
energy of protons could reach Ej,ee > 3 PeV, then a heavier nucleus with charge Z would
reach Z times larger energies: in this scenario, Fe would have an energy of 26Eye.. This
fits with the model for which shocks in Supernova Remnants (SNRs) ® constitute the main

The rigidity of a particle is R = p/g, where p is the momentum and g = Ze its charge (e is the electron charge
and Z is the atomic number of the nucleus).

A supernova remnant is the structure resulting from the explosion of a star in a supernova. The supernova
remnant is bounded by an expanding shock wave, and consists of ejected material expanding from the explo-
sion, and the interstellar material it sweeps up and shocks along the way.

5
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Figure 1.2: CR energy spectrum and mass composition by combining results obtained by different
experiments. In the y-label there is the differential energy CR spectrum multiplied by
E?% to make clear the visibility of the second knee feature around 400 PeV. Image credit:
[24].

Galactic CR accelerators [15, 16]. The composition change is believed to be the cause of
an additional feature emerging in the energy spectrum after the enormous progress made
in CR detections, i.e. the second knee around 4 x 10" eV (400 PeV), where the spectral in-
dex becomes even steeper than above the knee (from a = 3.1 to & = 3.3) [17-20]. Heavy
elements, although subdominant below the knee, could be accelerated to higher energies
until the iron component falls steeply around 400 PeV. For this reason, this bending is
also known as iron knee. Hence, the region between the knee and the second knee would
result from the superposition of cutoffs in the spectra of different chemical elements (e.g.,
[21-23]). This is visible in Fig. 1.2, which shows the CR energy spectrum together with the
information on the mass composition depending on the CR energy, obtained by combining
results from different experiments operating in the last decades. Finally, the flattening of
the spectrum at the ankle suggests the existence of a further component influencing the
spectrum. In this region, the CR energies are so high that in a standard Galactic magnetic
field of 3uG the Larmor radii, i.e. the radii of their circular motion in the presence of a
uniform magnetic field, are comparable to the thickness of the Galaxy. For a particle with
energy E, charge g = Ze and B = v/c (v is the velocity of the particle and ¢ the speed of
light), immersed in a magnetic field B, the Larmor radius is defined as

E r E B\’
L= ZeBpe  Tkpe <1 EeV> <1 yG) (1.2)
Eq. (1.2) shows that a relativistic proton with energy 10'® eV is characterised by a Larmor
radius r; ~ 330 pc, whose value is close to the vertical dimension of the Galactic disk
(~300 pc). This consideration demonstrates that the bulk of CRs between the knee and the
ankle probably has a local Galactic origin; meanwhile CRs with higher energies cannot be
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magnetically bound to the Galaxy and are most likely extragalactic. Thus, the ankle can
be considered, as a first approximation, the energy region where the transition between
Galactic and extragalactic CRs occurs. Recent observations have confirmed this view, pro-
viding evidence for CRs to be accelerated to energies above 10> eV in the Galaxy [25-27].
However, the nature of the sources and the mechanisms by which they accelerate CRs re-
main, in general, not firmly established. In particular, whether particles can be effectively
accelerated to the rigidity of the second knee in SNRs is still under debate; see, e.g., [28].

1.1.2  Ultra-high-energy cosmic rays

CRs with energies from a few 10'® eV to beyond 10% eV are commonly called Ultra-High-
Energy Cosmic Rays (UHECRs). Since their first observation in the 1960s [29], through the
EAS generated as a consequence of their interaction with nuclei in the upper atmosphere,
the study of UHECRs has continued, with increasingly large detector arrays to compensate
for their incredibly low frequency (less than 1 particle per km? per year). The flux of CRs
with energies above a certain threshold En, is on the order of 102(Emm/ ’EeV)*2 particles
per square kilometre per year [30]. Hence, below about 10" eV it is possible to observe CRs
directly in spacecraft with a square-metre-size detector or, after correcting for atmospheric
overburden, from balloons; while, UHECRs need to be studied through the detection of
EASs of particles using ground-based detectors covering vast areas. The most recent ones
are the Pierre Auger Observatory (PAO) in Argentina, the largest CR observatory available
today, covering a land area of 3000 km? [31], and Telescope Array (TA), in USA, with an
area of 700 km? [32].

Despite the huge technological and scientific progress achieved in this field, the only
certainty that scientists have about UHECRSs is their extragalactic origin because at these
energies the Galactic magnetic field is not strong enough to contain them, as previously
discussed. Quite recently, the first observational piece of evidence for an extragalactic ori-
gin of CRs beyond the ankle occurred: the Pierre Auger Collaboration, by using CR data
with E > 8 EeV, discovered an anisotropic signal consistent with a dipolar modulation over
~85% of the sky covered by the detector. The amplitude of this dipole appears consistent
with an anisotropic distribution of UHECR sources within a few hundred Mpc, and its
direction lies 125° from the Galactic centre [33]. Among several other sources investigated,
nearby starburst galaxies appear to be the more plausible partners to UHECRs, having
these sources provided the strongest indication of anistropy (4.2c¢) at the highest CR ener-
gies to date [34] (see Sect. 1.1.3 for a more detailed treatment of this topic). Nevertheless,
many aspects of the nature of UHECRs remain an enigma, as for example the origin of
these particles and what process is able to accelerate them to such extreme energies. For
a detailed review about open questions and prospects for progresses in UHECR research,
see [35].
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Figure 1.3: (a) UHECR energy spectrum obtained by the Pierre Auger experiment. The red line
shows the best fit (see Eq. (9) in [36]). The shaded grey band indicates the statistical
uncertainty of the fit. The main features (angle, instep, and toe) are also highlighted in
the plot, that has been adapted from Fig. (9) in [36]. (b) Comparison between the Pierre
Auger UHECR spectrum presented in [36] (in blue) and the TA one [41] (in red). The
spectra are scaled by E2 for better readability. Images credit: [36].

Spectrum of UHECRs

Thanks to the high-quality data collected over the past decade by several UHECR observa-
tories, it has been possible to study the features of the all-particle energy spectrum with
unprecedented precision. A recent spectrum produced by the Pierre Auger Collaboration
for UHECRs [36] is shown in Fig. 1.3(a). In addition to the distinct features discussed in
Sect. 1.1.1, several new deviations from a simple power law are visible. A new spectral
break is identified at 10°2 eV, where the spectral index increases from a ~ 2.6 to a ~ 3.0.
This feature, dubbed the instep, seems to reflect the interplay of light-to-intermediate nuclei
[36]. Finally, a suppression of the total flux above 107 eV, claimed for the first time by the
HiRes Collaboration [37], is also observed with a ~ 5 [36, 38—41]. This cutoff, commonly
called toe, can be related either to the Greisen-Zatsepin-Kuzmin (GZK) suppression [42,
43], an effect responsible for the limited horizon of UHECRs due to their absorption in the
scattering off the low-energy photons of the Cosmic Microwave Background (CMB), either
to the maximum energy that extragalactic sources would provide to particle acceleration.
Note that the spectrum measured by TA agrees in shape with the one measured by PAO

0195 eV (see

but shows a different energy break and flux normalisation for energies above 1
Fig. 1.3(b)), even once scaling factors due to different energy calibrations and systematic
uncertainties of the detectors, as well as the declination dependence of the TA spectrum?,
are taken into account. A joint effort between the two collaborations is underway to bet-
ter understand the reasons of the observed differences and to study their impact on the

spectral features.

4 The energy spectrum measured by Auger does not show any significant declination dependence, but TA does.
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Figure 1.4: (a) Sky map in Galactic coordinates showing the CR flux measured by PAO above 8 EeV.
The Galactic center is marked with an asterisk and the Galactic plane is shown by a
dashed line. The color scale indicates the number of events per km? per yr per sr. Image
credit: [33]. (b) Observed excess map showing the UHECR hotspot in correspondence
of the Centaurus A / M 83 / NGC 4995 group. The color scale indicates the number
of events per smearing beam. The supergalactic plane is shown as a solid gray line. An
orange dashed line delimits the field of view of the array. Image credit: [55].

Composition at ultra-high energies

It is well known that, for energies between the second knee and the ankle, the composition
of the primaries is a mix of protons and medium-mass (e.g., nitrogen) nuclei, gradually be-
coming lighter with increasing energy [44, 45]. Then, in the ankle region, the composition
is mixed and both pure elements or (p+He)-only mixtures are excluded with significance
> 60 [46]. Above the ankle, the mass composition of UHECRs appears to be increasingly
heavier and less mixed [47], although with larger statistical uncertainties, suggesting that
the UHECR spectrum is the superposition of elements with progressively heavier mass,
each with a steep cutoff (see Fig. 1.2). The composition of CRs gives us important informa-
tion about the transition from their Galactic to extragalactic nature. The picture appears
to be much more complicated than that described in Sect. 1.1.1, where the transition was
considered to occur at the ankle. The mixed composition visible just above the second knee
could be provided by comparable contributions from a Galactic and an extragalactic com-
ponent [23, 48-53]. Very recently, considering both energy spectrum and composition data,
the Pierre Auger Collaboration studied two different astrophysical scenarios for UHECR
sources, with different extragalactic components for the region below and above the an-
kle, and an additional Galactic contribution [54]. A definite conclusion about the presence
of a Galactic component contributing at the UHECR spectrum was not reached; however,
it was possible to infer that a medium-mass nuclei composition is needed to explain the
observed spectrum. In addition, homogeneous source distributions across cosmic history
seem to be favoured with respect to very strong source evolutions, that would otherwise
cause a flux of secondary particles at the ankle exceeding the observed spectrum [54].
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1.1.3  Correlation of UHECRs with astrophysical sources

From the study of the arrival directions of UHECRSs, it is possible to retain some infor-
mation on the possible location of the astrophysical sources that accelerate them to such
extreme energies. Since UHECRs are elettrically charged, their trajectories are deflected by
intergalactic and Galactic magnetic fields, so it is not straightforward to reconstruct the
position of their sources from their arrival directions. For this kind of studies, particles
characterised by an energy with at least a few tens of EeV are particularly indicated. In-
deed, at those energies, the deflections due to magnetic fields permeating the Universe are
small enough to allow CRs to retain some directional information on the position of their
sources, at least for nuclei with a sufficiently small charge (e.g., [56, 57]). Additionally, the
cosmological volume to investigate is quite limited, due to the GZK effect and the low
mean free path values for particle energies losses’; this limits the sources of UHECRs to
be searched in the local Universe (< 100 Mpc). For energies below 4 EeV, the observed
distribution of the arrival directions of UHECR is consistent with being isotropic [58, 59].
At higher energies, a dipole with amplitude d ~ 5(E/10 EeV)% towards an extragalac-
tic direction is present [33] (see Fig. 1.4(a)), as already pointed out at the beginning of
Sect. 1.1.2; this result has now reached a statistical significance level of 6.6¢ [60]. Interest-
ingly, the direction of the dipole is also consistent at the 20 level with nearby galaxy stellar
mass distribution (2MASS survey® [61]). At even higher energies, a recent study by the
Pierre Auger Collaboration, that includes more than 2,600 events with energies E > 39 EeV
taken in 17 years of data acquisition and with accumulated exposure of 122,000 km? sr
yr, shows anisotropies in the toe region [34]. An excess at ~4c¢ is found with the Centau-
rus region, which contains the most prominent active and star-forming galaxy expected to
contribute at these energies. This result confirms the previous founding in [55], whose ex-
cess map with the UHECR hotspot identified in correspondence of Centaurus A is shown
in Fig. 1.4(b). Catalogue-based searches endorse this association, establishing the largest
signal coming from starbursts (4.20), as well as an association at ~ 30 with jetted Active
Galactic Nuclei (AGN). A similar search was previously carried out by the TA Collabora-
tion for events with E>43 EeV; unfortunately, it was unable to give a constraint between
the isotropy hypothesis and the association with starburst galaxies [62]. In addition, a
study has been conducted with combined data between PAO and TA, in the Southern and
Northern hemispheres, respectively [63]. Again, a weak association with the overall galaxy
distribution was found, as well as a stronger association with nearby starburst galaxies,
but unfortunately still short of the discovery level. In the future, once new data will be
accumulated, allowing to add more statistics to the present studies, and deflections of CRs
will be better understood (currently these are subject to large uncertainties because of the
not well-known charge of these particles), it will be reasonably possible to corroborate or

not this excess.

At 100 EeV the loss length is of the order of 200-300 Mpc for proton and iron, and 3-6 Mpc for intermediate
nuclei such as helium and nitrogen [30].
The 2MASS redshift survey maps the distribution of galaxies out to a redshift of z ~ 0.03 (about 115 Mpc).
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Figure 1.5: (a) Hillas plot showing candidate UHECRs acceleration sites as colored areas on the
B — R plane (magnetic field versus size of the accelerating region multiplied by its
Lorentz factor I' with respect to the observer). The acceleration up to 10?0 eV is possible
only above the diagonal lines, that define the minimal value for the BR product needed
to satisfy the Hillas condition. The results are shown for protons and iron nuclei, in
red and blue respectively, through solid lines for maximum shock velocity (8 = 1) and
dashed lines in the case of slower shocks (8 = 0.01). (b) Effective luminosity versus
effective number density. For transient sources a characteristic lifetime of 3 x 10° yr is
assumed. The black solid line shows the UHECRs energy production rate of 5 x 10* erg
Mpc—3 yr~1. The gray vertical line gives the lower limit on the UHECRs source number
density derived in [64]. Uncertainties on the source parameters are taken into account
and are represented by the extension of each colored region. Images credit: [35].

1.1.4  Origin of the bulk of UHECRs

Since the discovery of UHECRs, understanding their origin has attracted a great deal of
attention among scientists. In 1984, A. M. Hillas proposed a criterion, which takes his
name (Hillas criterion), to find the minimal condition that a source must satisfy to be able
to accelerate CRs up to energies as high as 10%° eV [65]. That condition states that particles
can stay in the acceleration region as long as their Larmor radius is smaller than their
size. Indeed, a necessary condition (but not sufficient) for particles to be accelerated is
that they are confined in the accelerator. Accounting for a possible relativistic motion of
the acceleration site with Lorentz factor I' with respect to the observer’, the maximum
achievable energy in a source with characteristic size R and magnetic field strength B can
be estimated as

Emax = ['gBR. (1.3)

A recent version of the Hillas plot has been produced [35] (see Fig. 1.5(a)), where the

typical magnetic field of several sources as a function of their characteristic size is shown.

7 The Lorentz factor is defined as T =1/ V1 —02/c2 =1/ /1~ B2
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Solid diagonal lines define the minimum value of BR required to accelerate protons (red)
and iron nuclei (blue) to 10%° eV. Hence, by using the Hillas criterion, it is possible to
identify the plausible CR accelerators as those located above those lines. Note that two
different cases are considered, e.g., fast and low shock waves, characterised by a velocity
of the shock in unit of the speed of light equal to § =1 and = 0.01. As shown with the
dashed diagonal lines, the required BR value results to be higher for slower shock. From
the Hillas plot it is possible to infer that sources as normal galaxies, namely without a
Black Hole (BH) at its centre, supernovae, and stars that drive massive magnetised winds
such as Wolf-Rayet stars do not satisfy the confinement condition dictated by the Hillas
criterion of 1020 eV particles. For all the other sources, such as Gamma-Ray Bursts (GRBs),
AGN, and starbursts, the condition is instead satisfied. Nonetheless, it is worth pointing
out that the Hillas condition-only just discussed is not sufficient to fully constrain the
cosmic-ray accelerators up to ultra-high energies. Indeed, to ensure the efficiency of the
acceleration process, one should also take into account the actual production of particles at
the maximum energy, resulting from the specifics of the acceleration mechanisms, namely
how the acceleration timescale t,.. compares with the typical energy loss timescale f},ss
and escape timescale tqs. for energy losses in the source environment. In other words, the
following condition should also be satisfied:

tacc S min<tage/ tesc, tloss)/ (14)

tage being the age of the source. The effects induced by radiation losses in different accel-
eration regimes on the simplistic Hillas condition are studied in [66]. For a more detailed
discussion about the influence of t,g. and tesc on the acceleration mechanism of CRs, see
Sect. 1.5.1.

A further independent consideration of possible UHECR accelerators comes from
energy-budget speculations. As astrophysical sources need to output sufficient energy in
UHECRSs to support the flux observed on Earth, the UHECR production rate can be com-
pared with the rate of occurrence of the potential sources. The result carried out by one of
these kind of studies is shown in Fig. 1.5(b). The energy budget of various source classes
based on infrared, radio, X-ray and gamma-ray observations, is compared to a recent esti-
mation of the UHECR energy-production rate, amounting to U ~ 5 x 10* erg Mpc =2 yr~!
[67, 68]. The effective number density for the sources investigated has been found using
their luminosity density at redshift z = 0; this is motivated by the fact that local UHECRs
must originate in the nearby Universe (z < 0.02 — 0.03, corresponding to sources within ~
100 Mpc), as previously discussed in Sect. 1.1.3. The solid diagonal line in the plot repre-
sents the minimum energy budget condition that a source needs to satisfy to be able to
accelerate up to the highest energies, in case the UHECR luminosity of the source L is
equal to the radiated luminosity L, in the wavelength studied. Through the black dashed
lines, the region between Lo = 0.1L, and L. = 10L, is delimited. In addition, the grey
dashed line shows the lower bound on the density of UHECR sources from the lack of
significant clustering in the arrival directions of the highest energy events (E > 70 EeV) de-
tected at the PAO [64]. However, it is worth highlighting that the results in Fig. 1.5(b) and
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discussed here are not to be considered definitive, since they are hypotheses-dependent.
E.g., the effective number density for UHECRs from transient sources depends on the
observed burst rate p and the apparent burst duration 7 as neg = (3/5)p7t [69]. For any
bursting source considered in Fig. 1.5(b), T =3 x 10° yr has been assumed, resulting in a

mean extragalactic magnetic field strength of 1 nG [70]:

D \?/ B \°( E/Z \*?
~ 5
T3 x 107y <1OOMpC) <1nG) <1OOEeV) ’ (1.5)

D being the distance travelled by the UHECR and Z the atomic number of UHECR nuclei.
Eq. (1.5) shows that stronger magnetic fields would imply larger T values and hence a

larger effective number density. In addition, the UHECR energy budget depends on sev-
eral factors, such as the source-by-source injected spectrum, composition, and luminosity
evolution of the sources, and thus no definitive statement can be made yet.

From the state-of-art so far pointed out, it appears clear that understanding the origin of
UHECRs is a perennial challenge since the beginning, and it still constitutes an active field
of research despite the interesting results achieved in the last years and huge progresses
on UHECR knowledge. Indeed, it is not yet possible to make claims about the sources
of the highest-energy particles known in the Universe. In the case of UHECRs, the astro-
physical source identification is complicated by their deflection in magnetic fields inside
and outside our Galaxy and by the time delay of 10* yr between arrival of CRs and sec-
ondary gamma-rays/neutrinos created during their propagation through the environment
surrounding their source and through extragalactic space (see Sect. 1.5.2 for the discussion
about the production mechanisms of such secondary particles).

These constitute the main reasons why the origin of the most energetic CRs is still
unknown. A phenomenological and multimessenger approach might help shedding light
on these dedicated issues; in fact, an indirect way to identify potential UHECR sources
is based on the detection of gamma-ray fluxes and very high-energy neutrinos resulting
from the interaction of UHECRs with matter or photon fields in the vicinity of the cosmic
accelerators.

1.2 PHOTONS

Current knowledge of the Universe has been historically acquired throughout centuries
via detection of electromagnetic (EM) signals from several types of astronomical sources.
In particular, as already mentioned at the beginning of the present chapter, astronomical
observations started with visible light. Afterwards, the observation range was expanded
to all the EM spectrum spanning over 20 orders of magnitude, including radio, infrared,
optical, ultraviolet, X-ray, and gamma-ray frequencies. There is a wealth of information in
photons, with different wavelengths typically carrying the signatures of distinct processes.
Gamma rays, that are the most energetic photons in the EM spectrum, are of specific
interest for this thesis. Being emitted by the most energetic objects in the Universe, these
are typically related to nuclear phenomena occurring in such high-energy astrophysical
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sources. Specifics of gamma-ray observations and detection techniques are described in
Sect. 1.2.1, followed by the explanation of the absorption effect that these suffer during
their propagation to Earth in Sect. 1.2.2, making challenging their detection for energies
above TeV.

1.2.1 Gamma rays

Gamma rays are photons with energies greater than 100 keV. They are considered par-
ticularly interesting cosmic messengers, as they provide a valuable probe of the largest
energy transfer throughout the Universe. Thousands of gamma-ray sources are visible in
the high-energy (HE) regime (100 MeV < E < 100 GeV), and hundreds in the very-high-
energy (VHE) one (100 GeV < E < 100 TeV)®. Some are generated by transient events, such
as solar flares, supernovae, and GRBs; others are produced by steady sources like the su-
permassive BHs at the hearts of galaxies. The large interaction cross section of gamma
rays’ and their rates facilitate their detection in the HE regime by using moderate-sized
particle detectors space-born missions (e.g., Swift [71] and Fermi [72, 73] satellites), in the
VHE regime using arrays of Cherenkov Telescopes deployed on ground at moderate al-
titudes (e.g., MAGIC [74, 75], HESS [76, 77], VERITAS [78]), and high-altitude extended
detector arrays (e.g., HAWC [79, 80], ARGO [81], LHAASO[82]), which measure gamma
rays from 100 GeV to multi-TeV energies.

Gamma rays are characterized by an important property that distinguishes them from
CRs: they are able to propagate in straight lines from their site of origin. Indeed, photons
(thus, gamma rays too) are electrically neutral, and they are not deflected by magnetic
fields. Nevertheless, understanding the processes involved in the production of gamma
rays is not trivial, since they may be produced both in the interaction of protons and heav-
ier nuclei (hadronic emission), and by lower-energy photons undergoing inverse-Compton
scattering on high-energy electrons (leptonic emission), as outlined in Sect. 1.5.2. Another
effect influencing gamma-rays observation is their absorption because of the interaction
with the background photon field filling the Universe, discussed in Sect. 1.2.2.

1.2.2  Gamma ray absorption

During their propagation to Earth, high-energy gamma rays are characterised by a cer-
tain probability of being converted into electron-positron pairs because of the presence
in the Universe of a background radiation field. The maximum contribution comes from
the CMB, whose number density is about 410 photons per cubic centimetre. Of particular
interest is the so-called Extragalactic Background Light (EBL). The EBL is the integrated

NASA’s top 10 gamma-ray sources in the Universe:

https://www.space.com/13838-nasa-gamma- ray-targets-blazars-fermi.html.

The US National Institute of Standards and Technology published online a complete and detailed data-
base of cross section values of X-ray and <-ray interactions with different materials in different en-
ergies (last update in 2010). It is called XCOM and it is reachable at https://www.nist.gov/pml/
xcom-photon-cross-sections-database.


https://www.space.com/13838-nasa-gamma-ray-targets-blazars-fermi.html
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://www.nist.gov/pml/xcom-photon-cross-sections-database
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Figure 1.6: Mean free path of VHE <-rays as a function of the photon energy at z = 0. Labels
along the curve mark the energies of soft photons with which gamma rays interact. The
horizontal green line shows the Hubble radius Ry = ¢/ Hp =~ 13.7 billions of light-years,
i.e. the radius of the observable Universe. Dotted black lines mark distances to some
known VHE +-ray sources. The dashed blue line shows the relation in Eq. (1.9). Image
credit: [86].

intensity of all the light permeating the Universe that has been emitted throughout its
history in the infrared, optical, and ultraviolet regions of the EM spectrum. Even if it has
not been completely measured nor explained yet, it is believed to be associated with ei-
ther primordial phenomena, such as photons emitted by stars, galaxies, and AGN or other
radiative processes. From gamma rays to radio, the integrated intensity values in units
of nW/m?/sr! for the various photon background components are ~ 0.015 (gamma-ray),
~ 0.3 (X-ray), ~ 0.01 —0.02 (lower and upper limits at 4.9 nm for Extreme UV), 24 ~ 4
(with an additional +5 systematic; optical), ~ 30 £ 10 (cosmic infrared background), 960
(CMB), and < 0.001 (radio), respectively. The EBL may also contain diffuse and extended
signals, including high-energy photons associated with dark-matter particle decays or an-
nihilation [83-85]. The pair production process v + Ypxg — €' + ¢~ becomes possible when
the center-of-mass energy in the photon-photon collision exceeds twice the electron mass.
By considering a high photon energy, namely a v ray with E,, and a softer photon energy
€, the y-ray energy threshold to produce e*e™ pairs is [87]

1
GeV. (1.6)

‘5"1
|
2

250 (m)

Thus, whenever photons are characterised by an energy greater than that in Eq. (1.6), the
y-ray source starts to become opaque to gamma rays. For example, gamma rays with
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energies above E, = 100 TeV could produce pairs in interactions with CMB photons (with
energy 107° keV) and be absorbed. The probability for a photon of observed energy Eps
to survive absorption along its path from its source at redshift z to the observer plays the
role of an attenuation factor for the radiation flux, and is expressed as

P = T(Eons?), 1.7)

The coefficient T(Eps,z) is called optical depth, and is defined as

z dl
T(Eopsi?) = | A3 (E2) Tz, (19)

where [(z) is the distance as a function of the redshift, depending on cosmological para-

meters'’, and A, is the photon mean free path given by the following equation:

S (o (€)npig(€)) de
Agy == fde , (1.9)

where 0, (€) is the pair production cross section which reaches its maximum at o7 (€) =~
107 em?, and npig(€) is the density of the considered photon background component.
For gamma rays with energy between ~10 GeV and 100 TeV, the EBL is the dominant
background; instead, the CMB overtakes the EBL for energies above 100 TeV and 10 EeV;
for higher energies, the main source of opacity of the Universe is the radio background. In
Fig. 1.6 the dependence of A, with the observed <-ray energy is shown. The mean free
path of gamma rays is comparable to typical distances of extragalactic y-ray sources in the
TeV band. At PeV <y-ray energies, A, lowers. For example, considering CMB photons with
ncmp = 400 cm 3, the mean free path value amounts to A, ~ 8 kpc. Thus, PeV 1 rays are
not able to escape from the host galaxy of the source, typically characterised by sizes of
10-100 kpc.

The energy dependence of T(Eyps, z) leads to appreciable modifications of the observed
source spectrum with respect to the emitted one, even for small differences in the opti-
cal depth value, due to the exponential dependence in Eq. (1.7). Because the absorption
coefficient increases with energy, the observed flux is steeper than the emitted one.

The absorption of extragalactic gamma rays in the intergalactic medium defines the so-
called gamma-ray horizon, that is the distance corresponding to the redshift z for which the
attenuation factor equals unity. It is marked by the boundary of the black area in Fig. 1.7,
where the distance horizon (distance from the Earth) that defines the visible Universe as a
function of the energy is shown. In addition to photons, neutrinos and cosmic-ray energies
are also included. While lower-energy photons can travel to us from the farthest Universe,
the highest-energy photons (TeV-PeV gamma rays) and CRs are attenuated after short dis-
tances due to interaction with the EBL and GZK effect (discussed in Sect. 1.1), respectively.
The gamma-ray horizon is set at a redshift of about z =1 at E ~ 100 GeV. Hence, the

E= HO(1+Z)[(1+Z)2(QMCZ+1>*QAZ(Z 2 where () is the Hubble constant, (2, is the matter (baryonic and

cold dark matter)) density, and Q) is the dark energy density.



1.3 NEUTRINOS

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays

- @)

cosmological max of star formation opaque to photons;
10% transparent to neutrinos
and gravitational waves

10*

10% I~ hearest blazar

101 |=

100 =
nearest galaxy

Distance [Mpc]

107

102_ - X W T I i S A - —— -

galactic centre gravitational waves—ripples in space-time
10 3 1 | 1 s 1 1 1 1 —art | /| 1 1\ 1 1

10 104 102 10°  10®  10* 10° 10° 10" 102 10 10'® 0% 0%
Energy [eV]

Figure 1.7: Distance horizon that defines the visible Universe as a function of the energy of cosmic
messengers. The plot shows the distance at which the Universe becomes optically thick
to electromagnetic radiation. The horizon is marked by the boundary of the black area.
Image credit: [88].

most distant Universe can be studied only through other messengers, i.e. neutrinos (see
Sect. 1.3) and gravitational waves (see Sect. 1.4).

1.3 NEUTRINOS

Shock accelerated particles interacting with matter and radiation in and around astrophys-
ical sources may produce neutrinos. Neutrinos are elementary particles present in huge
abundances throughout space. Neutrinos play a special role in particle astrophysics. Their
interaction cross section is very small (the lowest among elementary particles), then they
can leave the production site without interacting, carrying information about the core of
the astrophysical objects where they are originated. Being electrically neutral and weakly
interacting particles, they can reach Earth from cosmological distances without suffering
absorption (unlike gamma rays) and with no deflection (unlike CRs). Thus, they have a
powerful capacity to escape from the accelerators where CRs are born, being able to point
in the direction of the source from which they come. These properties make them ideal
cosmic messengers. A brief overview on neutrino spectrum components is given in the
following (Sect. 1.3.1), with particular attention to atmospheric (Sect. 1.3.2) and cosmic
neutrinos (Sect. 1.3.3), whose distinction is crucial in high-energy neutrino astronomy, as it
will be clear later in the thesis. More aspects related to neutrinos will be further analysed
in Chapter 2, dedicated to neutrino astronomy.
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Figure 1.8: Neutrino energy spectrum. Predictions from several sources are shown: neutrino spec-
tra of the cosmic neutrino background (gray), solar neutrinos (light orange), terrestrial
neutrinos (dark orange), neutrinos from SN 1987A and the diffuse supernova neutrino
background (red), atmospheric neutrinos (green), neutrinos from AGNs and from GRBs
(dark red and cyan, respectively), and cosmogenic neutrinos (violet). Image credit: [89].

1.3.1 Neutrino energy spectrum

Many sources, either astrophysical or terrestrial, produce neutrinos observed in many dif-
ferent processes. In this regard, Fig. 1.8 shows the whole neutrino energy spectrum over a
broad energy range (from 107° eV to EeV) with predicted and/or observed neutrino and
antineutrino fluxes produced by several sources. This is commonly called in the commu-
nity Grand Unified Neutrino Spectrum (GUNS), described in detail in a recent review [90].
Between 107% eV and 1073 eV, a huge flux due to the cosmic neutrino background (CvB)
[91], a thermal relic from the early Universe when it was just 1 second old, is expected. De-
spite the very high particle density (it should constitute the highest neutrino flux at Earth
with a number density of n,c,g =~ 110 cm~2), the CvB has never been directly observed,
because low-energy neutrinos interact very weakly with normal matter. Moving to higher
energies, in the MeV range, the flux is dominated by solar neutrinos; indeed, the 2.3% of
the energy produced by the Sun is carried by electron neutrinos v, (2x 10% neutrinos per
second), carrying each ~ 1 — 10 MeV. They arise during the process of nuclear fusion in
the Sun, from the reaction 4p + 2¢~ —* He + 2v, + 26.73 MeV, which proceeds through
several reaction chains and cycles. The average distance between the Earth and the Sun of
~1.5x 103 cm implies a v, number density on Earth of n, gyn =2.17 cm 3 [92]. About 100
billion solar neutrinos pass through our thumbnail every second At MeV energies, other
neutrino fluxes at Earth are also observed, as terrestrial neutrinos, also called geoneutri-
nos, produced by radioactive decays inside the Earth [94]. The flux from SN 1987A and the

The value of number density at Earth changes by +3.4% in the course of the year due to the ellipticity of the
Earth’s orbit [93].
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Figure 1.9: Sketch of the two types of atmospheric air shower resulting from the CR interaction with
nuclei in the Earth’s atmosphere. Muons and neutrinos from pion and kaon decays are

referred to as conventional; those from the decay of charm mesons as prompt. Image
credit: [89].

associated diffuse supernova neutrino background are shown too [95]. At higher energy,
the neutrino’s sky is dominated by atmospheric neutrinos, produced by CR interactions
in the atmosphere [96]. Above ~ 100 TeV, it is expected that this flux is exceeded by as-
trophysical v fluxes produced in extragalactic sources such as AGNs and GRBs [97-100].
Such neutrinos are produced by CR collisions with photons or nuclei near the acceleration
regions (see Sect. 1.5.2). When CRs collide with CMB (this is the case for UHECRs that
suffer from the GZK effect), cosmogenic neutrinos (GZK neutrinos) are produced [101].

1.3.2  High-energy neutrinos of atmospheric origin

As it will be better discussed in Chapter 2, the main background we must account for, when
performing a search for astrophysical neutrinos, comes from neutrinos with E, > 100 GeV
produced in the Earth’s atmosphere. They are the result of CR interactions with nuclei con-
stituting the atmosphere through the production of unstable secondary particles, which in
turn decay and produce atmospheric neutrinos. Depending on the nature of the secondary
particles produced, there are two kinds of atmospheric neutrinos, which is usually referred
to: conventional (modelled, e.g., in [102, 103]) and prompt neutrinos (e.g., [104]). As visible
in Fig. 1.9, conventional atmospheric neutrinos are created from the decay of charged
pions and kaons; the prompt component, instead, results from decay of mesons that con-
tain heavy quarks (mostly charm quarks), such as D-mesons (or, more generally, charm

mesons). Neutrinos and antineutrinos of atmospheric origin are dominantly electron neu-
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Figure 1.10: (a) Fluxes of conventional [103] and prompt neutrinos [104] as a function of the neu-
trino energy. Electron and muon conventional neutrinos are shown separately, through
the cyan and teal lines, respectively; the prompt neutrino flux is shown in green as
sum of the muon and electron component. The Waxman-Bahcall bound [100, 107], i.e.
an upper limit on the flux of high-energy neutrinos derived from the observed flux of
UHECRs (see Sect. 1.6.1), is also shown by the gray line. (b) Same fluxes as in (a) as
a function of the cosine of the zenith angle 6. The vertical axes are scaled with E? for
better readability. Images credit: [89]

trinos v, and muon neutrinos v,,'%. In particular, conventional v, and v, are produced
with proportion N,, ~2N,,, since pions predominantly decay into v, rather than v, (see
Fig. 1.10(a))"®. Note that when CRs interact, they also produce neutral pions that decay to
photons (71 — ), establishing a connection between high-energy photons and neutrinos
(see Sect. 1.5). Pions and kaons, instead of decaying, can also interact with air molecules.
In fact, each particle is characterised by a critical energy below which decay prevails and
above which interaction is more likely. For example, for charged pions, the critical energy
amounts to ~ 115 GeV, and for charged and neutral kaons it is ~ 850 GeV and ~ 205
GeV, respectively. Therefore, the higher the pions/kaons energy, the smaller their chance
to decay before losing a significant fraction of energy. This explains the spectrum of con-
ventional atmospheric neutrinos, which behaves as the one of primary CRs at energies
up to energies lower than 100 GeV (~ E, 2‘7), and then, in the region 100 GeV — 100 TeV,
becomes steeper (~ E, 7). For even higher energies, the neutrino flux is less and less pol-
luted by the atmospheric component. The same is true for other secondary particles as

There is a small fraction of prompt atmospheric tau neutrinos from the decay of Dg mesons, but this flux is
suppresses with respect to electron and muon ones by a factor ~ 20 [104].
More details on the decay channels and their branching ratios can be found in [105, 106].
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well. This can be understood by considering, for example, the pion decay process. The
most energetic pions carry away ~ 1/5 of the energy of the primary CR (E; ~ 1/ 5Ep in
case of protons), then every particle produced in turn carries away, on average, a similar
amount of energy. Since there are two gamma rays from the 71° decay and four particles
from the 7% and subsequent u* decay, it can be considered that, on average, the resulting
photons are twice more energetic than the corresponding neutrinos, thus

(E,) =~ <1158> — (Ey) ~ (Eq) ~ <E—p>. (1.10)
From this result, recalling that above the so-called knee (around 3 PeV) the CR spec-
trum steepens, it is expected that the atmospheric neutrino spectrum extends up to
Einee /20 ~ 100 TeV: for E, > 100 TeV the sky starts to become more and more free from con-
ventional neutrinos, leaving possible cosmic neutrinos (described in Sect. 1.3.3) to emerge.
Prompt neutrinos follow a spectrum shape that reflects the CR one, that is ~ E, 27. In fact,
charm mesons, characterised by lifetimes of 107!2 s or less and critical energies above 10
PeV [5], immediately decay with a tiny interaction possibility with other nuclei in the at-
mosphere. Thus, since above ~ 100 TeV the prompt neutrino flux decreases less strongly
with increasing energy than the conventional one, it presumably exceeds the conventional
spectrum at high energies. So far, prompt neutrinos have not yet been experimentally iden-
tified and it has not been possible to constrain their theoretical predictions, which remain
highly uncertain due to poor knowledge of the charm-meson production processes [108,
109]. Quite recent calculations have shown that, by taking into account the latest measure-
ments of the hadronic cross sections, the expected flux of prompt neutrinos should be
lower than its previous estimations [110]. Fig. 1.10 shows the fluxes of conventional and
prompt atmospheric neutrinos, as described above, as a function of the neutrino energy
(Fig. 1.10(a)), as well as of the zenith angle 6 (Fig. 1.10(b)). A higher quantity of con-
ventional neutrinos is expected towards the horizon (cosf = 0), because pions and kaons
coming from vertical directions are able to reach very fast the denser regions of the Earth’s
atmosphere, where the interaction is more likely than decay.

1.3.3 Cosmic neutrinos

To date, neutrinos from extragalactic sources have been detected. The first detection of
neutrinos in coincidence with an astrophysical source goes back to more than forty years
ago, when the observation of solar neutrinos was claimed [111]. Then, in 1987, both
Kamiokande II [112] (the biggest neutrino experiment at that time) and Irvine-Michigan-
Brookhaven (IBM) [113] detectors observed a neutrino burst from the supernova SN 1987A
in the Large Magellanic Cloud. The former showed that neutrinos are massive particles
with a tiny mass, unexpected by the Standard Model of particle physics. The latter con-
firmed that core-collapse SN phenomena emit neutrinos, as only theoretically predicted
until then. Both such observations are considered milestones in neutrino astronomy, on
which this thesis is focused.
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Figure 1.11: Map in Galactic coordinates showing the most energetic astrophysical neutrino events
discovered by the IceCube neutrino telescope. HESE events in 6 years of data are shown
in magenta; v, + 7, tracks in 8 years of data are shown in red. Circles around each
event give an indication of the uncertainty on their reconstructed direction. Image
credit: [116].

However, only after decades, high-energy neutrino astronomy had its turning point in
2013, with the discovery by IceCube (the high-energy neutrino telescope located in the
Southern Hemisphere and presented in Sect. 2.7.1), of a diffuse flux of TeV-PeV neutrinos
(more than 60 of statistical significance), without evidence of preferred directions in the
sky, in excess with respect to atmospheric neutrinos [114, 115]. This discovery allowed us
to state that extremely energetic astrophysical neutrino sources exist, but their identity
is still unknown. Since the first discovery, the search for cosmic neutrinos has continued
through multiple detection channels. These aspects will be explained in detail in Sect. 2.
Some concepts useful for understanding what is described in the following are introduced
here. In neutrino experiments, neutrino-induced events are detected: charged current (CC)
v, interactions result in a muon that at high energies can travel many kilometres produc-
ing a long track-like signature in the detector with typical angular resolution < 1° (these
are the so-called track events); in addition, neutral current (NC) v, interactions and CC
interactions of both v, and v; produce a shower of particles of short size with relatively
poor angular resolution, i.e. few degrees (shower events, also called cascade events). Tak-
ing advantage of their features, neutrino events can be classified for different analyses in
several ways. The IceCube detector, for example, has firmly established the existence of
the high-energy astrophysical neutrinos mentioned above with all-sky measurements us-
ing events with interaction vertices contained in the detector fiducial volume (high-energy
starting events, HESE) and through-going muon tracks (v, tracks traversing the whole detec-
tor). Some of these events are shown in Fig. 1.11, where it is visible that their angular

distribution is consistent with an extragalactic origin. Assuming an isotropic astrophysical

neutrino flux at Earth in flavor equipartition'*, the differential energy flux (¢, ~ %";5”) can

Under the assumption the neutrinos are produced in charged meson decays, their flux at the souce has a
flavor composition of v, : vy : vr = 1:2:0. Vacuum oscillations over cosmic distances produce equipartition in
the three flavours at Earth: ve: vy :vr =1:1:1.
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Figure 1.12: Summary of all diffuse neutrino flux measurements. Best-fit parameters and uncer-
tainty contours at 68% CL for the single power-law hypothesis (see Eq. (1.11)) are
drawn for IceCube studies based on HESE (7.5 years, full-sky) [117] in yellow, cascade-
like events (6 years, full-sky) [119] in gray, through-going tracks (9.5 years, North-
ern hermisphere) [118] in dark blue, and an inelasticity study [120] in light red. The
ANTARES result obtained through the combination of tracks and cascades (6 years,
full-sky) [121] is shown in green. Recent Baikal-GVD results (2018-2021, upward-going
cascade analysis) are shown in red. Image credit: [122].

be well modelled by a single power law with spectral index 7astro and normalisation 4)85’“0,

astro

E —Yastro
v+7 — Cunits X (P(a)stro <100;€V) ’ (111)
with cynits = 10718 GeV~! ecm =2 s 1 sr1. The latest published results by IceCube for the
best-fit spectral index and flux normalisation values are summarised in the following:

¢ HESE sample, collected in 7.5 years of data (E, > 60 TeV) with six neutrino species
combined [117]: Yastro = 2.87f8€8 and quStm = 6.37ﬂég;

¢ astrophysical muon neutrinos from the Northern hemisphere in 9.5 years of data
(15 TeV — 5 PeV) [118]: yastro = 2.287 005 and ¢35 = 1.4470 2%

¢ showers events in 6 years of data (16 TeV — 2.6 PeV) [119]: Yasro = 2.53f8:8; and
¢Sstro — 1664—8%;

Despite some differences in y,stro Values arising from different analyses, they are all consis-
tent within uncertainties. It has recently been demonstrated that, through combined analy-
ses using both high-energy cascades and through-going muon tracks in 10 years of IceCube
data, the spectrum characteristics can be inferred as yastro = 2.37f8:8§ and 4)85“0 = 1.361“8:(1]2
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[123]. In addition, the ANTARES neutrino telescope, operative in the Northern Hemisphere
until the early 2022 (refer to Chapter 2 for a detailed description of the instrument), pro-
vided some valuable information on the study of this diffuse flux of cosmic neutrinos [121,
124]. The last published results refer to 9 years of ANTARES data collected from 2007 to
2018 in both the track and shower channels. A mild excess of events was found over the
expected atmospheric backgrounds (1.8¢ excess), unfortunately without reaching the mini-
mum significance needed to claim a detection. The best-fit cosmic flux yields Yastro = 2.3f8j
and ¢3™ = 1.577] [121]. Interestingly, very recently the Baikal-GVD Collaboration pub-
lished its first measurements of the astrophysical neutrino flux using samples of cascade
events collected in 2018-2021 [122]. Two different analyses have been performed: one using
a sample of high-energy showers with energy greater than 70 TeV from all-sky directions,
and another one using a subsample of upward moving cascades with energy greater than
15 TeV. In the latter case, an excess of the expected number of atmospheric background was
estimated with a 3.05¢ significance. By performing a global fit of all the selected neutrino
data, information about the astrophysical neutrino flux were extracted: assuming a single
power law model with identical contribution from each neutrino flavor, the spectral index
Yastro = 2.58f8:§g and the flux normalisation 4785“0 = 3.04ﬂ:g% per one flavor at 100 TeV were
found as best-fit parameters values. These results are in good agreement with the previous
tits derived by IceCube and ANTARES and represent the first confirmation (at 3¢ signifi-
cance level) of the astrophysical neutrino flux detected by IceCube. Fig. 1.12 collects all the
results discussed so far, including also another independent estimation given by IceCube
from the study of the ratio between the energy in hadronic cascades produced in v, CC
interactions and the energy of the interacting neutrino itself (this quantity is called inelas-
ticity) [120]. The diffuse flux level agrees across analyses, within their overlapping energy
regions. However, there are mild tensions between spectral indexes for a single power law
for energies above 1 PeV, where softer ones seem to be statistically more favourable at 2c
level [118].

In principle, the observed diffuse flux should contain contributions from both Galac-
tic and extragalactic sources, as well as from the diffuse Galactic Plane emission. Taking
advantage of the ANTARES detector visibility, which also includes the Galactic centre be-
cause of its location, a joint analysis between IceCube and ANTARES (note that IceCube
and ANTARES have complementary field of view) allowed constraining the Galactic con-
tribution to the diffuse flux to be subdominant (< 10%) between 10 PeV and 1 TeV [125],
namely the region where the transition between Galactic and extragalactic CR acceleration
is expected to occur (see Sect. 1.1). Moreover, no significant steady or transient emission
from known Galactic and extragalactic sources has been found so far, even if some inter-
esting candidates have been identified. In 2017, the blazar TXS 0506+056, an AGN with
a relativistic jet pointing towards the Earth, was identified as the first possible extragalac-
tic astrophysical source that emits neutrinos (with significance at the 3¢ level) and thus
accelerates CRs [126]. This constitutes the first multimessenger neutrino-gamma detec-
tion, result of extensive multiwavelength monitoring by several telescopes (see Sect. 1.6.2
dedicated to the real-time analysis strategy in multimessenger studies). Driven by this as-
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sociation, IceCube also looked at their archival data, and interestingly found independent
evidence (3.50) of a flare in neutrinos (four times higher than that in 7 rays) from the same
direction of the sky between September 2014 and March 2015. A second possible source
very recently associated with astrophysical neutrinos (4.2¢ significance) is the starburst
galaxy NGC 1068 [127], whose first indications of neutrino emission arose few years ago
with significance a bit below 3¢ [128]. In addition to these sources, other studies have also
shown some indications of correlations between the tidal disruption event'> AT2019dsg
[129] and radio-bright AGNs [130] with astrophysical neutrinos. However, all these results
are insufficient to explain the origin of the observed diffuse astrophysical neutrino flux,
which still remains an open and actively discussed point in the field of neutrino astron-
omy.

An important point to highlight here is that all these studies were made possible thanks
to the combination of multimessenger observations. Refer to Sect. 1.6.1 for a more detailed
treatment of the connections between the cosmic messengers discussed, and Sect. 1.6.2 for
the description of the real-time analysis strategy adopted by multimessenger instruments
with the aim of sharing information coming from their observations.

14 GRAVITATIONAL WAVES

The most violent cosmic events produce a form of radiation that is distinct from those
discussed so far and is directly related to gravity. Indeed, space-time is curved by mas-
sive objects and their gravity. As a massive object moves, it induces oscillations of the
space-time metrics that propagate away, travelling at the speed of light. These changes are
called Gravitational Waves (GW) and were predicted at the beginning of the last century
by the general theory of relativity developed by A. Einstein. Their coupling with matter
and radiation is extremely weak, so these messengers can propagate without significant
attenuation, scattering, or dispersion on their way through the Universe.

GWs have been the last messengers discovered observationally. On September 2015 the
first GW was detected by the two Laser Interferometer Gravitational Wave Observatory
(LIGO) detectors, based in the USA, in collaboration with the Italian interferometer Virgo
(located close to Pisa, in Tuscany) [131]. For the first time, there was observational evidence
of the inspiral of two stellar-mass BHs and the subsequent merger into a more massive BH
resulting from this process; this event occurred 1.3 billion lightyears away. This detection
represents the dawn of gravitational wave astronomy: gravitational waves, can be used as
a new fundamental messenger to explore the Universe and probe its most energetic events.

Many GW detections have followed from 2015 until now (the number of known gravita-
tional wave sources has increased to ~ 100), among which GW 170817 deserves a particular
mention: it is indeed the first GW associated with the observation of an electromagnetic
event [132], namely the short GRB 170817A (gamma-ray explosion with duration less than
2 seconds), detected through other multiwavelength signals [133]. GW 170817 was gener-

A tidal disruption event is an astronomical phenomenon that occurs when a star approaches sufficiently close
to a supermassive black hole to be pulled apart and shredded by the black hole’s tidal force, producing a
luminous flare.
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ated by the merger of a binary system containing a Neutron Star (NS) and a BH. In such
a case, the fast movement of the NS and BH around each other and the presence of a
lot of NS material allowed the engine resulting from the merger to create a cataclysmic
explosion that produced gamma-ray emission, optical light, X-rays, and radio waves. It is
also important to point out here that this discovery was fundamental for GRB progenitor
theories, because it was the experimental confirmation of the fact that short GRBs bursting
in the sky originate from the merger of two compact objects (for details, see Chapter 3).
This was also the first experimental evidence of a kilonova [134], a type of transient event
expected from neutron star mergers where heavy elements are produced through the so-
called r-process nucleosynthesis'®.

Even many years before the GW discovery, it was expected that the same astrophysi-
cal sources that are able to accelerate CRs and subsequently produce gamma rays and
neutrinos also emit transient gravitational wave signals. Now there is the probe of this
assumption and GWs have very actively started to play in the field of multimessenger
astronomy helping in making clearer the understanding of the sources filling our cosmos.
In particular, since the gravitational-wave spectrum ranges over more than twenty orders
of magnitude, from 10~ Hz to thousands Hz, several classes of astrophysical sources can
in principle be investigated, as super-massive BH'” inspiral and merger, extreme-mass-
ratio inspirals (when a neutron star or stellar-mass BH collides with a super-massive BH),
compact binary inspiral and merger, pulsar, supernovae. To this aim, gravitational-wave
detectors sensitive to different frequency ranges can be used. Terrestrial interferometers,
as LIGO and Virgo, operate in the v range between ~ 10 Hz and ~ 10 kHz, and with the
current technology they are able to reveal coalescing binary BH and NS systems and (as
yet to be observed) supernovae and isolated neutron stars. Future space-based interferom-
eters, such as the Laser Interferometer Space Antenna (LISA) [135], will target GW sources
from milliseconds up to hundreds of microseconds and trace the evolution of BHs from
the early Universe; it will also be able to map the curvature of spacetime at the event hori-
zons of massive BHs. For an overview about recent discoveries and the potential science
with future GW observations, the reader can refer to [136].

Gravitational waves are unique messengers able to reveal information on the dynamics
of cosmic events, as the formation and evolution of compact objects. The knowledge ob-
tained thanks to GWs can be combined with those of the other cosmic messengers (CRs,
photons, and neutrinos) that instead carry information about accretion, particle accelera-
tion, and interactions. Note that, since the acceleration of particles by compact objects is
still not well understood, a coincident observation of neutrinos could be the “smoking gun”
for evidencing the occurrence of hadronic processes and help in understanding the dissipa-
tion mechanisms active in relativistic outflows. Unfortunately, no neutrino-GW combined

detection has occurred so far.

Rapid neutron capture nuclear process: a nucleus rapidly increases its atomic number by repeatedly capturing
neutrons in a neutron-rich environment.

Super-massive BHs are characterized by masses between 10° and 10° solar masses. This kind of BH forms
when galaxies merge and is present at the centre of most galaxies.
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To better understand how the cosmic messengers described so far can be used to extract
information on the properties of astrophysical sources, it is important to discuss the phys-
ical mechanisms responsible for the production of such particles. In the present section,
the connection between the observed photon spectra and the charged CRs is explained,
as well as the models that make possible an associated neutrino production in astrophys-
ical sources. In particular, in Sect. 1.5.1 the model commonly used for the acceleration of
charged CRs is outlined; then, Sect. 1.5.2 describes the radiative processes responsible for
the production of high-energy photons and high-energy neutrinos, providing a direct link
between CRs, photons and neutrinos.

1.5.1 Acceleration of charged cosmic rays: the Fermi mechanisms

A basic hypothesis that allows the acceleration of charged CRs produced by particle injec-
tion in several possible astrophysical sources is the presence of variable magnetic fields.
These, indeed, may induce variable electric fields that can accelerate particles many times,
through many acceleration cycles.

This idea was developed for the first time in 1949 by Enrico Fermi, who proposed a
mechanism in which particles are accelerated in stochastic collisions with magnetic field
irregularities (magnetic mirrors) moving isotropically in the interstellar medium [137]. The

energy after collision with a cloud velocity B = v/c increases on average by a factor

<AEE> ~ %52. (1.12)

For this reason, this mechanism is also known as Fermi acceleration at second order in .
Despite the natural prediction of power-law spectra for accelerated particles, matching
the observation that the energy spectrum of CRs at Earth follows a power law over wide
energy ranges (see Sect. 1.1), this model is not very effective. The random velocities of
interstellar clouds in typical environments are very small, i.e. § ~ 10~*, and this makes
the process described inefficient.

An energy gain linear in B is instead needed to improve the efficiency of the acceler-
ation mechanism, and this happens in the Diffusive Shock Acceleration (DSA) [138-142],
also dubbed first order Fermi acceleration mechanism. This model improves the efficiency of
the acceleration processes by considering the direction of the clouds strongly correlated,
instead of being randomly distributed: they constitute strong shock wave fronts moving
in the interstellar medium with supersonic velocities. For example, this happens when a
supernova ejects a sphere of hot gas into the interstellar medium and, moving faster than
the local speed of sound (i.e. of the speed of the pressure wave), is brought into a sta-
tionary gas that, in turn, behaves as an obstacle of expansion. In this situation, shown in
Fig. 1.13, the shock wave propagates with a locally plane wave front; ahead and behind it
there are two flows, one not yet reached by the shock (upstream) and the other one already
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Figure 1.13: CR acceleration for a diffusing shock wave, in the reference frame of the shock. Image
credit: http://sprg.ssl.berkeley.edu/~pulupa/illustrations/.

reached and exceeded by it (downstream), respectively. In the reference frame of the shock
front, which behaves as a discontinuity between the two regions, the upstream flow passes
through the shock with a supersonic velocity v,, while the downstream one moves away
with a velocity v,. Let p,, and p,; be the gas densities in the upstream and downstream fluid,
respectively; according to the kinetic theory of gases, in a supersonic shock propagating
through a monoatomic gas (fully ionised gas) v; ~ v, /4. In the laboratory system, particles
can pass through the shock in either direction by starting a series of diffusion processes,
owing to the presence of a local turbulent magnetic field (bound-rebound cycle), causing
particle acceleration. Here, the DSA is simply explained, following the derivation in [5],
to which the reader is referred for a more detailed explanation. By considering the refer-
ence frame of one of the clouds (upstream or downstream), each bound-rebound cycle is
equivalent from the point of view of the energy gain to a collision in the laboratory with
a head-on component into a cloud moving with a certain velocity. Following the setup in
Fig. 1.14, let us consider a charged particle with initial energy E; and velocity u crossing
a shock front back and forth, returning to the unshocked medium with final energy E;. In
practise, the particle is scattering against a moving boundary between regions of different
density (a partially ionised gas cloud). Due to the chaotic magnetic fields generated by
its charged particles, the cloud, characterised by a velocity p = v/c < u, acts as a massive
scatterer. The initial and final scattering angles, which are the angles between, respectively,
the initial and final particle momentum and the cloud velocity, are 6; and 6,. The energy
of the particle in the cloud reference frame is given by (neglecting the particle mass with
respect to its kinetic energy)

g, = F11—pcostr) (1.13)

1-p2
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E,

Figure 1.14: Scattering of a CR by a moving gas cloud. Image credit: [5].

After having passed through the shock front, the particle does multiple elastic scatterings,
namely the cloud acts as a magnetic mirror. Thus, just before crossing again back into the
unshocked medium, in the cloud reference frame E; = E/l, and in the laboratory frame, the
energy of the particle after the collision is

P — E5(1+ Bcosés) _ E1(1—Bcosby)(1+ ﬁCOSG,z). (1.14)

VI-F P

The relative energy gain is given by

AE (1 —Bcosby)(1+ Bcosbsy)
= = -5 22 1. (1.15)

and consequently the energy after the collision increases on average by a factor linear in g,
as shown in the following,

4 4 2
<A;>:1+13f;29ﬁ —1:%/3;@, (1.16)

where (cosf;) ~ —2/3 and <cos€’2> ~2/3, being —1 < cosf; <0 and 0 < cosé)'2 <1. The
amount of energy that increases after n collisions for an accelerated CR with initial energy
Ey becomes

Ex=Eo(1+¢)", (1.17)
and the number of cycles needed to reach it is

In(£)

(T3l (1.18)

The probability for a particle to cross the shock n times is given by P, = (1 — P.)",
considering that at each cycle a particle may escape from the shock region with some
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probability P.. As the number of particles N with energy E, is N = NoP,, the probability
that a particle is confined until it achieves an energy E, is given by the ratio between the

involved number of particles N and the initial one Ny, i.e.
Pg, = N/Np. (1.19)

From Eq. (1.18) and Eq. (1.19), it is possible to obtain

N (EN\® dN [E\TT

wo(s) ~a(a) -
with § =InPg,/In(1+¢) and I = + 1. Hence, the first-order Fermi acceleration mecha-
nism predicts, with a more efficient energy gain with respect to the original model pro-
posed by Fermi, that the cosmic-ray energy spectrum follows a power law. According to
the classical kinetic theory, I' = 2. However, the detected spectrum at Earth is steeper, as
seen in Sect. 1.1. This difference can be explained by including diffusion processes that
modify the CR energy spectrum during its propagation, as described in detail, e.g., in [5].
Thus, the first-order Fermi model provides remarkable agreement with the observed CR
spectrum. Note that a different numerical treatment is needed to account for the relativistic
speed. Because of these features and of the fact that shock fronts are common in astrophys-
ical environments, e.g., in SNRs, the diffuse shock acceleration model is a widespread
model for cosmic-ray acceleration. An extension of the simple model considered so far can
be found in [143], where it is supposed that accelerated particles themselves can amplify
the magnetic field at shocks during the acceleration process via plasma instabilities; in this
way, the maximum attainable cosmic-ray energy increases.

However, as already highlighted in Sect. 1.1.4, the CR acceleration is limited by sev-
eral contributions: energy loss processes (Bethe-Heitler production, pair production, nu-
clear photodisintegration, pion production, synchrotron radiation), finite acceleration sites
(Hillas criterion) and the duration of the shocks. This last point can be explored taking
advantage of the treatment used for the DSA. The acceleration time must satisfy the con-
dition of Eq. (1.4). The probability for a particle to escape from a shocked region can be
approximated as Pe = Teycle/tesc, Where Teyce and tesc are the characteristic time for an
acceleration cycle and for escape from the acceleration region, respectively. If an accelera-
tor is characterised by a lifetime f,ge, the number of cycles in an acceleration process that
has been working in the meantime can be expressed as n = tage / Teycle- It follows that the
energy of an accelerated CR (in Eq. (1.17)) needs to satisfy the following condition:

E < Eg(1 + ¢)fase/ Toyele, (1.21)

From Eq. (1.21) it is evident that (i) higher-energy particles take longer to accelerate than
low-energy ones; (ii) if Ey is the typical energy of injection into the accelerator, the maxi-
mum energy it can reach is constrained by its lifetime fage'®.

18 Typically ~ 1000 years for the active phase of a supernova remnant.
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To summarise, magnetic fields and shock waves are fundamental ingredients for CR
acceleration. Both are expected to be present in several types of astrophysical source, i.e.
SNRs, AGNs, and GRBs. In these objects, indeed, accelerated charged particles can interact
with a cloud of molecular species, dust, photon gas expected from bremmstrahlung and
synchrotron radiation.

1.5.2  Leptonic and hadronic radiative processes

Gamma rays, coming either from sources in our Galaxy and beyond, can be produced by
radiative processes whose nature depend on the composition of the astrophysical sources
that produce them. If these come from a population of sources made of only leptons or
hadrons, we refer to leptonic and hadronic emission, respectively. The former case usually
occurs when the astrophysical environment is full of relativistic leptons and is permeated
by a magnetic field; in particular, the flux of gamma rays of leptonic origin is traced by the
electron density and by the radiation fields. On the other hand, the flux of gamma rays of
hadronic origin is due to the interaction of CRs with radiation fields and, thus, depends
on the CR density and the target gas density. It is worth highlighting as of now that these
hadronic interactions are responsible at the same time for a correlated production of high-
energy neutrinos, crucial for the purposes of the present thesis.

In the following, leptonic processes are discussed. Many of the arguments presented
here are taken from, e.g., [144-147]. Finally, hadronic processes are also described, together
with the correlated production of high-energy neutrinos.

Synchrotron radiation

The synchrotron radiation is one of the most significant radiative processes, generated
by a high-energy charged particle spiralling around magnetic field lines. The radiation
from charges accelerated by magnetic fields in a non-relativistic regime is called cyclotron
emission. When relativistic particles are considered, synchrotron radiation is created. For
example, relativistic particles accelerated in astrophysical environments, where magnetic
fields are present, emit this kind of radiation. According to the Larmor formula, the total
radiated power emitted by the charged relativistic particle in a magnetic field with strength
B, mass m, and charge number Z is

2
Poyneh = (if)symh - %aTcuB/zZ& - zaTz‘* (%)zcﬁzsz— (1.22)
where 7 = (1 — (v/c)?)"!/? is the Lorentz factor of the particle moving with = v/c,
01 =~ 6.65 x 1072 cm 2 is the Thomson cross section and Up = B?/(871) is the magnetic field
energy density. Eq. (1.22) shows that synchrotron radiation is produced more efficiently by
electrons, since the mass of an electron is about 1/2000 the mass of a proton (m,./m;, ~
5 x 10~%). As a consequence, the radiated energy of electrons is a factor ~ 10' higher than
that produced by protons that lose energy to synchrotron radiation only for extremely
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high energies and large magnetic fields. Most of the radiation from the charged particle is

emitted around the critical frequency w,,

_ 3qBsina 2,

1.2
2mc (1.23)

we
where « is the pitch angle, namely the angle between the particle’s velocity vector and the
local magnetic field. By considering that the energy of the primary shock-accelerated parti-
cle is E, = ymc?, it is possible to derive the spectral shape of synchrotron radiation from an
ensemble of particles. Since shock-accelerated primaries follow a power-law distribution

with spectral index a,',

—&
aF, dE, < E,""dE,, (1.24)

the total radiated power Pyt(w), which depends on the frequency w, can be expressed as

Ep2 L Ey2 L

P(w)E, " dE, « / F(x)E, " dE,. (1.25)
Ep1

Piot(w) o</

E,1

pr

In Eq. (1.25) we have considered that the power in Eq. (1.22) can be written in terms of a
function that depends only on the variable x = w/w,. Taking into account that E, o 7y
wl/?, the total radiated power by synchrotron emission in Eq. (1.25) can be written as

_ (ap-1) X2 (ap—3)
Prot(w) xw™ 2 / F(x)x 2z dx. (1.26)

X1
Since the integral in Eq. (1.26) does not depend on the frequency, it has been derived
that synchrotron emission is a nonthermal process”’: the total synchrotron spectrum for

accelerated primaries follows a power law with spectral index
s=(ap—1)/2. (1.27)

The final spectrum is interpreted as the superposition of various contributions of each
single particle emitting at its own characteristic frequency. The observed photon spectrum
depends on the emitting particles energy distribution; the differential spectral index of
this secondary radiation is &, = —s — 1, with dN,, /dE, « Ef;”. This is true in the so-called
slow cooling regime, where the dynamical timescale of the system is much shorter than the
cooling timescale of electrons due to radiation losses [148]. In the opposite case (fast cooling
regime), the photon spectrum is flatter by a factor of 1/2.

The synchrotron spectrum can be altered by further radiation effects. For example, if
the intensity of synchrotron radiation within a source becomes sufficiently high, then re-
absorption of the radiation by the synchrotron electron themselves becomes important.
This re-absorption of radiation is known as synchrotron self-absorption, and drastically mod-

19 Electrons and protons follow the same distribution, i.e. the spectral index of electrons is the same as for the
protons.
20 The energy spectrum of charged particles does not follow a Maxwellian distribution.
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ifies the synchrotron spectrum of the source at low energies, typically sharpening the
cutoff.

Compton scattering and inverse Compton process

Compton scattering occurs when high-energy photons scatter on electrons, and a new
photon with lower energy emerges; part of the energy of the initial photon is transferred
to the recoiling electron. However, in astrophysical applications it is the Inverse Compton
(IC) scattering that plays an important role than the Compton scattering itself. This process
occurs when high-energy electrons interact with a low-energy photon: the photons gain
energy and the electrons lose energy. It is called "inverse" because the electrons lose energy
rather than the photons, the opposite of the standard Compton effect. The power that

characterises the radiation obtained with the IC scattering is given by

4
Pic = gaTcuvﬁZCZ, (1.28)

similarly to that of synchrotron radiation, in Eq. 1.22. Both IC and synchrotron radiation
are, in fact, due to accelerated electrons. However, the energy densities differ since, in
the case of the IC process, Up is replaced by the energy density of seed photons, U,: the
radiation losses due to synchrotron emission and the IC effect are in the same ratio as the
magnetic field energy density and photon energy density. This is related to the different
origin of the electric field that accelerates electrons. As regards the synchrotron radiation,
the constant accelerating electric field is associated with the motion of the electron through
the magnetic field; instead, in the case of IC scattering, it is the sum of all the electric fields
of the electromagnetic waves incident on electron. The IC spectrum, i.e. the radiation
produced by scattering of a photon with a certain frequency by an electron, is very peaked,
even more than the synchrotron F(x) function (see Eq. (1.26)). Scattered photons gain
a factor 7 in frequency, and thus in energy. Thanks to the similarity between IC and
synchrotron emission, it is possible to use the same procedure as the one adopted in the
case of synchrotron radiation to work out the spectrum of radiation produced by a power-
law distribution of electron energies. The spectral index of the scattered radiation results
to be the same as in Eq. (1.27).

The results discussed above are very important in astrophysics because it is well known
that there are several astrophysical sources in which electrons are characterised by Lorentz
factor with values 7y ~ 10 — 1000. In such cases, these electrons scatter any low-energy
photon to much higher energies; for example, from radio, far-infrared, and optical photons,
electrons with oy = 1000 are able to create high-energy UV photons, X-rays, and v-rays,
respectively. IC scattering is likely to be an important source of X-rays and 7-rays, for
example, in intense extragalactic y-ray sources, as GRBs discussed in Chapter 3.

Synchrotron Self-Compton

When IC occurs in synchrotron self-absorbed sources, the process is known as Synchro-
tron Self-Compton (SSC). Ultrarelativistic electrons accelerated in a magnetic field generate
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synchrotron photons, with an energy peaking in the infrared /X-ray range (eV-keV). Such
photons, in turn, interact via IC scattering with the same population of ultrarelativistic
particles producing the radiation. In such a way, the energy of photons is highly increased
(from eV to TeV). Let us consider a population of relativistic electrons with energy E, and
soft photons with energy €., described by a power law with a differential spectral index g
and a black-body spectrum (Maxwellian distribution), respectively. For scattered photons
with energy E,, the following relations can be derived:

(Ey) = %vf (), (1.29)

dN, oo

—_— . 1.

dE, «E, (1.30)
Eq. (1.29) and Eq. (1.30) are valid for v.e. < m,c?, called Thomson regime. A useful approx-
imate relation between the energy of the scattered photons E,, the energy of the parent

electron E,, and the energy of the seed photon €, is given by

E. \’/e
~ — . 1.31
Eqy 6<GeV> (eV) Tev (131)

When €, > mc? (Klein-Nishina regime) the cross section becomes smaller than o and de-
creases with increasing photon energy as v~ In this case, the following relations become

valid:

1
(Ey) =5 (Ee), (1.32)
dN. —(q+1

de « E, "V InE,. (1.33)

Therefore, in the Klein-Nishina regime the IC gamma-ray spectrum is expected to be sig-
nificantly steeper (compare Eq. (1.30) and Eq. (1.33)).

The energy spectrum resulting from the SSC is the sum of the synchrotron and IC com-
ponents, peaking at keV and GeV-TeV energies, respectively. This behaviour has been veri-
fied with high precision in the Crab Nebula (e.g., [149]), and several other sources such as
AGNs and GRBs.

Hadronic origin of gamma rays and neutrinos

The leptonic processes discussed so far create high-energy <-ray photons, that in turn
can also be produced in 71° decays. Neutral pions are produced in collisions between
relativistic protons and nuclei of atoms and ions of the interstellar gas, as well as from
proton interaction with photon fields. Such a hadronic scenario leads to the production of
high-energy neutrinos from the decay of charged mesons.
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The hadronic interaction of protons with radiation fields occurs mainly with the produc-
tion of the AT hadron (m,+ = 1232 MeV /c?). Indeed, its largest cross section corresponds
to the A rest energy (resonant A" production), with a value of 0, = 05 ~5 x 1072 cm?.
The delta barion has two main decay channels:

0 tion 2
p+7A—+> p+n’,  fraction2/3 (1.34)

n+mnt, fraction1/3

Neutral pions immediately decay (their lifetime at rest is ~ 8.5 x 10717 s), and produce
high-energy gamma rays:

0 — 4. (1.35)

As a result of the neutral pion decay from hadronic interactions, a distinct bell-type feature
is present in the energy spectrum of 7 rays between 100 MeV and few GeV, and it is
commonly known as pion bump [150]. The resulting broad-band -y-ray spectra have been
studied in various astrophysical environments such as solar flares, interstellar medium,
SNRs, molecular clouds, galaxy clusters [151-153], and have been claimed to be detected
towards several young SNRs [154-156]. This was interpreted as evidence of the acceleration
of CRs in SNRs. However, the pion bump is not easy to recognise in gamma-ray spectra;
several processes can distort the spectrum around the pion bump feature, as investigated
in [157].

The production of an energy flux of neutrinos is led by the decay of charged pions (their
lifetime at rest is 2.6 x 1078 s) and the subsequent muon decay, in analogy to atmospheric
neutrino production (see Sect. 1.3.2):

nt —=ut 4 v,

pt et + v+ vy

Note that the AT production can be also non-resonant if the p-y centre-of-mass energy is
larger than the A mass; in this case the probability of meson production is about 1/2 both
for neutral and charged pions. The energy related to the secondary pion (this quantity is
called inelasticity) is k, ~ 0.2 [158].

With regard to inelastic pp and pn interactions, the reaction chains are shown in the

following:
0
ppps JPTPTT (1.36)
p+n+mt
0
p4n— ptn+m (1.37)

p+p+mt
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The cross section for 77 production is almost energy independent and assumes the value
Opp = Opy =2 2 X 10726 cm?. Gamma-ray and neutrino production occurs in the same way
as in proton-photon interactions. By analogy, in pn collisions, the resulting negative pions
are responsible for neutrino production (7~ — u~ +7,; p~ — e  + ¥, +v;). In hadronic
collisions positive, negative and neutral pions are produced with equal probability 1/3,
and the inelasticity is k; ~ 0.5 [158]. In charged-pion decays, the energy of each neutrino
can be approximated as ~ 25% of the pion energy (k, ~1/4), corresponding to ~ 5% of the

energy of the initial proton. Taking into account the proton redshift energy loss from the

Ep/source/]7
(14z)
eV. This relation suggests that

astrophysical source to Earth, the resulting neutrino energy is E, ops = 5 PeV , where

Ep source,17 is the proton energy at the source in units of 10'7
PeV neutrinos could be produced by pion photoproduction by protons with energies close
to ~ 107 eV, namely the second knee. In neutral pion decays, the energy of each photon
is ~ 50% of the pion energy (k, ~ 1/2). Neutrinos are also produced by the beta decay of
neutrons in Eq. (1.34) and Eq. (1.37): n — p + e~ + 7,. Note that neutrinos are produced by
cosmic accelerators with a flavour mixture (v, : v, : v¢ = 1:2:0), but arrive on Earth with
a modified ratio (v, : v, : v = 1:1:1) due to neutrino oscillations.

Detailed model predictions exist for various source classes (see, e.g., [159] for a review

of sources).

1.6 THE MULTIMESSENGER PICTURE

A diffuse flux of cosmic neutrinos has been detected in the last years (see Sect. 1.3.3),
proving the existence of some CR accelerators in the Universe, most likely extragalactic,
though still unassociated to any specific source population. Because of the consistency of
the arrival directions of such neutrinos with an isotropic distribution, after correcting for
the angular acceptance of the detector and Earth absorption, the neutrino signal is likely
to originate from a population of relatively weak extragalactic sources. High-energy neu-
trinos can be produced only through hadronic models that require the acceleration of CRs
in astrophysical environments. For this reason, these cosmic messengers are believed to be
related to each other. In Sect. 1.6.1, the cosmic messengers connection is explained, while
Sect. 1.6.2 gives an overview of the common approach adopted by current instruments
working in the multimessenger field: these cooperate and share between each other part of
their observational results with the idea of triggering as many studies as possible, namely
through CRs, y-rays, vs, and GWs, to achieve a deeper and deeper view of the sources

populating our Universe.

1.6.1 Cosmic messengers connection

In Fig. 1.15, the IceCube diffuse cosmic neutrino flux measurements are compared with
the isotropic extragalactic y-ray background observed by Fermi [160] and UHECRs data
collected by Pierre Auger. It is possible to see that their energy densities are comparable,
so we can conclude that the same amount of gamma rays, neutrinos, and CRs of extreme
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energies is injected into our Universe. This consideration suggests that the three particle

populations might be connected and originate from the same source class (e.g., [116, 161]).

As we have already discussed before, hadronic models can produce both < rays and neu-

trinos via CR interaction with ambient matter or radiation and subsequent pion decay (see

Sect. 1.5). Let us discuss in the following several points emerging from Fig. 1.15:
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Figure 1.15: Comparison between spectral flux of unresolved extragalactic y-ray sources, cosmic

neutrinos, and UHECRs. The various multimessenger relations explained in the text
are highlighted. A. The joined production of 7" and 7” in UHECR interactions leads
to the emission of neutrinos (dashed blue line) and gamma rays (solid blue line) fitting
the data. B. The classical CRs acceleration model treated in Sect. 1.5.1 (solid green
line) implies a maximal flux of neutrinos produced by the same sources accelerating
UHECRs (dashed green line). C. Cosmogenic neutrinos peaking at EeV energies are
predicted by UHECR collisions with CMB photon (GZK mechanism). Image credit:
[116], adapted with updated neutrino data (see Sect. 1.3.3).

* A. The joint production of 77* and 7 in CR interactions leads to the simultaneous

emission of neutrinos (dashed blue line) and v rays (solid blue line). In extragalactic
sources, however, 7y rays suffer from a strong absorption because of the 7y interaction
with EBL and CMB (see Sect. 1.2.2). Fermi 7-ray observations in GeV-TeV range
can be explained by electromagnetic cascades initiated by high-energy leptons and
interacting with the CMB through repeated IC scattering and pair production. It is
important to point out here that the observed neutrino flux below 10 TeV slightly
exceeds the bound set by the model, represented by the dashed blue line. This poses
a challenge for emission models in which optically thin sources produce elusive
gamma rays and neutrinos and would suggest that some neutrino sources "hidden"

to gamma rays could exist (e.g., [162]).

B. UHECRs, while trapped in astrophysical environments through their diffusion in
magnetic fields, can produce 7 rays and neutrinos through collision with gas. If so,
this mechanism can be so efficient that the total energy stored in UHECRs is con-
verted to that of y-rays and neutrinos. The efficiency of this process is related to the
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total energy stored in the source under the assumption that it is calorimetric. Under
the hypothesis that sources work as perfect calorimeters and that the UHECR proton
spectrum scales as E~2 (green solid line), as predicted by the first-order Fermi acceler-
ation (see Sect. 1.5.1), a maximal flux of neutrinos from the same sources is expected.
This limit (shown by the green dashed line) is called calorimetric or Waxman-Bahcall
limit [100, 107]. It is worth noticing that this limit was derived under the hypotheses
of optically thin sources for high-energy protons to photohadronic and hadronuclear
interactions, and without any magnetic fields. Note also that the standard model of
UHECR protons with a spectrum o E~2 could account only for the most energetic
CRs (green data). CR data below 10! GeV is not accounted for by this model and
must be supplied by additional sources, not discussed here.

* C. The same CR acceleration and diffusion model as in B. predicts the production
of cosmogenic neutrinos from the collision of CRs with CMB (GZK mechanism), as
explained in Sect. 1.3. Future measurements of the diffuse PeV-EeV neutrino emission
can provide supporting evidence for the UHECR connection; this is the goal of the
proposed space-based POEMMA experiment [163].

As all cosmic messengers are tightly connected, they need to be understood in the context
of multimessenger and multiwavelength observations.

Interestingly, it is possible to obtain a relation providing the minimum power density
necessary to produce the neutrino flux observed by IceCube. The diffuse neutrino intensity
on Earth from extragalactic sources can be approximated as [107]

o LvnsRH
=" (1.38)

where ¢ accounts for the redshift evolution of sources (its typical value for sources follow-
ing the evolution of the star formation rate density is 2-3), 1, is the source density, L, is the
neutrino effective source luminosity and Ry = ¢/ Hy =~ 400 Mpc is the Hubble radius. By
pugging into Eq. (1.38) the IceCube diffuse flux level, amounting to ~ 3 x 1078 GeV cm—2
s~ 1 sr7! (see Sect. 1.3.3 and Fig. 1.15), the minimum power density necessary to produce
the observed diffuse astrophysical neutrino flux can be obtained [164]:

nsL, ~ 10% erg Mpc 2 yr1. (1.39)

Viable astrophysical neutrino sources need to be characterised by nsL, values higher than
that in Eq. (1.39). Fig. 1.16 shows the results of a similar calculation dating back to 2015
[165]. This study can be used in combination with the similar one presented for UHECRs
in Sect. 1.1.2 (see Fig. 1.5(a) and Fig. 1.5(b)), in order to investigate which sources could
in principle produce the observed fluxes of UHECRs and neutrinos, e.g., AGNs and GRBs.
However, they seem to be excluded as dominant sources of the diffuse flux of neutrinos
discovered by IceCube. The contribution of GRBs to the neutrino flux is disfavored by Ice-
Cube investigations, as well as by ANTARES analyses: further insights into this topic will
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Figure 1.16: Constraints on potential transient and steady sources, responsible for the diffuse astro-
physical flux detected by IceCube. The individual source populations are represented
by their density and typical luminosity in a characteristic wavelength band. The tran-
sient sources are indicated by red stars. Steady sources are shown through red cir-
cles. The solid diagonal line marks the neutrino power density boundary (similarly to
Eq. (1.39)). Sources above the line release sufficiently abundant energy in electromag-
netic radiation to potentially explain the diffuse neutrino flux. Dashed lines indicate
the same boundary condition for fractional energy release in neutrinos. Sources in the
vertical left regions can be excluded as the dominant source of the diffuse flux, since
they would result in a signal within dedicated searches (the green and cyan color refers
to limits derived on steady and transient sources, respectively.). Image credit: [165].

be provided in the following Chapters 3 and 4, dedicated to the analysis I have performed
to explore GRB neutrino emissions.

Recently, the ANTARES, IceCube, Pierre Auger, and TA Collaborations tested the
UHECR-v connection [166], by looking for v correlations with nearby steady extragalactic
sources of UHECRs with energies > 50 EeV. Neutrinos created by UHECRs are expected to
carry ~ 5% of the original proton energy, which means hundreds of PeV and above for the
UHECRSs selected in this study. The same sources would also emit neutrinos detectable by
the IceCube and ANTARES detectors. Using three different approaches, they searched for
an excess of: (i) neutrino clustering in the vicinity of UHECR directions; (ii) UHECRs in the
direction of the highest-energy neutrinos; (iii) pairs of UHECR and high-energy neutrinos
on different angular scales. Unfortunately, none of the analyses has found a significant ex-
cess, and, moreover, from the constraints derived, the assumption of no common sources
of UHECRs and neutrinos cannot be excluded. In fact, the uncertainties in the analyses
performed are too large to make any statement. More research is needed, e.g., on the prop-
agation of the charged messengers through the Galactic magnetic field, which influence
the deflection of UHECRs.
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Figure 1.17: Earth map indicating the location of several multimessenger observatories and satel-
lites (neutrinos in cyan, CRs in red, gamma rays in yellow, and gravitational waves in
green) that are either currently operating (circles) or planned (triangles). Image credit:
[167].

1.6.2  Observational strategies: real-time analyses

In the previous sections, the characteristics of all cosmic messengers, their propagation
to the Earth, the physical processes responsible of their production and finally the inter-
connections between each other have been outlined. The importance to collect as much
as possible wide multiwavelength and multiprobe information coming from the Universe
has emerged, with the aim of studying and discriminating physical processes working in
astrophysical sources.

In this context, efficient communication between several collaborations is crucial. For
pointing instruments and transient sources, the exchange of information also needs to
be fast. A global network of multimessenger instruments is already in place. Neutrino
telescopes, cosmic-ray observatories, gamma-ray satellite and ground-based telescopes, in-
terferometers for the detection of gravitational waves continuously cooperate and share
recorded events. The map in Fig. 1.17 shows the location of a selection of multimessenger
observatories and satellites that are either currently operating or planned, among which a
particular mention goes to neutrino detectors located in the Mediterranean Sea, ANTARES
and KM3NeT, as the present thesis is developed around them. If interesting events are
found using any of these instruments, public alerts are sent to the community. Several
methods for information exchange exist; the most widely used are the Gamma-ray Co-
ordinate Network (GCN, https://gcn.gsfc.nasa.gov), a fast dispatcher of triggers and
results, and the Astronomer Telegram (ATel, https://astronomerstelegram.org), namely
a publication service for briefly reporting information on new astronomical observations.
In addition to these public alerts, private programmes are also established between differ-
ent collaborations, defined by the so-called Memorandum of Understanding (MoU), such
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as TaToo [168] between ANTARES and optical telescopes, and the Astrophysical Multimes-
senger Observatory Network (AMON) [169], combining data from different experiments
to increase the significance of sub-threshold events that alone would not be sufficient to
claim a detection.

By using the multimessenger approach, the probability of detecting a source is enhanced,
and this helps in understanding the physics of many astrophysical sources, often charac-
terised by a variety of timescales and electromagnetic spectral features recognised during
the years. The presence of neutrinos is the "smoking gun" to identify sources as hadronic
cosmic accelerators. See, e.g., [170] for a review of transient astrophysical sources in the
high-energy multimessenger context.

Two main events, occurring just a few years ago, marked the birth of real-time extragalac-
tic multimessenger astronomy: the combined detection of GW 170817 and GRB 170817A
(GW-y multimessenger connection; see Sect. 1.4), and the detection of the IceCube neutrino
event IC 170922A in association with the blazar TXS 0506+056 (v-y multimessenger con-
nection; see Sect. 1.3.3). Most of the operating high-energy neutrino telescopes has an alert
system in place; e.g., IceCube, after the implementation of an event alert system in 2016
[171], upgraded in 2019 [172], has been sending tens of public alerts per year’!. IC 170922A
was one of these: this neutrino event was promptly classified with a good probability to be
of astrophysical origin, and in a few minutes the IC alert system automatically circulated
an alert to the whole astronomical community. Many similar associations between high-
energy neutrinos and their potential astrophysical counterparts have been studied in the
last years; e.g., 58 analyses were performed by the IceCube Collaboration between 2016
and 2020 [172]. It is worth mentioning that a dedicated real-time pipeline, fully automated,
was also operational for the ANTARES detector since 2014 up to its dismantling, in Feb-
ruary 2022. All the external triggers by electromagnetic, neutrino, and gravitational wave
instruments occurring in positions of the sky below the ANTARES horizon were followed.
For a review of all the online analyses performed with ANTARES refer to [173]. The next
generation neutrino telescope KM3NeT is also developing a framework for real-time analy-
ses. Part of the activities within this thesis has been dedicated to the implementation of
the required software for online event processing, as it will be described in Chapter 5 (see
Sect. 5.2), where also the first KM3NeT analyses results are outlined.

21 In particular, 10 gold alerts and 20 bronze alerts, with > 50% and > 30% probability to be astrophysical, respec-

tively.
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HIGH-ENERGY NEUTRINO TELESCOPES IN THE
MEDITERRANEAN SEA

In the 1930s, through the study of B decay', it was theoretically clear that a third un-
known particle, with nearly no mass and with neutral charge, was needed to be involved
to save the principle of energy conservation. The existence of this particle, dubbed "neu-
trino" by Enrico Fermi, was experimentally proved in 1956. In the subsequent years, the
observation of neutrinos from the Sun and from the supernova SN1987A, posed the idea
that they could represent good astrophysical messengers. Neutrino interaction with matter
is extremely feeble because of its characteristics. Therefore, astrophysical neutrinos, pro-
duced in high-energy hadronic processes, may reach the Earth without any absorption and
deflection by magnetic field effects. However, their weak interaction constitutes a strong
impediment to their observations; huge particle detectors with a large volume of free and
natural target for neutrino interactions are required to collect cosmic neutrinos in statisti-
cally significant numbers. Following the Markov’s proposal in 1960 [174], big efforts have
been concentrated over the years on installing large detectors deep in water and ice able
to collect the Cherenkov light induced by the propagation of charged particles resulting
from neutrino interactions with nuclei in the detector volume. These efforts have led to-
wards the construction of bigger and bigger detectors all over the world. Among them, it
is worth mentioning the IceCube neutrino telescope at the South Pole, that firstly detected
cosmic neutrinos (see Sect. 1.3.3), the Gigaton Volume Detector Baikal (Baikal-GVD) be-
low the surface of Lake Baikal in Russia [175], and the two detectors in the depths of the
Mediterranean Sea on which this work is focused: ANTARES (dismantled at the beginning
of 2022) and KM3NeT (at the time of writing, under construction).

This chapter starts with the discussion of the high-energy neutrino detection principles
in Sect. 2.1. Then, seawater properties and detection techniques used by underwater neu-
trino detectors are discussed in Sect. 2.2 and Sect. 2.3, respectively. Then, their general
properties are outlined in Sect. 2.4. In Sect. 2.5, the ANTARES and KM3NeT telescopes
and their performance are described. In Sect. 2.6, the methodologies used to calibrate the
detectors and attain the needed level of precision before described are summarised. Finally,
for completeness, a brief description of other high-energy neutrino telescopes currently op-
erating, i.e., IceCube and Baikal-GVD, is provided in in Sect. 2.7.

Radioactive decay in which an atomic nucleus is converted into a nucleus with atomic number increased/de-
creased by one, while emitting an electron/positron and a electron antineutrino/neutrino:

A A Ve
SXN =741 YNg1 FeT+ (U )
e

43



44

HIGH-ENERGY NEUTRINO TELESCOPES IN THE MEDITERRANEAN SEA

2.1 DETECTION PRINCIPLE OF HIGH-ENERGY NEUTRINOS

High-energy neutrinos can be indirectly revealed by making use of detectors capable of
capturing the Cherenkov light that secondary relativistic charged particles, resulting from
neutrino interactions, induce crossing transparent media. This section aims at explaining
why and how Cherenkov radiation (presented in Sect. 2.1.1) originates after neutrino inter-
actions with nuclei (in Sect. 2.1.2), as well as to outline the event signatures that neutrino
telescopes look for (in Sect. 2.1.3).

2.1.1 Cherenkov radiation

When a charged particle passes through a transparent medium with a speed exceeding
that of light in the medium, optical photons are produced by the Cherenkov effect [176].
During propagation in a medium with refractive index 7, a charged particle with velocity
v polarises the molecules around its trajectory and emits wavefronts of light that travel
at speed c/n. Cherenkov light is emitted when the electrons of the medium restore them-
selves to equilibrium after the perturbation has passed.

v<cln v>cln

—ct/in—> .
<« V> < vt

V...

Figure 2.1: Sketch showing a particle propagating for a time ¢ with a velocity v in a medium char-
acterized by a refractive index #, and the wave fronts of light moving at velocity c/n
(circles) emitted at the passage of the charged particle. Image credit: [89].

As shown in Fig. 2.1, if v > ¢/n, these radiations are coherently summed up on the
surface of a cone with a characteristic angle 6¢c given by
c/n_ 1

cosbe=—=—, (2.1)
v Bn
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where B is the particle speed in units of c. Relativistic particles (8 ~ 1) in seawater, where
light moves ~ 75% slower than in vacuum (n ~ 1.35 [177]), induce Cherenkov photons
within a cone with 6c ~ 42°.

The number of Cherenkov photons N., emitted because of this effect per unit path length
x of the charged particle and wavelength A can be written as [178]

dzNW 27T 1
dxdA ~ A2 Q_n%MW>' 22)

where a ~1/137 is the fine structure constant’. Eq. (2.2) shows that shorter wavelengths are
more intense in Cherenkov radiation. In fact, most of the Cherenkov radiation is emitted
in the ultraviolet spectrum and is observed in blue. In the transparency window of water,
i.e. (350-500 nm)®, the number of photons emitted per track length is ~ 250 cm ™.

2.1.2 Interaction signatures of high-energy neutrinos

Neutrinos are subatomic particles, very similar to electrons, but without electrical charge
and very small mass (m, < 0.8 eV/c? [179]). According to their energy and to the momen-
tum transferred to the hadronic system, we could classify neutrino-nucleus interactions
into elastic, quasi-elastic, and deeply inelastic. Since in this work we refer to neutrino tele-
scopes that aim at the detection of high-energy vs of cosmic origin, here only neutrino
interactions at high energies are discussed. For a more general overview about all the v
scattering mechanisms mentioned above, see e.g [180].

High-energy neutrinos weakly interact with quarks via the exchange of W* and Z gauge
bosons. Two main channels are possible:

¢ charged current (CC) interactions, with the production in the final state of a charged
lepton,

Vi+ NS IF+X; (2.3)

¢ neutral current (NC) interactions, where the neutrino instead emerges at the final
state,

YVi+ N Y+ X (2.4)

In Eq. (2.3) and Eq. (2.4), I indicates the leptonic flavour (I = e, 1, T), and X is the hadronic
shower system that starts at the interaction point. The cascade is present both in NC and
CC interactions and, even if constituted mostly by hadronic particles, contains also an EM
component constantly increasing because of 71° decays. Regarding the leptonic part of the
final state, in NC interactions this is a neutrino with unchanged flavour; meanwhile, in CC
interactions, the charged lepton corresponds to the flavour of the initial v. Fig. 2.2 shows all

Fundamental physical constant which quantifies the strength of the electromagnetic interaction between ele-
mentary charged particles.
Where PMTs are typically more sensitive.
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Figure 2.2: Neutrino interaction channels and their products visible to neutrino telescopes: (a) Neu-
tral current v interaction; (b) Charged current v, interaction; (c) Charged current v,
interaction; (d) Charged current v, interaction.

the v interaction channels visible to high-energy neutrino telescopes thanks to detection of
the Cherenkov radiation they produce in transparent media. They are explained as follows:

* (a) NC v interactions As the outgoing neutrino does not have a visible signature,
only the hadronic shower is seen;

+

* (b) CC v, interactions e™ immediately initiate a EM cascade producing radiation via

bremsstrahlung;

* () CC v, interactions The resulting y*, having a mass more than a factor of 200
higher than e* (m,, ~ 105 MeV/c?), can travel large distances with little energy loss,
producing a well-distinguishable muon track in the detector;

¢ (d) CC v, interactions ¥, with high mass (m, ~ 1778 MeV /c?) but very short lifetime
(tr =~ 2.9 x 10713 s at rest ), are not able to propagate for long distances* and decay
producing in about 2/3 of the cases another hadronic cascade. Since the two cascades
are separated by an appropriate distance, they can be detected individually (double-
bang signature).

The neutrino cross sections o,y for scattering at high energies (DIS regime) are visible in
Fig. 2.3. Neutrinos, being weakly interacting, have a low probability of interaction with
matter: e.g., at 1 TeV (PeV), the inelastic cross section per nucleon is o, N ~ 10_35(10_33)
cm?. For E, < 10* GeV, 0,y increases linearly with E,, while after it grows more slowly
(oyn o EV4). For a detailed treatment of the cross sections for the interactions of ultrahigh-
energy neutrinos with nucleons, see e.g., [181]. Fig. 2.3 shows also o,n for the so-
called Glashow resonance, namely the scattering of electron antineutrinos with electrons
(7e +e- = W~ — X) [182]: the interaction probability of this process is characterised by
a peak in the rest frame of electrons at E; ~ 6.3 PeV, where it dominates with respect to
the others. In such a case, the event signature detectable in neutrino telescopes is a shower
with energy compatible with that of the interacting neutrino. Note that this process is

4 Except for very high energies, i.e. E, > 1 PeV
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Figure 2.3: Neutrino and anti-neutrino cross sections per nucleon at high energies for CC and NC
interactions in DIS, and for the Glashow resonance. Cross section values are given in
picobarn (1 pb = 1073¢ cm 2). Image credit: [89].

the only one, among the interactions in Fig. 2.2, allowing to distinguish between v and
7 through neutrino telescopes. For other neutrino energies, the interaction with electrons
can be neglected. In fact, o, is proportional to the mass of the target particle and this
leads to a much larger cross section for the neutrino scattering on nucleons than scattering
on electrons.

2.1.3 Propagation of neutrino interaction products

All the charged secondary particles emerging as final products of neutrino interactions
in water (muons, taus, EM and hadronic showers) can induce, if relativistic, Cherenkov
radiation that neutrino telescopes can identify through different patterns (track and/or
shower), according to the type of interaction occurring. Charged particles travel through
the medium until they either decay or stop having lost their kinetic energy, so their path
depends on the amount of energy they lose per interaction.

The average path lengths in water for y, T, EM, and hadronic cascades, resulting from v
interactions, are shown in Fig. 2.4. When a v, CC interaction occurs, often only the muon
track is detected, as its propagation in water exceeds that of the cascade by more than three
orders of magnitude for energies above TeV. Indeed, muons, with respect to all the other
signatures, can propagate over long distances. For example, for a neutrino with E,, > 1
TeV interacting with or close to the detector, the final product y travels in water ~ 10 km.
This demonstrates the fact that events generating high-energy muon tracks in neutrino
detectors can have the interaction point outside the instrumented volume, extending the
so-called effective volume of the detector (see Sect. 2.4). The muon path length usually ex-
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Figure 2.4: Average propagation distances of muons (blue), taus (orange), electromagnetic cascades
(red) and hadronic cascades (green) resulting from neutrino interactions in water. Plot
reproduced with data taken from [183].

ceeds the spatial resolution of neutrino detectors, so that tracks produced by high-energy
v CC interactions can be easily detected, and constitute the main signature that neutrino
telescopes look for.

Muon propagation

Given its importance, let us focus on muon propagation. Along the y track, additional
Cherenkov light is emitted (shower-like) due to muon energy losses due to ionisation and
some stochastic processes” as bremsstrahlung, pair production, and photonuclear interac-
tions. The total energy loss per unit length can be parameterised as [184]

dE
T; =a(Eyu) +b(Ey)Ey, (2.5)

where a(E,) refers to ionisation and b(E,) = bpair + Dbrems + Pphotonuc includes the contri-
bution given by the other radiative losses. The mechanism of ionisation energy loss does
not depend strongly on E, (see a in Eq. (2.5)), while pair production, bremsstrahlung,
and photonuclear reactions increase linearly with energy. In water, 2 ~ 2 MeV cm ™! and
b~ (1.7+1.240.6) x 107® cm~! [185], as shown in Fig. 2.5. For E, lower than ~ 1 TeV, ioni-
sation dominates; above this threshold, instead, muons start to lose more energy because of
stochastic processes (b(E,) =~ 3.5 x 10® cm™!). However, as already pointed out, muons
with energies higher than TeV propagate in water with a path several orders of magnitude
longer than cascades, and tracks can be clearly recognised. Note that muon propagation in
water affects the energy resolution of neutrino detectors, namely their ability to accurately

determine the energy carried by a muon event, as discussed in Sect. 2.4.

5 Muons deposit their energy at irregular intervals rather than continuously.
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Figure 2.5: Energy loss of muons during their propagation in water: ionisation (red), pair produc-
tion (green), bremsstrahlung (blue), and photonuclear interaction (yellow). The black
line shows the total energy loss. Image credit: [186].

Muon detection and neutrino direction reconstruction

From the reconstruction of the direction of muon tracks resolved by neutrino telescopes,
it is possible to trace back the original direction of incoming neutrinos that CC interact in
water and produce the track signature. The final state muon, indeed, follows the initial v
direction with an average mismatch angle GW(EV), usually called kinematic angle, that can
be approximated as [187]

0.7°

Cun(E2) < ey or

(2.6)
Note that the higher the neutrino energy, the smaller the kinematic angle value. The rela-
tion in Eq. (2.6) represents the basic principle for the v, directional reconstruction, but at
the same time it sets a kinematical limit to the detector angular resolution (see Sect. 2.4).
Let us consider a CC interaction of a muon neutrino with energy E, ; the probability
that the final muon reaches the detector with a minimum detectable energy E;}ﬁ“ depends
on the cross section (71%5\, and on the effective muon range L, ofr, namely the length path after

which the muon has decreased its energy to E;}‘in [164]:

CC
min Ev dUV#N min
Pv%y(va Ey ) = NA/ dEyT : Ly,eff(Ey ,Ey), (2.7)
pmin H
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being N, the Avogadro constant. For water and E;}ﬁ“ =1 GeV, it is possible to adopt the
following approximation:

2.2
_ —6 4
Py, =13 x 10 ( : Tév> E,, <1TeV (2.8)
Y 0.8
_ —6
—1.3x 10 <1T£v) E,, >1TeV (2.9)

This means that a neutrino telescope can detect a muon event induced by a neutrino with
E,, ~1 TeV with probability ~ 107, if the telescope is on the neutrino path.

Shower detection

The Cherenkov light due to the development in the medium of the EM and hadronic
cascades is distributed over a pattern much wider than tracks. It is, indeed, the result of
the sum of multiple Cherenkov cones produced by all charged particles constituting the
shower. This clearly makes the fit accuracy of the neutrino direction producing the shower
event worse than that of tracks. On the other hand, since the length of showers in water
increases like the logarithm of the cascade energy, all shower events typically release their
entire energy in a compact region into the detector volume, allowing for a more precise
energy reconstruction with respect to tracks.

Refer to Sect. 2.3 for an explanation of the experimental and technological technique
used to detect the neutrino-induced events mentioned so far.

2.2 SEAWATER AS DETECTOR MEDIUM

The construction of optical Cherenkov neutrino telescopes in deep seawater is a clever
way to provide a very large target mass for neutrino interactions, to cope with the small
neutrino-nucleon cross sections, as well as to reduce the huge amount of background com-
ing from atmospheric particles produced in CR interactions with Earth’s atmosphere (this
will be clearer in Sect. 2.3.2). However, the usage of seawater as detector medium leads
to absorption and scattering of photons during light propagation underwater (treated in
Sect 2.2.1 and Sect 2.2.2, respectively), and to an irreducible natural optical background
(discussed in Sect 2.2.3). When working with water Cherenkov neutrino telescopes, which
use the position of measured photons and their arrival time on PMTs to characterise
neutrino-induced events, it is necessary to take into account all these effects; they must

be permanently monitored and the instruments calibrated.
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221 Photon absorption

The light absorption reduces the amplitude of the Cherenkov wavefront, namely, the total
amount of light arriving on PMTs. The intensity I(x,A) of light towards the optical path x
traversed by it at a certain wavelength A is expressed by the following relation:

I(x,A) = Iy(A)e /L), (2.10)

where L(A) represents a length depending on the properties of the medium and the effect
considered. In the case of absorption, L(A) represents the absorption length L,(A), which
defines the distance at which the probability that a particle has not been absorbed drops
to 1/e. Measurements made in the past in the Mediterranean Sea showed that L,(A) ~ 60
m for blue light and L,;(A) ~ 26 m in the UV band [188].

2.2.2  Scattering of photons

The scattering of photons with particles in seawater changes the direction of Cherenkov
radiation during its propagation. This affects the distribution of the arrival times of the
hits on the PMTs, which degrades the measurement of the direction of the incoming neu-
trinos. The scattering properties of water are commonly described by the same relation
in Eq. (2.10), in analogy to absorption, with L(A) equal to the scattering length Ls(A). A
complete description of light scattering also involves knowledge of the scattering angle
distribution, that is a mixture of Rayleigh [189, 190] and Mie [191] scattering processes.
Photon directions can be deviated multiple times before reaching PMTs. On average, they
advance at an angle of (cos6) a distance of Ls(A) between each scatter. Hence, after n scat-
ters, this effect is described by the effective scattering length, namely Ls(A) averaged over
scattering angles:

Lgff()g ~ L, (A)

oy 2.11)

In seawater, this quantity was estimated to be LEf(1) ~265(122) m for blue(UV) light [188].
Due to a combination of absorption and scattering phenomena, the light intensity scales
with the depth D as

IU(/\) o Cx

D2 ’

I(x,A) = (2.12)
where ¢ = (L, + Ls)/ (L, - Ls) is called attenuation coefficient. Its variation with depth in
water is small, unlike that of ice, where absorption and scattering coefficients strongly
change. However, differently from neutrino detectors built in ice, in deep seawater the
light propagation is affected by seasonal variations in water parameters and bio-matter.

For a comparison with the properties of water in Lake Baikal and ice in the South Pole,
where Baikal-GVD and IceCube operate, respectively, see, e.g., [192, 193].
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2.2.3 Optical background

Working with the Mediterranean Sea also means having to deal with additional optical
light produced by decays of radioactive elements and by bioluminescent organisms living
in the deep sea.

Seawater contains potassium, whose isotope potassium-40 (*°K) is the most abundant.
The main decay channel of K is:

WK -0 Cate +7, (89.3%)

The electron produced in the B decay above has an energy of 1.3 MeV and leads to the
production of Cherenkov light when travelling in water®. Another possibility is given by
the electron capture channel

YK +em =Y Ar+v.+v9  (10.7%)

where the photon, with E, = 1.46 MeV, Compton scatters with water molecules and pro-
duces fast electrons, which in turn emit Cherenkov radiation. The background due to 40K
is more or less constant and is estimated to add a rate of hundreds of photons per second
per cm? of photocatode area (e.g., [194]).

Furthermore, organisms living in deep sea emit either a continuous signal (due to steady
glow of bacteria) and bursts of photons (produced by other sea animals) typically lasting
few seconds, with intensity several order of magnitudes greater than the %K noise. Note
that the higher the velocity of the sea current, the greater the bioluminescence [193]. The
distribution of luminescent organisms varies with location, depth, and seasonal variations,
and generally its abundance decreases with depth [195]. Together with the shielding effect
for atmospheric muons (see Sect. 2.3.2), this is another important reason why neutrino
telescopes in the Mediterranean are located in deep sea (at least 2500 m, as will become
clear later in the text.)

Optical noise can worsen the reconstruction performances of detectors, as the noise rate
in PMTs can look like a low-energy muon event. In particular, this is true for muons with
energy <1 TeV that produce only a few Cherenkov photons. This background is usually
suppressed by looking for coincidences in neighbouring PMTs, considering the fact that
the probability of random coincidences by *°K or bioluminescence hits is low. Another
possibility is to use only hits above a certain amplitude threshold that should guarantee
the cut of signals from “°K decays, whose amplitudes generally correspond to a single
photoelectron.

2.3 DETECTION TECHNIQUES

In neutrino telescopes, light is detected by making use of transparent spherical glasses
hosting several photomultiplier tubes (PMTs) with readout electronics. The glass sphere

6 Electrons with kinetic energy greater than 250 keV emit light in water by Cherenkov effect.
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protects PMTs from pressure and other environmental factors (like salinity), and at the
same time allows Cherenkov photons to reach PMT photocathodes that convert photons
into an electrical pulse. The electrical charge pulse is read out using dedicated electronics
located in the sphere. Each sphere is the basic elements of neutrino detectors and is usually
defined as Optical Module (OM). Cherenkov photons detected on OMs at a certain time
constitute what is usually called hit. At each hit, a position, time, and collected charge are
associated, which are used to reconstruct the direction and energy of each event. Several
OMs are structured in vertical detector lines (called strings), namely cables for mechanical
support and data transfer, which in water are moored on the ground and held vertically
by buoys. The distances between strings and modules themselves are optimised for dif-
ferent energies at which neutrino telescopes aim, as well as depending on the level of
expected optical background hits for the medium in which they are located. In practise, a
three-dimensional array of PMTs is built, through which the properties of interacting neu-
trinos can be inferred with high-precision measurements of the number and arrival times
of Cherenkov photons on PMTs; in this regard, the following Sect. 2.3.1 and Sect. 2.3.2
explain how events are triggered and reconstructed by neutrino telescopes, and the huge
atmospheric background polluting neutrino detections, respectively. More details about
the modules installed in the ANTARES and KM3NeT detectors and their design are given
in Sect. 2.5.1 and Sect. 2.5.2, dedicated to their description.

It is worth noting that there are also other possibilities, not considered in this work,
such as the detection of acoustic (e.g., [196]) or radio signals (e.g., [197]) generated by EeV
neutrinos in a huge volume of water (acoustic) or ice (acoustic and radio).

2.3.1 Triggering and event reconstruction

Once the data is collected, they need to be filtered and saved to permanent storage for fu-
ture analyses. This is done through trigger algorithms, which continuously operate on data
arriving in real-time. They split the data stream into discrete events and, among them, filter
those data that is not likely to contain useful information. In practise, trigger algorithms de-
cide whether an event containing a set of hits collected on PMTs should be recorded or not.
Using information on the position, time, and amplitude of each hit, specific algorithms are
used to reconstruct events. As already seen in Sect. 2.1.2, a neutrino interaction, depending
on the neutrino flavour, can result in a muon coming out of the interaction point, namely
a track, or can create a cascade of particles (hadrons or electrons), which is termed shower.
Fig. 2.6 shows how these patterns are detected by neutrino telescopes. The reconstruction
of each event consists of the characterisation of its direction and energy, from which it is
possible to trace the same information for the interacting neutrino. Since tracks and show-
ers produce very different patterns, specific reconstruction algorithms are applied on each
event to define the most likely origin. These software are usually developed on their own
by each neutrino telescope collaboration, to take into account the distinct detector tech-
nologies as well as the properties of the medium in which they operate. The influence of
environmental noise (mainly by *°K and bioluminescence) is reduced by dedicated selec-
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Figure 2.6: Detection principles for muon tracks (left) and showers (right) in neutrino detectors.
Image credit: [192].

tion algorithms. Information on background light, response on PMTs to photon hits, and
energy losses by particles in the medium are considered at reconstruction processes. The
parameters assessing the reconstruction quality can be used to select well-reconstructed
events. Namely, some cuts on the reconstruction parameters are applied and only events
satisfying certain conditions are accepted.

In Appendix B the entire Monte Carlo (MC) chain used in ANTARES and KM3NeT to

simulate and reconstruct events is presented.

2.3.2  Atmospheric background and neutrino selection

Underwater neutrino telescopes are facing different backgrounds, that make difficult the
detection of cosmic neutrinos. In addition to natural irreducible optical backgrounds such
as the natural radioactivity of elements in water (mainly “°K), and the luminescence pro-
duced by organisms living in the deep sea (see Sect. 2.2.3), there is constant rain of Earth-
penetrating neutrinos and muons from cosmic-ray collisions with the atmosphere.

When CRs interact with nuclei in the atmosphere, both neutrinos and muons are pro-
duced. Even if atmospheric neutrinos constitute an irreducible background, they strongly
lower going at very high energies, where their energy spectrum is much softer than the
signal neutrino spectrum expected from astrophysical sources (see Sect. 1.3.1). In this sit-
uation, cosmic neutrinos can emerge with respect to the background. In addition, when
a neutrino signal is searched from a well-known position in the sky where a potential
emitter is present, the large amount of background events can be cut by selecting only
events occurring in a defined space angle around the source direction (point-source analy-
sis). For details about high-energy neutrinos of atmospheric origin, the reader can refer to
Sect. 1.3.2.

The most abundant background is due to atmospheric muons, produced in association
with atmospheric neutrinos (see Fig. 1.9). As an air shower usually produces more than
one muon, most of them arrive in bundles with a nearly uniform direction and energy loss
pattern. These muons can penetrate several kilometres in the detector and the signature
they leave can be confused with that of cosmic neutrino signals. The parameterisation of
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Figure 2.7: Atmospheric muon and neutrino fluxes as a function of the cosine of the zenith angle.
Atmospheric muons are shown for two different depths in seawater: 1680 m (blue) and
3880 (green). For neutrinos, the thresholds E,, > 100 GeV (black) and E,, > 1 TeV (red)
are reported. Image credit: [193].

the flux, lateral distribution, and energy spectrum in deep water for single and multiple
muons is discussed in [198]. As shown in Fig. 2.7, atmospheric muons can be discarded by
using the Earth as a muon shield and selecting only up-going events occurring below the
horizon of the telescopes, i.e. with cosf < 0, 8 being the track zenith angle. By adopting
this event selection, the only atmospheric background to account for is constituted by
neutrinos. Therefore, neutrino telescopes predominantly look at these events. Even if they
are usually deployed in deep transparent media taking advantage of their shielding effect
(the atmospheric muons decreases with depth), a large flux of high-energy down-going
muons (cosf > 0) can however reach the detectors and a small fraction of them can be
wrongly reconstructed as up-going. Typically, in these cases, the poor quality of the track
fit allows us to discard those events.

It is worth highlighting that looking for up-going events works only up to ~ PeV en-
ergies; above this threshold the Earth starts to become opaque to neutrinos. Indeed, the
higher the neutrino energy, the lower its survival probability through the Earth [199]. At
energies above few hundred TeV, neutrino-generated events start to arrive preferentially
from directions close to the horizon and, at EeV energies, they come essentially only from
the upper hemisphere. At PeV energies, where the atmospheric background is very small,
it is not possible to select only up-going events, since neutrinos cannot be seen. However,
the atmospheric background rate at these energies is low enough to allow a good recon-
struction of such high-energetic tracks, even if they are only seen from above the horizon

(e.g., [200]).
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24 CHERENKOV DETECTOR PROPERTIES

To make a decisive contribution towards the multimessenger astronomy field, discussed in
Chapter 1, neutrino detectors need to be able to reconstruct with high precision the direc-
tion of the sky from which neutrino events come and, at the same time, be characterised
by enough target volume and sensitivity to catch the low rate of cosmic neutrinos hidden
among the huge atmospheric background. Before going into the specific performances
of ANTARES and KM3NeT (see Sect. 2.5.3), general properties of neutrino detectors are
introduced below: angular and energy resolution (in Sect. 2.4.1 and Sect. 2.4.2, respec-
tively), effective volume and area (in Sect. 2.4.3), and sensitivity and discovery potential
(in Sect. 2.4.4).

2.4.1 Angular resolution

The angular resolution of a detector corresponds to its capacity to resolve the direction of
reconstructed events with a small error to trace back as precisely as possible to the direc-
tion of the incoming neutrino. This important quality of a neutrino telescope depends on
the geometrical layout of the detector, the photocatode area through the number of PMTs,
and also on the quality of the reconstruction techniques adopted. The angular resolution
as a function of the neutrino energy is commonly evaluated for each detector through the
median of the space angle between the direction of neutrino events given by MC simu-
lations and that reconstructed. The typical resolution for neutrino telescopes in water for
muon track reconstruction is less than 1° for high-energy events. Note that, as neutrinos
are not detected directly, rather via the secondary particles produced in neutrino interac-
tions, the angular resolution is limited by kinematics, i. e. by the angle between the primary
neutrino and the muon (in Eq. (2.6)). Since both the kinematic angle and the quality of the
reconstruction depend on the energy of the involved particles, the angular resolution im-
proves with increasing energy. On the other hand, compared to track events, the angular

resolution is worse for showers because of their spread and quite compact pattern.

2.4.2  Energy resolution

To well characterise an event, in addition to its direction, it is important to determine its
energy. This evaluation is affected by uncertainties on the physical processes that charac-
terise neutrino interactions, as well as on instrumental uncertainties. When considering the
favourite channel for neutrino detectors, namely track-like events, their response to neu-
trino energy depends on: (i) the fraction of energy transferred to the muon, (ii) the energy
lost by the muon outside the detector, and (iii) the energy resolution of the detector. This
property is usually determined by several methods depending on different energy ranges.
For a better understanding of the topic presented here, the reader can refer to Sect. 2.1.3,
where the propagation in water of charged particles produced in neutrino interactions is

discussed. Below 100 GeV the ionisation dominates; muons lose in water ~ 2.5 MeV cm ™!,
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and their energy can be estimated from the length travelled totally into the detector size.
Above 100 GeV, the fact that muons can start or finish their path outside the detector vol-
ume prevents the usage of the previous method. However, it is still possible to determine
the minimum energy by means of a measure of the limited range, useful for partially con-
tained events (starting events in which the vertex point is measured inside the detector and
stopping events in which the endpoint is measured). At energies greater than 1 TeV, muon
energy losses are a function of energy itself (see Eq. (2.5)) and the track length increases
~logarithmically with the muon energy. The stochastic nature of the energy-loss processes
here dominating makes the energy reconstruction challenging. In summary, the energy
resolution for track-like events degrades with energy. On the other hand, the energy of
shower events, characterised by a short length contained in the instrumented detector vol-
ume, is usually better evaluated, despite the difficulty in determining the original direction

of the incoming neutrino.

2.4.3  Effective volume and area

An important parameter that describes the efficiency of a neutrino telescope is the so-called
neutrino effective volume, which represents the volume on which all neutrinos crossing
the detector would be revealed (100% detection efficiency). This property can be obtained
by Monte Carlo simulations. Consider Nge, the number of generated events distributed
over a volume Veen, which geometrically contains and exceeds the detector, and Ny the
number of detected events (triggered or reconstructed). The efficiency to detect a neutrino
of a given energy E, is expressed by the effective volume as

Ndet<Ev)

Veff(Ev) = Vgen(Ev) N, (E )
gen\Lv

(2.13)
Eq. (2.13) highlights that Vg can be higher than the geometrical volume. For example, in
high-energy CC v, interactions, even if the interaction point is outside the instrumented
volume, the muon tracks produced are so long that they can pass through the detector
emitting Cherenkov photons that reach PMTs. In this way, the effective volume of the
detector is enhanced. Instead, for cascade events Vg is quite close to it.

Related to the effective volume, the neutrino effective area can be likewise defined. For
a given neutrino energy E, with incident zenith angle 0, it is expressed as

Actf(Ey,0) = Vegt(Ey,0)0un (Ev) PN APgarin (Ev, 0), (2.14)

where p is the medium (i. e. seawater) density, and Pg,, is the neutrino transmission prob-
ability through the Earth. For up-going events (cosf < 0), Af increases with energy and,
otherwise, starts to decrease at few hundred of TeV because of the absorption of neutrinos
in the Earth. Note that these detector properties are not fixed. When cuts on reconstruction
parameters are applied, and thus it is required to select only events satisfying particular
criteria (see Sect. 2.3.1), the detection capability lowers with respect to that at the trigger
level. Furthermore, Aq¢ and V¢ are analysis dependent, with the latter optimised through
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different event selection criteria. This is reflected into Nge in Eq. (2.13), which full-fledged
represents the number of events surviving analysis cuts. Note that Ag and V¢ can also be
estimated for muons, with respect to which neutrino effective volume and area are many
orders of magnitude smaller, due to the small neutrino interaction cross section.

By knowing the detection efficiency of a neutrino telescope through the effective area,
for a predicted astrophysical neutrino flux ¢, (E,,6) = dN,/(dE,dtdAdQ)), the expected
number of events in the detector and in a defined time interval can be computed as

Ny = [ 9(E,,0) Ay(E,,0)dE,dtdO. (2.15)

By considering that Agg o Vegr o< Nget (see Eq. (2.14) and Eq. (2.13)), where Nyt in turn
depends on the neutrino energy and direction, there are two consequences: (i) sources with
similar ¢ but different spectral index produce a different response in neutrino telescopes
(the harder the spectral index, the better the source can be seen); (ii) due to Earth motion,
the position in the detector frame of a given source in the sky changes with daytime. For
this reason, the effective area needs to be computed for each declination by averaging over
the local coordinates (zenith and azimuth angles).

2.4.4 Sensitivity and discovery potential

One of the most important goals of a neutrino telescope is to search for cosmic neutrino
signals. This is very challenging, as previously discussed, because of the existence of a large
background. Therefore, appropriate statistical methods need to be used when looking
for such a small signal from a given astrophysical source in the recorded data and, in
the negative case, to set exclusion limits to neutrino production for that source. In the
case described here, the detector properties considered are discovery potential [201] and
sensitivity [202].

The former is usually evaluated through the Model Discovery Potential (MDP) [203], i. e.
the probability of observing an excess at a given level of significance assuming the signal
predicted by the theoretical model. In this case, cuts are optimised to obtain the minimum
number of signal events necessary to claim a discovery.

If no significant signal is found, upper limits are set using the Model Rejection Factor
(MRF) [202], as

Fiooe ( <nbkg> )
(ns) ’

where ¢, is the expected flux level by the model, and MRF is defined as the ratio between

$90% = ¢pv - MRF = ¢, (2.16)

the average experimental upper limit at 90% confidence level (C.L.) figg, on the number of
signal events 1 and the expected average number of 1 from a source with a given ¢,. The
parameter figyy, depends on the mean number of background events 7y, and is calculated
following the Feldman-Cousing approach [202]. Again, the optimal set of cuts used in an
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analysis can be found by minimising the MRFE. Thus, the detector flux sensitivity can be
calculated as

Psens = MREF - Pv. (2.17)

The quantity in Eq. (2.17) represents the largest flux that can be excluded by the detector
with a given C.L., which is typically considered at 90%.

2.5 ASTROPHYSICAL NEUTRINOS DETECTION IN THE MEDITERRANEAN SEA

Neutrino telescopes are three-dimensional arrays of PMTs distributed in huge and deep
areas characterised by a transparent medium so that: (i) a large volume of free and nat-
ural target for neutrino interactions is available; (ii) the medium shields against secondary
atmospheric particles produced by CRs; (iii) the Cherenkov light induced by the path of
relativistic particles produced by neutrino interaction can be visible to PMTs. If seawater
is used as the medium, neutrino telescope sites need to be located far enough from coasts
and river estuaries to avoid turbulent currents and preserve the purity of water. More-
over, at the same time, they should be close to the scientific and logistic infrastructures on
shore. With all such requirements, the Mediterranean Sea offers optimal conditions on a
worldwide scale. A first generation neutrino telescope in the Mediterranean Sea has been
fully operative between 2008 and the beginning of 2022 off the French coast. This detec-
tor, named ANTARES [205], was characterised by an instrumented volume of about 1%
cubic kilometre and has proved the feasibility of neutrino detection in seawater, providing
a wealth of experience in the field. However, unfortunately it has not identified neutri-
nos of cosmic origin, even if important constraints to astrophysical models were defined
thanks to its data. In fact, it can be estimated that at least a km? volume is needed to
perform successful neutrino astronomy, as demonstrated by the results obtained by the
cubic-kilometre-size neutrino telescope IceCube, built in deep ice at the south pole and op-
erative for about twelve years. Based on the ANTARES experience, a km> Mediterranean
Neutrino Telescope (KM3NeT) is currently under construction and is already taking data.
With the partial detector configuration active at the time of writing, the volume of KM3NeT
results is already greater than that of ANTARES’. The presence of neutrino detectors in
both hemispheres is fundamental for the visibility of the whole neutrino sky without being
obscured by the large flux of cosmic neutrinos. Fig. 2.8 shows the total sky visibility by
combining the Mediterranean-based neutrino telescopes and IceCube at the South Pole. In
the following, the two telesopes ANTARES and KM3NeT are described, in Sect. 2.5.1 and
Sect. 2.5.2, respectively.

7 When the KM3NeT volume reached the one of ANTARES, the dismantling of the latter started.
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Figure 2.8: Sky map in Galactic coordinates showing the combination of the field of view of
Mediterranean-based neutrino telescope (i. e. the Southern Hemisphere) and IceCube at
the South Pole (i.e. the Northern Hemisphere) 27t downward coverage. Shades of blue
indicate the fraction of time during which sources are visible for Northern telescopes:
>25% and >75% of the time for light and dark areas. The white area corresponds to a
non-visible region of the sky. The location of some sources of high-energy gamma rays,
candidates for neutrino emission, are also indicated. Image credit: [204].

2.5.1 The first undersea neutrino telescope: ANTARES

ANTARES, which stands for Astronomy with a Neutrino Telescope and Abyss environ-
mental RESearch project, with an instrumented volume of ~ 0.05 km?3, has been for a long
time (2008-2020°) the largest neutrino observatory in the Northern Hemisphere. It was lo-
cated at a depth of ~ 2500, 40 km offshore the coast of Toulon (France). A total of 12 strings,
distant 70 m between each other, were anchored on the sea bed at a depth of ~ 2500 m
and tensioned by buoys at the top. In a string, 75 optical modules (OM) were distributed
over 25 storeys, each equipped with 3 OMs that form a triplet. OMs were 17” glass spheres
each housing a 10” PMT. The 3 PMTs in a storey were arranged with axis pointing at 45°
below the horizontal plane for an increased efficiency for upgoing muon detection [206]. In
this way, in the lower hemisphere, there was overlap in angular acceptance between mod-
ules, allowing an event trigger based on coincidences from this overlap. Since the strings
were subject to sea current (their shape and orientation could change), they were equipped
with different sensors and instrumentation was present for time and position calibration
(LED beacons, hydrophones, compasses, and tiltmeters). An additional instrumentation line,

dedicated to carry devices for environmental monitoring, was also present [208, 209]. In

8 Up to the completion of Baikal-GVD.
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Figure 2.9: Schematic view of the ANTARES detector, with 12 strings (from L1 to L12), and the
instrumentation line (IL07) with environmental equipment. A storey (with 3 OMs, cali-
bration, and electronic devices) is visible. Image credit: [207].

Fig. 2.9, the schematic layout of ANTARES and its component are shown. The detector was
connected to a shore station using an electro-optical telecommunications cable, providing
power and allowing the transmission of information from sea to shore and viceversa. For
a detailed description of the detector and Data AcQuisition system (DAQ), see [205, 210].
The total ANTARES sky coverage was 3.57 sr, with an instantaneous overlap of 0.57 sr
with that of IceCube. Thanks to its location, the Galactic Centre could be observed 67% of
the day time by means of Earth-filtered events [193].

2.5.2  Cubic kilometre neutrino telescope: KM3NeT

KM3NeT is a multipurpose neutrino observatory currently being constructed at two sites
in the Mediterranean Sea [211]. ARCA (Astroparticle Research with Cosmics in the Abyss),
located in Portopalo di Capo Passero close to the Sicilian coast (Italy) at 3500 m of depth, is
devoted to the detection of high-energy neutrinos (1 TeV-10 PeV) produced in astrophysical
phenomena related to cosmic-rays acceleration; ORCA (Oscillation Research with Cosmics
in the Abyss), lying off the coast of Toulon (France) at a depth of about 2500 m (close to the
ANTARES location), is optimised for the detection of lower-energy neutrinos (1-100 GeV)
and aims to provide information on their fundamental properties. Even if those detectors
aim to achieve different scientific goals, they are built with the same innovative technology,
based on the so-called Digital Optical Modules (DOMs), pressure-resistant glass spheres
containing 31 PMTs, a number of calibration devices, and the read-out electronics. For the
first time in a neutrino telescope, the optical module design was modified from a glass
sphere equipped with a single large PMT (e.g. that used by the ANTARES detector) to
one with the same diameter housing several PMTs (multi-PMT design) [212]. This choice
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Figure 2.10: (a) Common DU layout for ARCA and ORCA detectors. The DU lengths of ~700(200)
and distance between DOMs of ~36(9) m for ARCA(ORCA) are indicated. At the top
of each DU, a submerged buoy keeps the structure close to vertical. Attached to the
ropes is the VEOC that contains 2 wires for power transmission and 18 optical fibers
for data transmission. The VEOC connects the DOMs with the base container and
thus to the shore station via the MEOC. (b) Comparison between ARCA and ORCA
size, once both detectors will be complete. Image credit: https://www.km3net.org/
research/detector/km3net-arca-and-orca/.

provides a large photocathode area, good separation between single-photon and multiple-
photon hits, and information on the photon direction. The detector is made of a 3D array
of Detection Units (DUs), vertical strings with 18 DOMs each, arranged in a different
geometry for ORCA and ARCA to probe distinct ranges of neutrino energies. Each DU,
sustained by means of two ropes, is anchored on the seabed. On the top, a buoy is used
to keep the DU in a vertical position. A Vertical Electro-Optical data Cable (VEOC) [213]
runs along the entire length of the DU with breakout units at each DOM. It is attached
to the ropes and contains two copper wires for power transmission (400 VDC) and 18
optical fibres for data transmission. Power and data exchange is possible through a main
electro-optical cable (MEOC) between a shore laboratory and the submarine apparatus. A
Base Module (BM) is provided for each DU and hosts the power and data communication
electronics. The DU layout is shown in Fig. 2.10(a). Analogously to ANTARES, the DAQ
is based on the so-called all-data-to-shore concept, namely all data collected offshore are
digitised and sent without reduction to the onshore control station.

In ORCA, designed for the study of neutrino intrinsic properties, DOMs are arranged
in a dense configuration, required for detecting events with energies as low as few GeV.
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Figure 2.11: ANTARES median angular resolution for (a) track-like events from v, CC interactions
and (b) for shower-like events from v, CC interactions. The dark (light) blue band is
the 90%(68%) quantile of the distributions. Images credit: [214].

This range is three orders of magnitude lower than the typical energy scale proved by the
high-energy detector ARCA. Indeed, being the latter designed for neutrino astroparticle
physics studies, the configuration of its array is optimised to detect neutrinos with energy
above several hundred of GeV. In particular, the DOMs in the ARCA (ORCA) array are
distributed in the seawater volume with an average horizontal distance of about 90 (20)
m and a vertical distance of about 36 (9) m, with the lowest modules at about 70 (30) m
above the seabed. DUs are grouped into building blocks (BB) of 115 DUs each. The goal
is to install 115 DUs (1BB) for ORCA and 230 DUs (2BB) for ARCA within the next few
years, to achieve a total instrumented volume of more than one cucib kilometre. For a
comparison of the size of the ORCA and ARCA detectors, once complete, see Fig. 2.10(b).
At the time of writing, 15 and 21 DUs are operational for ORCA and ARCA, respectively.

2.5.3 Detector performances and improvements with KM3NeT

The optical properties of seawater (see Sect. 2.2) allow excellent timing information for the
detected light signals, yieding a very good angular resolution for the reconstructed direc-
tion of detected neutrino candidates for all event topologies. ANTARES has already proved
this during its about fourteen years of full operation; with a relatively small instrumented
volume, it was characterised by an excellent angular resolution, that is, in median < 0.4°
for track events with E, above 10 TeV, and < 3° for showers with E, between ~ 1 and ~ 10
TeV (see Fig. 2.11). As regards the energy resolution, for tracks detected by ANTARES its
value was < 50% on log,,E,, and ~ 25% of the shower energy for cascade events. In the
case of showers due to v, CC interactions, the energy resolution improves to ~ 10% [214].
With the full KM3NeT/ARCA configuration, these values are expected to improve to
< 0.1° for the tracks (see Fig. 2.12(a)) and < 2° for showers with E, > 10 TeV. More-
over, recently a refined cascade reconstruction algorithm has been presented by making

a more detailed model of neutrino events and including additional information on hit
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Figure 2.12: (a) KM3NeT/ARCA 2BB median angular resolution for track-like events from v, CC
interactions (red line); the boosted decision tree (BDT) model has been used to se-
lect and classify events. The IceCube angular resolution [217] is also shown for com-
parison by the dashed black line. The green line represents the kinematic angle, in
Eq. (2.6), between the incoming neutrino and the secondary muon. Image credits: [218].
(b) KM3NeT/ARCA 2BB median angular resolution for shower-like events with the
classical reconstruction algorithm, named Aashowerfit (red line), and the new one that
makes use also of timing information (blue line). Image credit: [215]. In both figures,
the shaded regions represent the 68% quantiles of distributions.

times [215]. According to this novel approach, the median angular resolution of KM3NeT
/ ARCA improves throughout the energy range and drops below 1° for single cascades
of 300 TeV [215]. For a comparison between the performance of the two reconstruction
algorithms, see Fig. 2.12(b), where the clear improvement in the median of angular resolu-
tion is evident when timing information is included. The energy resolution for the tracks
in KM3NeT/ARCA is expected to be better than ~ 20% in log,, E, for E, > 10 TeV [216],
while in the cascade channel an energy resolution < 5% can be achieved for the same ener-
gies [215]. Currently, with only one tenth of the operational detector, KM3NeT has already
been demonstrated to be capable of reaching an angular resolution better than 1° for E, > 1
TeV, as will be shown in the context of results discussed in Chapter 5. Once completed, the
instrumented volume of KM3NeT is expected to be > 2 orders of magnitude greater than
ANTARES. Due to this huge detector volume, its effective area will also be larger of the
same factor (on average, it will grow from ~ 10?> m? at 10 TeV to ~ 10°> m? at 100 PeV [218]),
and the sensitivity to high-energy neutrino fluxes will be greatly improved with respect to
ANTARES. E.g., Fig. 2.13(a) shows the much better sensitivity of ARCA 2BB to point-like
cosmic neutrino sources with a flux of E~2, even after a few years of data taking, with
respect to that of ANTARES after 13 years [219]. In addition, the KM3NeT detector results
will be characterised by a better sensitivity with respect to IceCube, especially for nega-
tive declination values. The planned KM3NeT/ARCA detector will allow for the detailed
study of cosmic neutrinos also in diffuse-flux mode; Fig. 2.13(b) reports preliminary sensi-
tivity estimates (no systematics are included) of the 68% confidence interval using ARCA
2BB compared to the diffuse astrophysical v, + 7, flux detected by IceCube in 9.5 years
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Figure 2.13: (a) KM3NeT/ARCA 2BB sensitivity obtained for upgoing v;, + ¥, tracks and for a point-
like source with spectrum o E ~2 after 3 (dashed line) and 7 (solid line) years of data
taking, in comparison with that of ANTARES in 13 years of operation (green line) [219],
and IceCube in 7 years (red line) [221]. Images credit: [218] (b) KM3NeT/ARCA 2BB
sensitivity after 9.5 years (in grey) for the diffuse astrophysical neutrino flux (v, + 7,)
observed by IceCube in the same years of data acquisition (in red). The black line is
the conventional atmospheric neutrino flux prediction [103].

of data, showing the capability of KM3NeT to observe such high-energy diffuse neutrino
flux. The good expected performances of KM3NeT/ARCA will allow us to make definite
statements about the cosmic diffuse neutrino flux and neutrino fluxes from point-like ex-
tragalactic sources, as well as also from several Galactic candidates, if their y-ray emission
is of hadronic origin, as pointed out in [216, 218].

So far, the performances of ARCA, the high-energy unit of KM3NeT, have been dis-
cussed, because devoted to the detection of cosmic neutrinos from astrophysical sources,
as its precursor ANTARES. However, also ORCA, optimised for studying fundamental
neutrino properties, can contribute to astrophysical studies for a model in which the pro-
duction of sub-TeV neutrinos is provided, as will be shown in Chapter 3. For the most
updated KM3NeT/ORCA detector performances (e.g. effective volume and median angu-
lar resolution), the reader can refer to [220].

The MC simulation chain together with the reconstruction algorithms adopted in
ANTARES and KM3NeT/ARCA, through which the detectors performance here shown

have been obtained, are presented in Appendix B.

2.6 CALIBRATION OF UNDERWATER NEUTRINO DETECTORS

In order to identify the signature of neutrino interactions in underwater neutrino
Cherenkov detectors and achieve a good quality in the reconstruction of events, a pre-
cise calibration of charge, position and arrival time of the Cherenkov photons reaching the
PMTs is mandatory. An accurate charge calibration ensure good energy resolution, as well
as a careful position and time calibration is fundamental for a good angular resolution of
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the reconstruction of the event direction. This is valid for both ANTARES and KM3NeT
neutrino telescopes. In the following, the general characteristics of the position, time, and
charge calibration procedures that were adopted for ANTARES up to its dismantling and
now in use for KM3NeT are summarised in Sect. 2.6.1, 2.6.2 and 2.6.3, respectively.

2.6.1 Position calibration

Detection lines constituting underwater neutrino telescope are pulled up by buoys but
move because of sea currents and the position of the OMs slowly changes with time. For
this reason, a position calibration is needed to determine the position and orientation of
each storey in almost real time as well as the absolute detector position. This is required
to reach the targeted precision on event reconstruction shown in Sect. 2.5.3.

To this aim, triangulations of the measured acoustic signals at each storey are performed
to determine their position through acoustic sensors located at the bottom of each string.
In addition, several hydrophones are strategically placed at some detection storeys. The
time delay between the emission and reception of the acoustic signals allows us for mea-
suring the distance between the storeys and inferring their position. In fact, by monitoring
the sound velocity in seawater using oceanographic instruments, distances can be deter-
mined to infer the storey position. Some tiltmeters and compass are also used to measure
the orientation of the OMs, allowing for an independent measurement of their position.
Finally, the absolute detector position is obtained by the GPS of the boat used during the
deployment of lines.

The deviation of the OM position because of sea currents reached several meters at the
top of the ANTARES strings. The positioning system of the ANTARES detector is described
in [209]. After the calibration, an accurate positioning with an uncertainty of the order of
10 cm is achieved well within specification. The positioning affects the final reconstruction
parameters and analysis results significantly, specially when looking at space coincidences
with signals observed by other instruments. The same strategy is used for the KM3NeT
positioning calibration (e.g., [222, 223]).

2.6.2 Time calibration

The time calibration is required to provide accurate timing of the recorded hits across
the whole instrumented volume; in particular, a relative time synchronisation between
photomultipliers of the nanosecond order is needed to guarantee the required angular
resolution of the detector.

Several factors affect the measurements of the time between the photon being detected in
a PMT and reaching the shore station, which changes with time. The time offsets between
the different lines may also vary with time. For these reasons, the relative time calibration
between OMs is regularly monitored in situ. Different methodologies are used to achieve
a better time resolution: the time residuals from the reconstruction of muon tracks, coinci-

dent events coming from the radioactive K decay in sea water, and calibration systems
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based on LED and laser devices (optical beacons). Combining all of them, different calibra-
tions are carried out: time differences between PMTs in an the same DOM dor KM3NeT
(for ANTARES, in the past, between OMs in the same storey), time differences between
DOMs (storeys) in a detection line, and time difference between the different strings. In
KM3NeT also information of the time delays between the 31 PMTs of a DOM are used, al-
lowing for a more accurate timing. Time calibration devices and procedure are explained
for ANTARES in e.g., [224], while for KM3NeT in e.g., [225, 226].

Solutions that facilitate in-situ timing calibration are of paramount importance for the
continuous monitoring of timing calibration constants. In this view, prior to the deploy-
ment of the detector, a pre-deployment calibration in a dedicated dark-room is foreseen
after the integration of the structure, in order to measure the initial timing calibration
constants. Part of the present thesis also includes this activity, described in Appendix A,

where also more details on the time calibration performed in KM3NeT are provided.

2.6.3 Charge calibration

Together with the time and the position, the energy reconstruction is the other required
ingredient for an accurate reconstruction of the events. A charge calibration is demanded
for a best energy estimate. Establishing the relation between the number of photo-electrons
and the measured amplitude of the PMT signal is the main goal of the charge calibration.

When a photon impinges on the photocathode area at the entrance window of a PMT,
it produces electrons, which are then accelerated by a high-voltage field and multiplied
in number within a chain of dynodes by the process of secondary emission. This is the
working principle of a PMT, which is based on the amplification of secondary emission of
electrons off dynodes via photoelectric effect. The charge of the signal generated by the
photo-electrons (p.e.) is digitised by an Analog-to-Voltage Converter (AVC) into a value
related to the number p.e. produced in the PMT. To correctly evaluate these quantities,
before detector lines deployment, the PMTs are calibrated in the dark-room to measure
the single photoelectron signal. Then, in-situ calibration are also performed through spe-
cific run of data taking; indeed, over time, the measured values degrade, so regular high
voltages tunings of the PMTs need to be performed to maintain the 0.3 p.e. hit threshold,
adopted both in ANTARES and KM3NeT.

2.7 OTHER OPERATIVE CUBIC-KILOMETER HIGH-ENERGY NEUTRINO TELESCOPES IN
THE WORLD

Beyond the neutrino telescopes subject of this thesis, that exploit the sea water proper-
ties to detect neutrinos, world-wide effort in neutrino astronomy is concentrated also in
other experiments, as IceCube and Baikal-GVD, that deserve particular attention because
of their large volume and sensitivity. Complementary detections by IceCube, Baikal-GVD
and KM3NeT allow to collect neutrino data from all directions in the sky and through
their combination we expect to achieve in the future important astrophysical results in the
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context of neutrino astronomy. For this reason, the IceCube and Baikal-GVD experiments
are briefly outlined in Sect. 2.7.1 and Sect. 2.7.2 respectively.

2.7.1 Under-ice neutrino telescope: IceCube

IceCube [227], a cube of 1 km? instrumented in Antartica ices, has been in operation at
the South Pole since 2010. The telescope views the ice through approximately 5160 sensors
called DOMs. The DOMs are attached to vertical strings, frozen into 86 boreholes, and
arrayed over a cubic kilometer from ~ 1.4 km to ~ 2.5 km depth. The strings are deployed
on a hexagonal grid with 125 m horizontal spacing and hold 60 DOMs each. The vertical
separation of DOMs is 17 m. Eight of these strings at the center of the array were deployed
more compactly, with an horizontal separation of about 70 m and a vertical DOM spacing
of 7 m. This denser configuration forms the DeepCore subdetector [228], which lowers
the neutrino energy threshold to about 10 GeV, creating the opportunity to study neutrino
oscillations. However, it is worth introducing here that such low neutrino energies are
also interesting in astrophysical studies for specific source models. This statement will be
clearer in Chapter 3, where I discuss the capability of low-energy detectors as DeepCore
and KM3NeT/ORCA of achieving astrophysical results (for GRBs, in the specific case of
this thesis). At the surface, an air shower CR detector array, called IceTop [229], is coupled
to the detector completing the IceCube Neutrino Observatory (see Fig. 2.14).
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Figure 2.14: The IceCube Neutrino Observatory. Image credit: https://icecube.wisc.edu.

The IceCube detector has achieved remarkable results in neutrino astronomy, namely it
allowed the discovery of a diffuse flux of cosmic neutrinos and found first evidence for
a cosmic particle acceleration in the jet of an AGN, as widely discussed in the previous
chapter. In the future, new important discoveries by IceCube are expected; indeed, the
IceCube Collaboration plans to expand the current detector to next-generation instrument
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called IceCube-Gen2 [230], that will be a ten-cubic kilometer detector characterised by a
spacing between light sensors larger than 250 meters, instead of the current 125 meters in
IceCube.

2.7.2  Under-water neutrino telescope: Baikal-GVD

The underwater neutrino telescope Baikal-GVD [175] is a cubic kilometer scale Cherenkov
detector designed to detect neutrinos in the TeV-PeV energy range with a goal to establish
their sources. It is located in the Siberian lake Baikal at a depth of approximately 1.4
km and represents an extension of a previous neutrino detector (Baikal NT-200 Detector)
[231], whose first test detection units were deployed in the early nineties and that allowed
to make a first search for high-energy neutrinos [232]. The configuration of the telescope
consists of functionally independent clusters of strings, which are connected to shore by
individual electro-optical cables. Each cluster includes 288 OMs arranged along 8 strings
where 7 peripheral strings are uniformly located at a 60 m distance around a central one.
The distances between the central strings of neighboring clusters are about 300 m. The first
full-scale Baikal-GVD cluster was deployed in April 2016. In 2017-2022, nine additional
clusters were deployed and commissioned, increasing the total number of optical modules
to over 2800 OMs. The current configuration, shown in Fig. 2.15, include ten clusters.
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Figure 2.15: Ten Baikal-GVD clusters in the 2022 configuration. Stations with calibration laser light
sources and experimental strings are shown. The season of deployment of each cluster
is also reported on the right. Image credit: [122].

The first observation of the diffuse cosmic neutrino flux with the Baikal-GVD neutrino

telescope, using cascade-like events collected in 2018-2021, has been recently announced
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[122]: a significant excess of events over the expected atmospheric background is observed;
this excess is consistent with the high-energy diffuse cosmic neutrino flux observed by
IceCube (see Sect. 1.3.3).



THE ORIGIN OF GAMMA-RAY BURSTS PROMPT
EMISSION: AN UNSOLVED PUZZLE

This thesis is mostly focused on Gamma-Ray Bursts (GRBs), flashes of high-energy radia-
tion arising from energetic cosmic explosions. In the context of the multimessenger frame-
work discussed in Chapter 1, GRBs are considered promising sources to be studied, as the
combination of large energetic budget and relativistic jet can in principle explain particle
acceleration to ultra-high energies (i.e., UHECRs), from whose interactions high-energy
neutrinos result.

In Sect. 3.1, GRB characteristics are outlined. The physical mechanisms responsible for
gamma-ray emission and possible neutrino production in GRBs are discussed in Sect. 3.2
and Sect. 3.3, respectively. This chapter focusses in particular on neutrinos produced in the
so-called inelastic collisional model, a scenario capable to explain the GRB emission but still
poorly investigated by the experimental neutrino community. Indeed, among the purposes
of this thesis, there is the evaluation of the detection prospects for the next generation
neutrino telescope KM3NeT (see Sect. 2.5.2 for the detector description) of ~GeV neutrinos
expected to be produced in such a model. In addition, estimates for the current IceCube
detector are also provided. This work is presented in Sect. 3.4 and is based on results
already published in Zegarelli A., Celli S., Capone A., et al., 'Detection prospects for multi-GeV
neutrinos from collisionally heated GRBs’, Physical Review D 105, 083023 (2022) ([233]).

3.1 GAMMA-RAY BURSTS

Gamma-Ray Bursts (GRBs) are the most luminous astrophysical phenomena currently ob-
served in the Universe. They are detected at a rate of the order of a few per day at random
locations in the sky (extragalactic sources) [234-236], as shown in Fig. 3.1 up to very high
redshifts: the farthest GRBs observed so far are localised at z ~ 9.4 [237], i.e., when the
age of the Universe was only ~ 0.5 Gyr, and z ~ 8.2 [238, 239], by photometric and spec-
troscopic measurements, respectively. The released isotropic energy [240] amounts up to
~ 10 erg [241, 242] in a time lasting from a fraction of a second to several thousands of
seconds. Since their serendipitous discovery in the late 1960s [243], much has been learnt
about these fascinating explosions, thanks to a considerable number of y-ray/X-ray satel-
lites that have been investigating GRBs over the years (Compton Gamma-Ray Observatory,
BeppoSAX, KONUS-Wind, HETE-2, Swift, Integral, AGILE, Fermi) and the follow-up ob-
servations carried out by numerous ground-based observatories in the optical, infrared,
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and radio wavelengths. Indeed, the flash of bright gamma rays (keV-MeV energy range)
observed in the first seconds, which is commonly referred to as the prompt phase, is fol-
lowed by the so-called afterglow, a long-lived radiation emission detected on a very wide
range of frequencies, from < rays to the radio band, lasting from weeks to months after
the explosion and characterised by an exponential decrease in intensity with time. The
distinction between the two phases, at the beginning predicted only theoretically [244],
was confirmed by the observational discovery of an X-ray afterglow associated with a GRB
occurred the 28th of February 1997 (following the common notation adopted, GRB 970228)
[245]. The detection of the afterglow radiation is crucial to determine the galaxy hosting the
burst and, thus, its distance. In this way, the intrinsic energy released by GRBs can be cal-
culated. Prompt and afterglow emissions are interpreted as two distinct emission phases,
as the result of the launch of an ultra-relativistic jet from a newly born compact object
(see Sect. 3.2.1). After the first internal dissipation that generates the prompt gamma-ray
emission, the ejecta undergoes external dissipation [246], triggered by interaction with the
intestellar medium or the wind of the progenitor star. The two processes occur at different
typical distances from the central engine, i.e., R ~ 10! — 10!* cm and R ~ 10%° — 10% cm,
respectively.

Today, one of the big questions in GRB research is related to the physical mechanism
that causes the prompt emission; indeed, from the observational point of view, GRBs show
a wide variety of properties, that make them challenging to be characterised. Another
unknown concerns the composition of the jet, as the mechanisms responsible for GRB
emission can be either leptonic and hadronic. To reduce the uncertanties and discriminate
among the various emission models proposed, neutrinos are a useful tool. If neutrinos
were seen in association with a GRB, this would constitute the breakthrough to clearly
define the hadronic nature of such sources. Interestingly, from the energy of such neutri-
nos, it is possible to constrain among the several possible physical mechanisms that are
potentially behind GRBs production. In fact, different emission regions are provided by
theoretical modelling of GRBs and, for each of those, neutrinos emerge with distinct ener-
gies: typically, the farther the emission region from the GRB central engine, the higher the
neutrino energy, as will be clear hereafter. To provide a clear explanation of GRB models
treated in this chapter, it is necessary to introduce the observational properties of GRB
prompt emission, described below: first, GRB light curves are described in Sect. 3.1.1; then,
temporal and spectral GRB properties are outlined in Sect. 3.1.2 and Sect. 3.1.3.

3.1.1 Gamma-ray light curves

As a result of the gamma-ray radiation emitted during the GRB prompt phase, a wide
variety of light curves are observed, with different shapes and no coherent or periodi-
cal behaviour. There exist those with a single sharp peak and those that are double or
triple peaked, some consist of relatively simple temporal structures with no variability,
while others are characterised by a strong variability, or also by a long quiescent period
between different peaks (see Fig. 3.2). Light curves are believed to reflect the activity of the
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Figure 3.1: Sky distribution in celestial coordinates of GRBs triggered by the Gamma-ray Burst
Monitor (GBM) on-board the Fermi observatory, over the first 10 years of the mission,
starting from the 12nd of July 2008 until the 30th of June 2018. Black crosses, red aster-
isks and green markers indicate LGRBs, SGRBs and GRB with no measured duration,
respectively. Image credit: [247].

GRB central engine [248]. In this regard, an important parameter is the minimum variabil-
ity timescale t,, namely the minimum width of peaks that characterises a light curve. In
fact, most models attribute it to a physical origin, like the central engine activity, clumpy
circumburst medium, or relativistic turbulence [249]. In principle, by exploring the distrib-
utions of the t, values, important information about central engine activity can be inferred;
however, these studies are limited by the temporal resolution of each detector!.

GRBs can exhibit variability times as short as a few milliseconds, indicating that the emis-
sion region included in a volume with radius R ~ cI'%t,, with T the average Lorentz factor
of the relativistic GRB outflow, must be very compact. Such a short variability timescale
represented in the 1970s the key parameter to understand the relativistic nature of GRBs
[250, 251]. If the source is not relativistic, the emission radius would be simply R = ct,, that
implies R < 108 cm for the observed t, values of the order of ms. However, such a small
R would be problematic. All high-energy photons contained in such a small region would
suffer from a large optical depth for the pair production process vy + ¢ — e + ¢~, which
would not allow them to escape. This argument is commonly known as the compactness
problem. Instead, in a relativistic outflow with Lorentz factor I', the size of the emission
radius is increased by I'2. Because of the relativistic outflow, the observed photons are
blueshifted, and their energy in the rest frame of the outflow is reduced by a factor ~TI'.
Thus, the typical comoving photon energies are much lower than observed.

The variability of short-duration GRBs is difficult to be studied, since their duration is closer to the limiting
temporal resolution of the detectors.
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Figure 3.2: Light curves (photon rate in unit of 10> counts/s as a function of time) of 12 GRBs
detected by BATSE. Image credit: [252].

3.1.2 GRB properties

GRB prompt emission lasts from milliseconds to thousands of second. These durations
are estimated through the time interval between the 5% and the 95% of their gamma-ray
fluence” being released, expressed by the parameter Tog. The Toy measured values appear
to have a bimodal distribution since their first detections by the Burst And Transient Source
Experiment (BATSE), operative between 1991 and 2000 on board of the Compton Gamma-
Ray Observatory (CGRO). This suggests the existence of two distinct GRB populations [235,
253]: short (SGRBs) and long (LGRBs) GRBs, with Tog <2 s and Tog 2 2 s, respectively. This
classification is also supported by the clustering of SGRBs and LGRBs into two different
regions in the Top-hardness diagram. The hardness HR3; is typically estimated as the ratio

2 The time-integrated radiant energy per unit area within the detector energy range.
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between the fluence obtained through photon counts collected by a given detector in a
hard energy band (indicated by the number 3) and a soft one (2):

Emax3
3 F £(E)dE
HR32 — Em1n,3

EmaX 4
fEmm’z/z Ef(E)dE

(3.1)

where f(E) is the photon differential energy flux at energy E. Note that the hard and soft
energy bands are arbitrary and depend on the instrument considered; thus, several differ-
ent hardness ratios exist. For example, Fig. 3.3 shows the Too-HR3, diagram obtained by
using data from ~ 3000 GRBs between 2008 and 2021 in the Fermi-GBM catalogue. For
the HR3, estimation, channel 3 is (50-300) keV and channel 2 (8-50) keV. By performing a
log-normal bimodal fit of the Tyy distribution, the short (in red) and long (in blue) com-
ponents were found to peak at Tog ~ 0.64 s (10 = 0.65 s) and Top ~ 38.6 s (lo =23.4 s),
respectively. Accordingly to this separation, the median HR3; is ~ 2 for SGRBs and ~ 0.8
for LGRBs [254], which means that the spectra of short events are typically harder than
those of long ones. Similar results can be obtained by using catalogues containing data
collected by other «y-ray satellites as BATSE [255] and Swift [254].

The classification in short/hard and long/soft GRBs® generally reflects two different
physical phenomena. LGRBs are typically associated with supernovae, indicating that they
originate from the collapse of very massive stars at the end of their life (e.g., [256]). The
observation of GRB 980425 in conjunction with SN 1998bw showed this connection unam-
biguously for the first time [257], followed by several more associations in the subsequent
years. This assumption however ignores the fact that ~ 70% of massive stars are found in
binary systems, and therefore it is very plausible that most GRBs progenitors are binaries,
as considered in the binary driven hypernova scenario [258, 259], not discussed in this thesis.
SGRBs are generated by the merging of two compact objects, such as two neutron stars
(NS), two black holes (BH), or NS+BH. This was observationally proved the 17th of August
2017 by the associated detection of a gravitational wave and short GRB event (see Sect. 1.4).
However, it is worth mentioning that the picture in which long GRBs are all physically re-
lated to massive star core collapses while short GRBs all physically related to compact star
mergers was destroyed some years ago by several observations. E.g., GRB 060614 and GRB
060605 were both nearby long-duration GRBs unassociated with an accompanying super-
nova [260-263]. More recently the bright GRB 211211A confirmed this statement; despite
of its long duration (about a minute), this event seems to stem from NS merger because
of the related observation of a kilonova [264, 265]. Therefore, GRBs might be much more
difficult to classify than what previously thought. It is no more possible to assume that
all short-duration bursts come from neutron-star mergers, whereas long bursts come only
from supernovae.

It is worth saying that this boundary between short and long GRBs is known to be detector dependent,
because the parameters used to discriminate between SGRBs and LGRBs depend on the energy band at which
detectors are sensitive.
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Figure 3.3: Hardness-duration diagram for ~ 3000 GRBs occurred between the 10th of August 2008
and the 17th of March 2021 and detected by the Fermi-GBM satellite. The plots attached
to the top and right are the projections of the individual distributions of HR3, (right)
and Tog, respectively. Short and long GRBs are indicated in red and blue, respectively.
Image credit: [254].

3.1.3  Spectral template: Band function

The prompt radiation is a nonthermal high-energy emission characterised by a gamma-ray
energy flux peaking at a few hundreds keV in the observer frame and that occasionally
extends in a long tail up to the GeV band [249]. When broadband data are available, a
typical GRB spectrum, dN/dE, can be fit between ~ 10 keV and 10* keV by two smoothly
connected power laws, also known as Band function [234]. The photon flux is given by:

() “exp (— £ ). E<(a—B)Eo

feanp(E) = A .
. (858E) P exp (6~ ) (i)’ E> (a— P)ED,

(3.2)

where « and S are the low- and high-energy spectral indeces, respectively, Ey is related to
the energy where the spectral peak occurs as Epeax = (2 + &) Eo, and A is the normalisation

factor at 100 keV in units of photons s~!

cm 2 keV~!. The Epeak distribution is wide and
extends from several keV to the MeV range. Apart from the Band model, there are also

other empirical functions which can be used to fit GRB spectra: (a) smoothly broken power
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law (PL), with a more flexible curvature between the power laws modelling the low- and
high-energy spectra; (b) simple PL; (c) PL + exponential cutoff. Functions (b) and (c) are
typically used in the case of a narrow bandpass of the detectors, so that f could not be well
constrained. When the spectrum is observed simultaneously by several instruments it is
possible to obtain the global spectrum, and possibly it still complies with a Band function.

The Band function alone does not provide information about the physical process giv-
ing rise to the observed radiation, being an empirical function. However, it is possible to
compare the values of « and B to the spectral features expected in physical processes (e.g.,
synchrotron radiation, inverse Compton scattering, emission from the photosphere) to un-
derstand the mechanisms that work in GRB jets and produce the observed spectrum, as is
discussed also in Sect. 3.2.2.

3.2 GRB EMISSION MODELS

The origin of the emission mechanism powering GRBs has been object of active debates
since the early days of their discovery. The commonly accepted picture is the so-called
fireball model [266, 267], where a mildly relativistic outflow is launched by the compact cen-
tral engine, most likely a newly formed black hole [249] (see Sect. 3.2.1). Substantial efforts
have been made to model the jet outflow dynamics and the subsequent radiative processes,
giving rise to a variety of scenarios, such as internal shocks [244, 268], dissipative photo-
spheres [269] and magnetic reconnection phenomena occurring above the photosphere
[270-273]. In this section, the two scenarios considered in the works related to this the-
sis are described. In particular, Sect. 3.2.2 highlights the differences between the internal
shock and photospheric frameworks, showing how both can comply with the observed
GRB prompt emission.

3.2.1 The fireball model

When a massive star collapses or NS-NS/BH-NS mergers occur, a compact object like a
stellar mass BH is formed and, around it, the material resulting from this process forms
an accretion disk releasing a huge amount of energy. Part of the energy is used to form
a matter-dominated fireball, made of baryons (primarily protons and neutrons), electron-
positron pairs, and gamma-ray photons. At the beginning, the highly dense fireball is
optically thick to photons. Its radiation luminosity is of the order of 10°° — 10°2 erg s,
which is much larger than the Eddington luminosity* of ~ 10% erg s~! [274]. As a result,
the fireball expands adiabatically and, during this process, converts the internal energy of
photons into the bulk kinetic energy of the plasma. The outflow is now in the coasting
phase, with a bulk Lorentz factor T = E/(Mc?), where E is the total energy released in the
burst and M is the matter present in the outflow. Hence, GRBs are produced by dissipation

The Eddington luminosity, also referred to as the Eddington limit, is the maximum luminosity that a body
(such as a star) can achieve when there is balance between the force of radiation acting outward and the
gravitational force acting inward.
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of kinetic energy of a relativistic expanding wind, i.e. the fireball. When this reaches the
circumburst medium, external shocks create the afterglow and the jet is finally decelerated
[246]. The remaining kinetic energy powers the observed multiwavelength afterglow.

Although the original model involves a spherical relativistic fireball, the same descrip-
tion still remains valid if the emission occurs in collimated jets. Indeed, GRBs are thought
to emit radiation in relativistic outflows characterised by an opening angle of a few degrees,
ie. 0 ~1/T, due to the relativistic beaming. Note that an observer on Earth is limited to
see only the fraction of emission beamed towards him, and, for this reason, he cannot
differentiate between a beamed/collimated outflow and a spherical one. When treating
with GRB observable quantities, one usually uses isotropically equivalent values, e.g. for
energy and luminosity of the burst, namely those quantities the GRB would have if the
observed radiation was emitted over a whole sphere. The true energy in the jet is lower by
the fraction of the solid angle subtended by the jet compared to the whole sky (47).

To generate the observed GRB prompt emission, some physical process must tap into
the kinetic energy of the outflow, reconverting it into high-energy radiation. The exact
energy dissipation and emission mechanism is still under debate and is closely related to
the nature of the ejecta itself. The most prominent models used by the scientific community
to explain the GRB prompt emission are compared in the following.

3.2.2  Prompt emission: internal shock vs photospheric scenarios

Internal Shock (IS) models are particularly suited for the description of the prompt emis-
sion: the powerful and collimated jet produced in the explosion converts a fraction of its
kinetic energy into internal energy emitting multiple shells with different speeds. Being
characterised by different Lorentz factor values [275], the fastest catch up with the slowest

and collide at a typical distance of 103

cm from the central engine [276]. Part of the energy
that gets dissipated at the shocks is expected to be transferred to nonthermal particles,
achieving relativistic speeds, which hence radiate via synchrotron and inverse Compton
(see Sect. 1.5.2 for the description of these emission mechanisms). Despite its ability to
explain most of the high-energy properties of the prompt emission phase, including time
variability and energetics, some of the observed GRB spectra appear to conflict with this
scenario. Indeed, the synchrotron model predicts GRB spectra with & ~ —1.5, while the
fitted values are often significantly harder. For example, LGRBs show on average & ~ —1.0
[277-281]. Some GRBs are even showing spectra beyond the so-called synchrotron line-of-
death (i.e. « > —2/3) [282], especially SGRBs [283, 284]. The inconsistencies between the
synchrotron model and the observations have revived photospheric models, where the
emission takes place closer to the photosphere of the jet. Actually, the photospheric emis-
sion is a natural consequence of the fireball model, the fireball being an optically thick
expanding plasma made of particles and photons. Photospheric emission from highly rel-
ativistic outflows was early considered as an explanation for the prompt emission of GRBs
[266, 267]. However, these models did not have a significant impact for many years, as
the observed GRB spectra appeared to be non-thermal since their very first observations.



3.2 GRB EMISSION MODELS

Photosphere Internal Shock region
Fireball opaque Optically thin
Long GRBs (Tyy>1) (7<) with interstellar medium

+«—R~10" cm——R ~ 10" cm}———R > 10'%cm |—>

Collapse of a very massive star

y rays
N
X rays
Central engine emits shells
with different speeds — \/O\_?
(i.e. different Lorentz factors)
R
Short GRBs IR

Relativistic outflow

K

Stars in a compact binary system inspiral and merge v

THERMAL  NON-THERMAL  |GRB prompt spectrum|
emission emission
E%® ~ 1 MeV
_ peal
=) —a _
z| - E ~E7
o
S3)
Energy (keV)

Figure 3.4: Sketch showing fireball model. Different progenitors lead to a common central engine
(BH and an accretion disk around it) which emits a relativistic outflow. The thermal
and non-thermal emission components, released respectively at the photosphere and as
a results of internal shocks occurring between the shells emitted by the central engine,
are shown. The final prompt spectrum, typically described by the Band function (in
Eq. (3.2)) can be interpreted as the sum of these two components. The afterglow emission
(v rays, X rays, optical, radio, and infrared) is released when the jet interacts with the
circumburst medium.

In photospheric models, the emission is expected to be constituted by a freely expanding
radiation-dominated outflow with a thermal spectrum (Planck-like) peaked at ~1 MeV in
the observer frame. Thus, to explain the observed nonthermal emission, the photospheric
component was proposed to be reprocessed into a nonthermal emission arising from opti-
cally thin regions (e.g., [285]), as Fig. 3.4 indicates, or to be the result of projection effects.
In the former case, several mechanisms have been suggested to operate below the photo-
sphere, e.g., kinetic energy dissipation due to shocks [286-288], collisional processes [289,
290], or magnetic energy dissipation due to field line reconnection [291-294]. In geometric
interpretation, in turn, the observed emission would result in a superposition of spectra
generated by photons emitted from a wide range of radii and angles, which are detected
simultaneously, rendering the inferred photosphere location angle dependent [295, 296].
Overall, it appears clear that the radiation produced at this stage is an unavoidable com-
ponent in the GRB emission.

The first clear observation of a narrow thermal component in a GRB spectrum occurred
in 2009, within the bright long GRB 090902B, detected by Fermi-GBM and Fermi-LAT [297].
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Figure 3.5: Sketch showing the neutrino production mechanisms treated in Sect. 3.3: photomeson
(p7y) interactions of high-energy shock accelerated protons with fireball photons (top),
and inelastic pn collisions occurring in the subphotospheric region of the jet (bottom).
Both processes lead to charged pion production, with the subsequent neutrino produc-
tion by charged pion and muon decays.

A time-resolved spectral analysis of such a burst revealed an initial peaked component,
with a spectral shape resembling the Planck function, interpreted as a clear sign of pho-
tospheric origin, followed by a later broadening of the spectrum described by a Band
function with « = —0.6 [288]. This would suggest that the photospheric emission lasts dur-
ing the whole burst duration, with the contribution of an additional component making
the spectrum non-thermal. This picture has been corroborated by the discovery of other
GRBs with a nonthermal spectrum overlapping the thermal one, e.g., GRB 100724B [298]
and GRB 110721A [299]. Given the complexity of the emission observed from the prompt
phase of GRBs, both in terms of spectral and temporal features, it is likely that different
radiative stages occur. A key issue that still remains to be addressed is to which extent pho-
tospheric emission has to be complemented by additional processes and how to identify
these different spectral components from observations.

3.3 HIGH-ENERGY NEUTRINOS FROM GRB PROMPT EMISSION

In both models discussed before, a significant fraction of GRB energy is thought to be con-
verted to a burst of high-energy neutrinos (>GeV) produced in correspondence of the ob-
served gamma-rays. Indeed, such neutrinos can originate both by photomeson interactions
of high-energy protons with fireball photons (e.g., [107, 300]), as discussed in Sect. 3.3.1,
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and by processes that instead do not rely CR acceleration. Namely, when neutrons are
present in GRB jets, inelastic collisions between bulk flows or neutron diffusion [301] lead
to subphotospheric neutrino production, without involving phenomena as internal shocks
or magnetic reconnections. It is possible to refer to such neutrinos as quasi-thermal neutri-
nos, being those produced in the deep photosphere. They can be produced during neutron
decoupling [302] and/or by internal collisions between neutron-loaded outflows [303, 304].
The latter case, described in Sect. 3.3.2, is the one treated during this thesis project and that
lead to the publication in [233].

3.3.1 Photomeson interactions in IS scenario

Within the framework of the fireball model, the observed gamma-ray radiation is produced
by the synchrotron and IC emission of shock accelerated electrons. In the same region, if
the jet is hadronic, also protons are accelerated during internal shocks between shells with
different I'. In such a condition, p<y interactions are possible through the A* resonance pro-
duction, following the reaction chain in Eq. 1.34, and high-energy neutrinos are produced
by the decay of charged pions. See the top part of Fig. 3.5 for a sketch representation of p7y
interactions occurring in the optical thin region of GRB jets.

In the observer reference frame, the relation between the observed photon energy €, and
the accelerated proton energy €, at the photomeson threshold of the A* resonance is [107]

€y€p = 0.2 GeVI2. (3.3)

For a relativistic jet with I' = 100 — 1000 and €, = 1 MeV, that is the typical observed energy
of photons emitted in IS, protons with €, between ~ 10'°> eV and ~ 10' eV are required
to produce neutrinos from charged pion decay. Since neutrinos receive about 5% of the
proton energy (as explained in Sect. 1.5.2), from photomeson interactions occurring at IS,
neutrinos with energies between 10 TeV and 1 PeV are expected [268, 276, 300, 305-307].

The TeV-PeV neutrino production in GRBs from photomeson interactions occurring in
the classical internal shock model is the topic of the work described in Chapter 4. The
reader can refer to it for a more detailed explanation of the model.

3.3.2  Hadronic collisions in the inelastic collisional scenario

An alternative high-energy neutrino emission component can originate from colliding
neutron-loaded flow, as provided for example by the inelastic collisional model [289, 308,
309]. The basic assumptions of such model are: (i) the presence of a dense, hot and neutron-
rich central engine [308, 310]; (ii) a non-magnetized baryonic jet (see [290] for an extension
of the model including also a magnetized jet). These two requirements are not far from
being realised, since GRB jets are possibly produced by hydrodynamic processes that take
place in the accretion disk around a black hole or a neutron star, and the dissociation of
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nuclei by gamma-ray photons in the inner regions of the disk could produce free neutrons
[249]. Initially, neutrons and protons accelerate as a single fluid due to frequent nuclear
collisions, while at a later expansion stage the jet evolves into a two-fluid or compound
state: a slower neutron component with Lorentz factor I';, is embedded in a faster proton
flow with I' > T,. This compound flow develops when the timescale for pn collisions be-
comes longer than the jet expansion time r/(I'c) or, in other words, when the scattering
time for proton-neutron nuclear collisions fs..t becomes smaller than the same quantity,
at radius R, [301, 302, 308, 310]. The jet becomes transparent to radiation in the photo-
sphere (Rpp ~ (10 — 20)R,,), where the thermal emission is effective, as modified by the
subphotospheric collisional process. Such a heating mechanism, that is realized in the re-
gion of the jet between R, and Ry, injects energy into electron-positron pairs via two
branches occurring at comparable heating rates: (i) electrons are heated by Coulomb colli-
sions with protons and consequently radiate; (ii) inelastic pn collisions. As a result, nuclear
and Coulomb collisions in GRB jets create a hot e* plasma that radiates its energy produc-
ing escaping radiation with a well-defined spectrum. In the following, there is a focus on
inelastic nuclear collisions, as this channel is responsible for neutrino production within
the photosphere.

The region between R, and Rpy, is characterized by inelastic nuclear collisions between
protons and neutrons, significantly affecting the jet dynamics (sub-photospheric collisional

heating), namely

p+n—p+p+m

, (3.4)
p+n—n+n+m’
as well as
ptp—ptntn’
prp—prptn’ - (3.5)

n+n—p+n+rmn-
The rate of pn collisions per unit volume is given by [289]:
N = nn, I q0c, (3.6)

where ¢ =3 x 1072 cm? [249] is the nuclear cross section, 1 and 1, are respectively the
proton and neutron number densities, c is the speed of light in vacuum, and I' is the

relative Lorentz factor of the neutron and proton component of the jet, i. e.

1/T Iy r
[l = E <1—-n + 1—.) — 2Fn, (37)

with I' > I';;. Each collision between protons and neutrons dissipates a fraction of kinetic
energy, and quasi-thermal nucleons are produced with E | ~ k,I'im,c? in the comoving
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frame of the interacting flow”. Here, k, ~ 0.5 is the nucleon inelasticity (i.e. the fraction
of the available center of mass energy used for secondary particles production) [304], and
my the proton mass. A comparable amount of energy is converted into mildly relativis-
tic pions. Charged pions decay into muons, in turn unstable towards the production of

electron/positron pairs:
= yi + v /Uy — et +v,/7,. (3.8)

Fig. 3.5 compares the neutrino production in the inelastic collisional model (pn collisions
in the sub-photospheric region of the GRB jet) to the one resulting from pv interactions
at internal shocks instead occuring in the optical thin region. Despite of the differences
between the two models, in both cases neutrinos are produced by charged pion decays.

In addition, from the decay of the neutral pion in Eq. (3.5), high-energy gamma rays are
produced that quickly convert to e*:

0 =y — et (3.9)

Such e* pairs, together with the ones produced by the aforementioned Coulomb collisions,
can either up-scatter the thermal photons produced at the jet launch site to higher energies
(via IC) and/or radiate via synchrotron emission, modifying the radiation spectrum and
thus introducing a nonthermal component. The photon spectrum emitted by a collisionally
heated jet was first derived by [289], through accurate Monte Carlo simulations of the
radiative transfer in the expanding jet. The resulting GRB spectra were shown to peak at
~1 MeV and to extend at higher energies with a photon index p ~ —2.5, well reproducing
the prompt observations [234, 282].

3.4 DETECTION PROSPECTS OF SUB-TEV NEUTRINOS FROM INELASTIC NUCLEAR

COLLISIONS

Searching for a coincidence among the GRB prompt emission and high-energy neutrinos
is fundamental because it provides information about the nature of accelerated particles
in GRBs, as well as the GRB model. If neutrinos were revealed in coincidence with a GRB,
they would allow discriminating among the leptonic and hadronic nature of radiation;
additionally, the measurement of their characteristic energy could be the key to identify
the origin of the GRB prompt radiation (e.g., internal shocks vs photospheric emission).
Thus, it is crucial to investigate neutrino emissions in a broad energy range. Until a few
years ago, temporal and spatial associations among GRBs and neutrinos have only been
searched for in the high-energy domain, mostly because the first-available large-volume
neutrino telescopes, as IceCube and ANTARES, were designed to be mainly sensitive to
TeV-PeV neutrinos. So far, these searches have not found any 7y — v association; refer to
[312-314] for ANTARES analyses (one of those, i.e. [314], is part of this thesis work and

5 Neutrons that survive these collisions travel to larger distances before decaying, possibly affecting the after-
glow radiation from GRBs [311].
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Chapter 4 is dedicated to its description) and [315, 316] for the IceCube ones. Therefore,
after approximately 50 years from the discovery of GRBs, the lack of v — v associations
still prevents us from undoubtedly establishing the mechanism responsible for the prompt
emission of GRB.

Low-energy neutrinos produced in collisionally heated GRBs, i.e. those explained by
the inelastic collisional photospheric model, might contribute to solving the puzzle. Some
investigations in this direction have led to theoretical calculations of detection prospects
of such neutrinos with IceCube [227], the South Pole neutrino observatory, and its low-
energy extension, namely DeepCore [228], sensitive to neutrinos with energies as low as
E, ~10 GeV. From a sample of bursts observed by BATSE [236], predictions estimated a
non-negligible chance for detecting 10-100 GeV neutrinos in 5-10 years by using combined
IceCube and DeepCore data [303]. Other authors [304] showed that few neutrino-induced
events can be detected by analyzing ~1000-2000 GRBs stacked in a decade. Motivated
by this, a first all-flavor search for transient emission of 1-100 GeV neutrinos was carried
out using three years of data collected by the IceCube-DeepCore detectors. No significant
evidence was found in this sample, and upper limits on the expected volumetric rate of
the transient neutrino sources were obtained, by assuming neutrino spectra consistent with
the sub-photospheric emission [317, 318]. However, it should be noted that this analysis
is time dependent and refers only to individual GRBs characterised by a duration of up
to approximately 600 s, a mean neutrino energy of 100 GeV, and a bolometric energy of
102 erg. Recently, an extension of this analysis has been presented [318].

In this work, the possibility to reveal multi-GeV neutrinos from collisionally heated GRBs
is investigated for the first time with the new generation neutrino telescope, KM3NeT, cur-
rently under construction at two sites in the depth of the Mediterranean Sea (see Sect. 2.5.2).
This detector will be sensitive to neutrinos down to few GeV energies thanks to the denser
and compact array named KM3NeT/ORCA. Individual and stacked searches on LGRBs
and SGRBs are both considered, additionally exploring different bulk Lorentz factor val-
ues, ranging from low-luminous GRBs (i.e. those with I' ~ 100) to high-luminous ones
(I ~ 600).

This section is structured as it follows. In Sect. 3.4.1, I detail the spectral properties of
the predicted neutrino fluxes within the framework of the inelastic collisional scenario. In
Sect. 3.4.2, I describe the effective areas of neutrino detectors able to investigate the model
predictions, both the currently operative ones and those under construction, focusing on
the low-energy extensions for which we derived analytical parameterisations. In Sect. 3.4.3,
I discuss the neutrino signal and background characteristics, focusing on those parameters
that are crucial for clearly assessing GRB-neutrino detections. Afterwards, in Sect. 3.4.4,
I derive detector sensitivities with respect to both individual and stacking GRB-neutrino
searches, the latter spanning over a GRB sample expected to be collected by the operative
gamma-ray satellites in about five years, and at the end I discuss the results achieved
through this work.
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3.4.1 Computation of neutrino production at the source

Neutrinos can be produced as a consequence of hadronic collisions in the subphotospheric
region of GRB jets (see Eq. (3.8)). Charged pions on average carry 2/3 of the energy trans-
ferred by the protons in hadronic nuclear pn collisions. By considering that neutrinos take
~ 3/4 of ¥ energy, it is possible to evaluate the average fraction of pion energy that is

given to neutrinos, f,, as:

_1 (3.10)

=
2
wWIN
W
|

Neutrinos, therefore, carry away a significant fraction of the energy Ey gisss dissipated in
inelastic nuclear collisions, where the subscript s refers to the source rest frame, which
is related to the comoving one through the Lorentz boost Es = I'E.. The corresponding

energy of the neutrino burst (which does not suffer any adiabatic cooling) is

1
Ev,s = fka,diss,s = EEk,diss,s- (3-11)

Therefore, the energy channelled into radiation produced by the GRB jet is the remaining

E'y,s = fad (1 - fv)Ek,diss,s = f;dEk,diss,sr (312)

where f,q <1 describes the reduction in radiation energy due to adiabatic cooling in the
expanding opaque jet below the photosphere.

Hence, the ratio among the neutrino and the radiation burst energies (or their isotropic
equivalents) is given by

E,s E2 1

7

=Y - _— Nl
Eve B f (3.19)

w =

Assuming that half of the energy is dissipated in the adiabatic expansion (i.e. f,q = 0.5), it
is expected that

Eys=2E,s — ES9 = 2ES0. (3.14)

By defining the ratio {n among the energy dissipated in inelastic nuclear collisions and
the gamma-ray energy produced in the GRB jet as
Eiso
k,diss,
N = —Fo (3.15)
v,s

the benchmark scenario with f,q = 0.5 would imply {n = 4 (see Eq. (3.12)).
In the present work, only muon neutrino (and the corresponding anti-neutrino) emissions
are considered, since their interactions in charged current with nucleons inside large vol-

ume neutrino telescopes are well identified, resulting in long muon tracks, as pointed out
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in Chapter 2. By considering the energy carried by v, and 7, only, Eq. (3.14) can be written

as:

ES0, ~ % £, (3.16)
Thus, the energy flowing into muon neutrinos is estimated to be ~67% of the gamma ray
energy. Such a linear scaling implies that the absolute gamma-ray energy and the model
parameter ¢y in Eq. (3.15) are crucial, as they influence the neutrino spectral normalization
[304]. The energy of the emitted neutrinos is a function of the Lorentz factor of the jet, I',
and of the relative Lorentz factor of the proton and neutron components (given in Eq. (3.7)),

through [289, 303, 304, 319]:

E, ~ 0.1T Ty mpc® — E, ~ 100 GeV (51(;0) (r;d) . (3.17)
This relation implies an expected neutrino energy of E, ~ 10-100 GeV for Lorentz factors
I' ~ 100 — 1000. Therefore, measuring the neutrino energy would provide a direct handle
on the Lorentz factor of the jet, which is a key in resolving GRB dynamics. The neutrino
spectra arising from sub-photospheric collisionally heated model are quasi-thermal, hence
their shape is bell-like. The exact details of neutrino spectra have been obtained with
detailed Monte Carlo simulations including cooling processes of secondary mesons and
leptons (hadronic losses, radiative cooling, and adiabatic expansion) by [304]. The resulting

spectra are further discussed in Sect. 3.4.4.

3.42 Current and future low-energy neutrino detectors

The search for multi-GeV neutrinos from GRBs with Cherenkov telescopes requires com-
pact arrays of 3D photomultiplier sensors, in order to detect the Cherenkov light induced
by the propagation of the relativistic particles produced in neutrino interactions.

The IceCube observatory, operating at the South Pole, is complemented by DeepCore
[228], an array characterised by a higher concentration of digital optical modules (DOMs),
optimised for the detection of neutrinos with energies down to 10 GeV. DeepCore is con-
stituted by 15 strings located in a radius of 125 m at a depth from ~2100 m to ~2450 m in
the ice. Eigth strings are very close to the bottom centre of IceCube, with a DOM-to-DOM
vertical spacing varying between 7 and 17 m. The DeepCore detector is operational since
about 10 years. A low-energy in-fill extension to IceCube has also been proposed, named
PINGU [320], that will be characterized by an effective mass of about 6 Mton for neutrino
energies above few GeV. So far, no public effective area is available for PINGU; thus, it will
not be considered in the following estimations.

Currently, another low-energy neutrino detector is under construction in the North-
ern hemisphere, off the Mediterranean France coast at about 2450 m depth, namely the
KM3NeT/ORCA neutrino telescope. Its optical modules are being arranged in the dense
configuration required for detecting events with energies as low as few GeV. This range is
three orders of magnitude lower that the typical energy scale probed by the high-energy
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detector KM3NeT/ARCA (currently under construction offshore Sicily, in Italy), designed
for neutrino astroparticle physics studies [211]. At the time of writing, KM3NeT/ORCA is
taking data with 15 strings®, with an average horizontal spacing between strings of about
20 m and a vertical spacing between DOMs of about 9 m [211, 220, 321]. Once completed,
KM3NeT/ORCA will consist of 115 strings, arranged in a circular footprint with a radius
of about 115 m.

The primary goal of low-energy neutrino detectors is to unveil the intrinsic properties
of neutrinos, as the mass hierarchy, by investigating neutrino oscillation studies in the
atmospheric sector. Still, the low energy domain offers interesting possibilities for explor-
ing astrophysical science cases, e.g., the collisional heating mechanism powering the GRB
prompt emission presented above. Therefore, the performances of KM3NeT/ORCA and
DeepCore in the context of multi-GeV GRB analyses are investigated. The following part of
the current section describes an analytical parameterisation of the detector effective areas,
while the next section details expected background rate in each detector.

Detector effective areas

The present study is performed by considering instrument response functions of each de-
tector at trigger level: in particular, effective areas for v, + 7, events in IceCube-DeepCore
and KM3NeT/ORCA-KM3NeT/ARCA are taken by [228] and [211], respectively, accord-
ingly with the detector configurations. Note that the effective area of KM3NeT / ORCA at
trigger level is not directly available from the literature, but it can be obtained by know-
ing its effective volume V¢ towards muon neutrino events, which has been published
for the complete detector configuration up to energies of ~ 20 GeV [211]. By defining the
muon neutrino charged current cross section st (E), the medium density p (i.e. the wa-
ter density at KM3NeT/ORCA site), and the Avogadro constant N4, the KM3NeT/ORCA
effective area was derived as (see Eq. (2.14))

Aeff(E) = V}(;C(E)pNAVeff(E), (318)

where the probability for neutrinos to cross the Earth P, ~ 1 for the energies consid-
ered in the present work. Since GRB-v flux evaluations require values up to ~1 TeV, the
KM3NeT/ORCA effective area behaviour was further extrapolated at higher energies than
available, by using the same energy dependence as in DeepCore’. A best fit procedure to
the DeepCore effective area results into:

E 1.6
AP (Ey,) = 15 <100Gev> cm?, (3.19)

6 Note that when [233] was published, 10 strings were operational
7 This assumption can be considered valid as both detectors are characterized by a dense configuration of optical
modules.
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Figure 3.6: (a) DeepCore effective area at trigger level for neutrino energies between ~10 GeV and
100 GeV. Black points represent published values from the IceCube Collaboration [228],
while the red solid line shows the best fit obtained with Eq. (3.19). (b) KM3NeT/ORCA
effective area at trigger level for neutrino energies between ~10 GeV and 100 GeV (or-
ange line) as compared to the DeepCore effective area (red line). The orange solid line,
extending up to ~20 GeV, shows the computation resulting from Eq. (3.18), namely
starting from the detector effective volume Vg (E) [322]. In turn, the orange dashed line
Ey, > 20 GeV represents its extrapolation, by adopting the same energy dependence as
in DeepCore.

as shown in Fig. 3.6. Therefore, the effective area of KM3NeT / ORCA at the trigger level
is expected to correspond in the energy range 10 — 100 GeV to (see Fig. 3.6(b))

1.6
A RA(Ey,) =12 <10(])EV(§ev> cm?., (3.20)
Note that performances at trigger level are the highest possibly achievable by experiments,
later reduced by the efficiency of the event selection at analysis level. However, since none
of the detectors under investigation has yet implemented analyses tailored to identifying
low-energy neutrinos from catalogued GRBs, the trigger level performances are conser-
vatively adopted in the following, in the forms of Egs. (3.19) and (3.20). Note also that
triggering strategy are subject to change: e.g. , recently, a new approach has been devel-
oped for KM3NeT/ORCA [220, 322], which is expected to increase the trigger efficiency
in the few GeV neutrino energy range with respect to the case here considered.

3.4.3 Signal and background estimation for GRB-neutrino detections

Quantitative estimations concerning detection prospects of low-energy neutrinos emerg-
ing from collisionally heated GRBs with current (DeepCore and IceCube) and under con-
struction (KM3NeT/ORCA and KM3NeT/ARCA) neutrino telescopes are presented here.
As at multi-GeV energies the atmospheric background is severely limiting the identifica-
tion of cosmic signals, in this search only upward going neutrinos are considered. Indeed,
Earth-filtered events allow us to reduce significantly the atmospheric muon background.

100
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Additionally, only events due to v, CC interactions are considered: the muon originated
in such interactions, indeed, results into a long track that allows to define with good accu-
racy the direction of the incoming neutrino. In turn, a worse directional reconstruction is
expected for shower-like events, e.g., those originated by v, and v, CC interaction channels,
as well as by all flavor NC interactions (see Sect. 2.1.2 and Sect. 2.1.3). The addition of this
event topology in the present work would require to extend the search cone around each
source (particularly for large values of I', see Sect. 3.4.4), implying a higher background
level affecting the analysis, while at the same time allowing to probe the whole neutrino
flux reaching Earth. The exact balance among these two effects deserves a detailed investi-
gation, deferred to a future work because instrumental performances at such low energies
are currently not available for all neutrino telescopes under exam.

For the purposes of this analysis, synthetic GRB characteristics are considered: in par-
ticular, a source sample reflecting the observed properties of the population is defined,
to evaluate the neutrino flux expected on Earth from a GRB population powered by the
collisional heating mechanism. Therefore, by collecting satellite’s published data, distrib-
utions of several quantities are built, such as the burst duration Top, and the gamma-ray
fluence F,, which are key parameters for the background and signal estimation, respec-
tively. Under the hypotheses of the inelastic collisional model, the neutrino signal would
be produced in spatial and temporal coincidence with the prompt phase of GRBs. For this
reason a temporal search window around each burst is conservatively defined as wide as
Too £ 0.3T9p.

The neutrino spectra produced in collisionally heated GRBs are taken from [304] under
the following assumptions: i) the neutrino and electromagnetic emission is released at the
photosphere (i.e. at R,), where the optical depth for the pn reactions is close to unity;
ii) the relative Lorentz factor between the proton and the neutron component is I';¢) = 3
(I' ~6I'y, see Eq. (3.7)); iii) the fraction of gamma-ray energy dissipated in nuclear collision
is ¢ = 4. Note that I',) influences the characteristic energy of the emitted neutrinos, which
scales as I'y¢1 /2 (Eq. (3.17)), namely a faster proton flow within the jet would imply a higher
value for the peak of neutrino spectra. In particular, with respect to the reference case with
I'tel = 3, a proton flow with I' >~ 20I', gives a typical neutrino energy higher by a factor
~ 3 once the jet Lorentz factor I is fixed. In turn, ¢y, in Eq. (3.15), influences neutrino
fluence normalisation, since it is related to the ratio between neutrino and gamma ray
energies, as demonstrated in Sect. 3.4.1. The inelastic collisional model predicts at most
¢N ~ 20 [304], which corresponds to f,q ~ 0.1 (see Eq. (3.12) and Eq. (3.15)). In such a case,
the neutrino fluence normalization would rise by a factor 5 with respect to the benchmark
case here considered, thus increasing the expected GRB-emissivity rate of neutrinos. While
the spectral details of emission, and hence the expected number of events in neutrino
telescopes, might depend on the specific values of the model parameters assumed, the
results of the neutrino sensitivity computation presented in the following are quite stable
against reasonable variations of these parameters, i.e. 4 < {n <20 and 3 < T’y < 10. In
fact, the sensitivity is rather dominated by the large variety of the GRB population in
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I' =100 I' =300 I' =600
Detector Efjﬂ,max [GeV] 6" [deg] ijmax [GeV] 6% [deg] Efjﬂ,max [GeV] 6" [deg]
KM3NeT/ORCA 27 26 73 13 121 9
KM3NeT/ARCA - - 129 9 227 6
DeepCore 27 26 78 13 165 8
IceCube - - 156 8 258 5

Table 3.1: Energy values Ej .y, in GeV, at which each detector is expected to observe the highest

number of v, + 7, induced events, and corresponding plane angle values 6%, in degrees,
adopted to search for such events around GRBs, corresponding to a solid angle () =
27t(1 — cos(6*/2)).

terms of temporal and spectral properties (namely Top and F,, which affect, respectively,
the number of background and signal events).

The observed neutrino fluence produced in collisionally heated GRBs from a source at
redshift z is

1+z
) / dE( ) (3.21)

1+z
4nd? (z)
count the cosmological distance of the source and the dilution of the neutrino energy

where dj (z) is the luminosity distance of the source and the factor takes into ac-

flux from the source to Earth. It is also worth noting that, as sub-photospheric gamma
rays constitute the prompt emission, the neutrino fluence is proportional to the observed
gamma-ray fluence through Eq. (3.16), namely F, ~ F,. To characterise the sample of GRBs
used for the simulations done in the present work, for each source the spectral parame-
ters F, and Typ are randomly extracted in accordance to the Fermi-GBM distributions®.
The extracted values are only accepted if their ratio falls into the observed distribution of
F,/Too. Such a selection was performed in order to ensure that the simulated GRB sample
only contains physical sources, i. e. bursts with values of the ratio F,/Tog compatible with
observed GRBs, given that this parameter is a key in the determination of the isotropic
gamma-ray luminosity in the observer frame, L s, = 47‘cd%(z)%o. Note, however, that fix-
ing the value of F, /Toy actually implies that each GRB of the sample is degenerate in L. is,
and z (through the luminosity distance), since different combinations of these quantities
might yield the same value of F,/Tg. This method was applied to SGRBs and LGRBs,
separately, as to correctly characterize the two different populations. To obtain the charac-
teristic of the muon neutrino spectrum of each GRB of the sample, the neutrino production
simulation presented in [304] was considered as a reference model. This refers to a high-
luminous GRB with bolometric isotropic gamma-ray energy E,iso = 10°>° erg at z = 0.1,
resulting in a gamma-ray bolometric fluence F; ~ 1072 erg cm~2, where the bolometric
range is defined between E; =1 keV and E, = 10 MeV. Since the fluence values assigned to
each GRB of the synthetic sample are extracted from the Fermi-GBM catalog, that provides

measurements from e; = 10 keV to e; = 1000 keV, it is needed to first estimate the corre-

8 Fermi-GBM catalogue: https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html.
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Figure 3.7: k-correction values calculated on the GRB sample collected by Fermi-GBM during the
first ten years of detector operation, including both LGRBs and SGRBs [324]. The red and
blue dashed lines show the mean and the median of the k-correction values, respectively.

sponding gamma-ray fluence in the bolometric range F, 1. This correction is also known

as k-correction [323]:

b B
P’y,bol F7 [1+z’ 1+z}

k— _
E, Eyler 0]

(3.22)

Given the linear scaling among neutrino and gamma-ray fluences predicted by the colli-
sionally heating GRB model, the neutrino fluence predictions can be rescaled from [304] by
a factor ~ F, 1,1/ F;. This factor could be obtained directly from gamma-ray spectra specif-
ically for each GRB. However, since the shape of the gamma-ray spectrum does not enter
additionally into the computations, and since most of GRB spectra can be described by the
same functional form (the Band function discussed in Sect. 3.1.3), a median correction is
included in the analysis. In order to do so, all the k-corrections calculated based on the
GRB sample observed by Fermi-GBM during the first ten years of its operation and with
known redshift (~4.5% out of the total sample) were collected [324], and the median value
of such a distribution was computed. Then, each time a value of gamma-ray fluence was
extracted in a synthetic GRB of the sample, this was k-corrected with the median of such
distribution, i.e. k = 1.13 (see Fig. 3.7):

Fypol =k-F, =1.13-F,. (3.23)

In principle, different k-corrections should be applied to the two LGRB and SGRB samples,
because these manifestly show different spectral slopes of the emitted prompt radiation.
However, the Fermi-GBM sample from which the k-correction is extracted [324] is quite
limited: it contains only sources with known redshift (amounted to 13 SGRBs and 122
LGRBs). As a result, the sample of SGRBs for which the k-correction has been evaluated is
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not statistically relevant to derive a physically motivated k correction different from that
of LGRBs. Hence, the median value for both populations is adopted.

In the data sample of up-going events collected by a neutrino telescope, the background
is mainly constituted by atmospheric neutrinos [325]. The Honda model is adopted as
a reference for the atmospheric neutrino flux [103]. The number of events expected in
coincidence with the burst depends on: i) its duration, namely the temporal window de-
fined by Top; ii) the search angular window around the GRB position, i. e. the solid angle
O =2m(1 —cos(6/2)), where 0 is the aperture of the search cone. The aperture of the
search cone should be carefully chosen to maximise the detection prospects of a signal
against the background. Given a model, determined by a specific value of I', the same
aperture cone angle is adopted for all simulated GRBs, the angle changing with the value
of I. It was conservatively set to 0" =36, (Ej .x), where 0, (E,) =0.7°/(E, [TeV])%7[187]
is the kinematic angle between the incoming neutrino and the emerging muon directions,
while E},

number of neutrinos expected according to the model (which depends on I'). To obtain

_max 18 the energy at which each neutrino telescope would observe the maximum

this value, the energy-dependent effective area Ag(E,,) of the detectors was convolved

with the expected differential energy fluence % predicted by the model, obtaining the
vu

so-called parent function, and then it was multiplied by the width of each energy bin AE,,,

as follows:

Ny, (Ey,) = Aegf(E w AE 3.24
1/,,( 1/,4)— eff( 1/,4) dE, dS Uy ( : )
[z

*
Vy,max

Then, for each distribution Ny, (Ey, ), the energy E corresponding to the maximum
number of expected events for each I' and each detector was searched. The values so
determined are given in Tab. 3.1, together with the corresponding opening angle of the
angular window. For the low-energy neutrino telescopes, namely KM3NeT/ORCA and
DeepCore, the solid angle opened around each GRB changes from (2 ~ 0.2 sr to (2 ~ 0.02 sr
for Lorentz factor values from I' = 100 to I' = 600, respectively. Indeed, according to the
model, the higher the value of I' and the higher the mean energy of the emitted neutrinos
(see Eq. (3.17)), hence the higher the energy peak of the detectable neutrino sample. For
values of I' > 300, where the energy peak in the neutrino spectrum is expected beyond
100 GeV, joint analyses that include both low- and high-energy neutrino detectors (namely
KM3NeT/ARCA and IceCube) are possible. In the search performed with high-energy
neutrino telescopes, the solid angle where background evaluation is performed is rather
within the range (2 >~ 0.02 sr and () ~ 0.01 sr. In the combined investigations, different
angular windows are set for the different detectors in order to optimise the search, as
given in Tab. 3.1.

Angular windows around GRBs in the background evaluation

Here, the selection of the angular window around each GRB adopted for the background
estimation is discussed. In order to reduce the very abundant background from atmos-

pheric muons, only up-going events are considered, thus the remaining background in
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Figure 3.8: (a) The v, + 7, energy fluence for a GRB with observed gamma-ray fluence F, ~2 x 1073
erg cem ™2 for T=100 (cyan), I'=300 (orange) and I'=600 (green). (b) Number of signal
events per GeV expected in KM3NeT/ORCA (solid lines) and DeepCore (dotted lines)
for the neutrino energy fluences shown in (a). These results are all given at trigger level.

Nns
Detector I'=100 T'=300 T =600
KM3NeT/ORCA 4x1072 7x1072 1x107!
KM3NeT/ORCA+KM3NeT/ARCA - 9x1072 2x107!
DeepCore 5x1072 9x1072 1x107!
DeepCore+lceCube - 3x107!  8x107!

Table 3.2: Number of events from v, + 7, interactions expected from a GRB with gamma-ray flu-
ence F, ~2 x 1073 erg cm 2 in low-energy detectors (KM3NeT/ORCA and DeepCore)
alone, or in a combined search with high-energy detectors (KM3NeT/ARCA and Ice-
Cube, respectively). These results are all given at the trigger level.

this study is constituted by the irreducible atmospheric neutrinos flux [325], as described
by the Honda model [103].

As in Cherenkov telescopes neutrinos are not detected directly, rather via the secondary
particles produced in neutrino interactions (tracks of muons originated in CC v, interac-
tions are considered here), two effects need to be carefully considered when inferring the
original direction of the neutrino: i) the kinematic angle between the primary neutrino
and the induced muon, and ii) the quality of directional reconstruction of muons. Both
these factors contribute to the angular resolution of the detector. Their effects depend on
the energy of the particles involved, leading to an improved angular resolution with in-
creasing energy. In Fig. 3.9 the energy-dependent kinematic angle 0,, [187] is shown, in
the form of a band extending from 6,, to 36,,, as compared to the most updated median
angular resolutions available from literature for KM3NeT/ARCA [218], KM3NeT/ORCA
[326], DeepCore, and IceCube [221]. Note that the median angular resolution already in-
cludes both kinematics and detector effects. Three panels are reported in order to compare
the parametrizations of the instrumental angular resolutions with the values of the kine-

matic angle at Ej .., Where each detector is expected to observe the highest number of
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Figure 3.9: Median angular resolutions of v;, charged current events for KM3NeT/ORCA (green)
[326], KM3NeT/ARCA (red) [218], DeepCore (orange), and IceCube (blue) [221]. Note
that the KM3NeT/ORCA angular resolution refers to a partial configuration with six
strings, which is the only one available from the literature. The shaded grey region
shows the interval among 6,, and 30,,, being 0,, the kinematic angle between the in-
coming neutrino and the muon inside the detector. The vertical dashed lines indicate
the energy values Eij/max at which each detector is expected to observe the highest num-
ber of muon neutrinos events (see Tab. 3.1). The three panels differ in the vertical lines,
which depend on the model for the signal: in particular, (a) I' = 100, (b) I' =300, and (c)

I' = 600.

v, events for different values of bulk Lorentz factor of the jet, again I' = 100, I' = 300 and
I' = 600 (see Sect. 3.4.3 and Tab. 3.1). It is possible to see that, in all cases, the choice of
30,, as plane angle of the cone opened around each GRB is a conservative one, as it is

larger than the median angular resolution of neutrino detectors at E;

» .
, max- FOT this reason,

in the background estimation, it was conservatively decided to open around each GRB an
angular window defined by a solid angle () = 277(1 — cos(6" /2)) with 6" =36, (E] max)-
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3.44 Observational expectations with current and future neutrino telescopes

It is presented here the estimation whether it would be promising to look for GRB low-
energy neutrino emissions with existing and under construction telescopes. Two possibili-
ties are explored in the following: i) the search for neutrinos from individual GRBs, with
reference to an extremely bright GRB, that would represent the most optimistic scenario
for individual detection of low-energy neutrinos; ii) the quasi-diffuse neutrino search from
a population of GRBs with a stacking technique implemented over approximately 5 years

of data acquisition.

Detection prospects from an individual extreme GRB

For the purposes of exploring the maximum discovery potential of the collisional heat-
ing mechanism in terms of individual neutrino emissions, the case of a very fluentic GRB
is here considered, namely with F, ~ 2 x 1073 erg cm~2. This value is comparable to
that of the highest fluence GRB present in the Fermi-GBM catalogue, i.e. GRB130427A.
The expected differential neutrino fluence depends on the value of Lorentz factor, par-
ticularly because of the maximum energy (see Eq. (3.17)): in Fig. 3.8(a) this dependence
for different values of I', i.e. I' =100, I' = 300 and I' = 600 is shown. For comparison
with predictions from the internal shock model, refer to Fig. 1 of [313], where the neu-
trino fluence expectations for GRB130427A are shown. In order to compute the expected
number of signal events in each detector, the parent function for each of them was eval-
uated, as shown in Fig. 3.8(b) for DeepCore and KM3NeT/ORCA. By integrating it over
the energy, the results given in Tab. 3.2, concerning the number of muon tracks induced
by neutrino interactions, were derived. Although the GRB considered in this example is
characterised by a high fluence (comparable to the highest fluence ever observed among
all GRBs in the Fermi-GBM catalogue), the number of signal events observable in each
neutrino telescope is quite limited (ns < 1), even when the events measured with low-
energy detectors are integrated with those collected by high-energy ones. Nonetheless, I
suggest to implement a combined search among low and high-energy neutrino detectors,
i.e. KM3NeT/ORCA+KM3NeT/ARCA and DeepCore+IceCube, in order to increase the
expected signal event rate. Only in the case with I' = 100 the high-energy detectors can
not provide a significant contribution, as the expected signal is entirely below 100 GeV.
According to the performed calculations, to measure ns > 1 from a single GRB in at least
one of the detectors considered, this source should be characterised by extreme fluence,
as F, > 1072 erg cm™2. So far, no such kind of GRBs has ever been observed, but it is not
possible to firmly exclude in the future a serendipitous occurrence of a nearby and very

energetic explosion.

Stacking detection prospects

The signal detection rate can be greatly increased when summing up the contribution of
many GRBs. However, the same holds for the background, such that stacking techniques
are necessary in order to obtain a significant detection level. In fact, selecting events re-
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stricted in an angular cone around sources allows the signal to stand out with respect to
the background. Here, since the cone aperture around each GRB is not optimized individ-
ually, a source ordering in cumulative detection significance is required when sources are
summed up. Thanks to the stacking procedure, the cumulative significance results higher
since Poissonian fluctuations of the cumulative background are smaller than the sum of
background fluctuations expected from a single source. Additionally, stacking techniques
take advantage of the transient nature of the sources under investigation. Here, I present
a study on expected performances of current and under construction neutrino detectors
after ~5 years of stacking analysis in a half-sky search for tracks (namely only upgoing
muon neutrinos).

I started by building two synthetic populations of GRBs detectable by current gamma-
ray satellites in 5 years of operation, one for long and one for short GRBs, each reproducing
the observed rate per year in the half of the sky equal to Nsgrp = 75 yr ! and Niggp = 175
yr~1?. Each GRB of the sample is described by values of F, and Ty, randomly extracted
from Fermi-GBM observed distributions and selected as explained in Sect. 3.4.3. For each
extracted source, the expected neutrino fluence for three different values of the Lorentz
factor, i.e. I' = [100,300,600], was estimated. The average source in the sample is less flu-
entic than the one considered in the previous section, being characterized by a median
value of F, ~ 8 x 107® erg cm 2 for LGRBs and F, ~ 6 x 1077 erg cm 2 for SGRBs. The lin-
ear scaling between gamma-ray and neutrino fluence predicted by the inelastic collisional
model implies a peak value in the neutrino spectrum at the level of 2 x 1072 GeV cm 2
and 1 x 107* GeV cm 2 respectively, to be compared with what is shown in Fig. 3.8(a)
for an extremely fluent GRB. The stacking approach appears therefore to be a necessary
condition to test the model.

The expected background occurring inside the detector in coincidence with the signal
from each GRB is estimated in a temporal window as wide as Ty = 0.3T9g, and in an angu-
lar window defined by values reported in Tab. 3.1. Once the GRB sample was populated
by N objects, the following procedure was adopted:

1. The GRB with the highest level of significance, defined as o = ns/ |/ny,, was selected;

2. Starting from such a GRB, the others were added one by one choosing each time
the GRB that provides the maximum increase of the total level of significance ciot,

defined as:
N
Ng,tot Zi:1 Ng i

N /N ’
btot Yiiq M,

The full procedure was repeated 1000 times, obtaining the median value of significance

Trot(N) = (3.25)

after stacking 875 LGRBs or 375 SGRBs (acquired in ~5 years of half-sky gamma-ray obser-
vations), with an uncertainty band calculated through percentiles at one and two standard

9 Such values are based on observations and were obtained from the Gamma-Ray Bursts Interplanetary Network

(IPNGRB) database https://heasarc.gsfc.nasa.gov/w3browse/all/ipngrb.html.
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deviations. By requiring oyt > 3 and g 1ot >1 as minimum conditions to define a detection,

I conclude that:

¢ A detection of subphotospheric neutrinos is possible if LGRBs are included in the
search, since SGRBs alone would not provide signal enough to satisfy the require-
ments above, in spite of the lower background level expected with respect to LGRBs;

¢ The model with I' = 100 is characterized by a median value of oy lower than unity;

¢ Higher values of I result into a higher probability of detecting multi-GeV neutrinos
in 5 years of observation with KM3NeT/ORCA and DeepCore;

* Such a possibility is increased if high-energy detectors are integrated in the search.

The results obtained with I' = 300 for all detectors are shown in Fig. 3.10. Though a higher
statistical significance can in principle be obtained by assuming I' = 600 (lower amount
of background entering the search, mostly because of the smaller angular search window
selected, see Tab. 3.1), only the results for I' = 300 are here presented, since this value
is expected to more realistically describe the entire population of GRBs (see e.g., [327]).
With such a value, I obtain that there is a good chance to significantly detect multi-GeV
neutrinos by stacking ~900 LGRBs under the hypothesis that their prompt gamma-ray
emission is explained by the collisional heating model. As visible, the overall detection
significance is characterized by an extended uncertainty band, which is mostly due to the
high range of values allowed for the intrinsic properties of the GRB population, namely
Top and F,. While reflecting the observed distributions, the spread in GRB luminosity can
lead to quite different sample realisations, which might impact the analysis results into
a non-significant outcome. The situation improves when combining low and high energy
detectors, as shown by the case with I' = 300 in Figs. 3.10(e) and 3.10(f), such that a sensitiv-
ity above 3¢ is generally expected to be achieved after analysing a few hundreds of GRBs.
Note that the stacking procedure here implemented, once applied within the framework
of the classical internal shock scenario of the fireball model, provides results in terms of
expected signal neutrinos and analysis significance compatible with the limits set by the
IceCube and ANTARES collaborations with respect to such a model [314, 315]. Though
minor differences arise because of the adoption of trigger level effective areas and full ef-
ficiency for neutrino detectors in this work, the comparison highlights the validity of the
methods developed here and the consequent conclusions. In view of the promising results
here obtained, I strongly encourage performing optimised stacking analyses for testing
the inelastic collisional model and either confirm its occurrence or constrain the amount
of GRBs possibly powered by this mechanism.

Note that the quasi-diffuse signal flux expected to arise as a result of the collisionally
heating mechanism in the 875 LGRBs of the considered sample would result at the level
of ~2x107? GeV em2 s~ ! sr! at E, ~ 100 GeV. This value is much smaller than the
atmospheric neutrino background flux at the same energy, which is rather of the order
of ~5x 107* GeV cm~2 s! sr~!. These numbers highlight the challenging task of pure
diffuse searches in revealing the presence of a tiny signal, like that from the GRB popu-
lation, on top of a huge atmospheric background. In turn, as Fig. 3.10 demonstrates, the
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stacking approach provides a more promising perspective than the pure diffuse analysis.
In particular, the IceCube and DeepCore detectors could already have collected enough
data to constrain the model here investigated and eventually confirm our finding, with
the analysis technique presented here. This result encourages dedicated stacking analyses,
optimised for energies lower than 1 TeV, which have not been implemented yet in relation
to the GRB population at such low energies.
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Figure 3.10: Level of significance s tot/ /Ty 101 (left y-axis) achieved by stacking 875 LGRBs (equiv-
alent to ~ 5 years of half-sky search) with I' = 300, under the assumption that the
gamma-ray prompt emission originates from pn collisions at subphotospheric radii
(inelastic collisional model). The level of signal and background in each detector (in-
dicated in the right y-axis for the median result) is estimated at the trigger level. Re-
sults are shown for the following neutrino detectors: (a) KM3NeT/ORCA, (b) Deep-
Core, (c) KM3NeT/ARCA, (d) IceCube, (¢) KM3NeT/ORCA+KM3NeT/ARCA, (f)
DeepCore+IceCube. The shaded red and grey regions indicate the uncertainty bands
at one and two standard deviations, respectively, obtained with percentiles. Hori-
zontal dashed black lines highlight the levels of significance ng ot/ /7,10t =3 and
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ESTIMATING THE GRB CONTRIBUTION TO THE
COSMIC DIFFUSE NEUTRINO FLUX WITH
ANTARES DATA

In the previous chapters, we have pointed out that searching for coincidences among GRB
photons and high-energy neutrinos is crucial to safely identify this kind of sources as
hadronic factories and, consequently, to define their contribution to the observed flux of
UHECRSs, the most energetic particles observed to date (see Chapter 1). Furthermore, this
would also help in shedding light on the composition of their jets and discriminating
between the several physical mechanisms that could be responsible for the GRB prompt
emission through the energy of detected neutrinos.

After the investigation, in Chapter 3, of the inelastic collisional model (subphotospheric
scenario) and the subsequent prediction of the possibility for KM3NeT and IceCube to test
it through the detection of neutrinos with sub-TeV energies, we consider in the following
the alternative internal shock scenario (the reader can refer to Sect. 3.2.2 for a comparison
between the two), by using an experimental approach. A search for neutrino signals coin-
cident with GRBs in time and direction, by using almost 10 years of data (between 2007
and 2017) collected by the ANTARES neutrino telescope is presented. This analysis differs
from previously analogous published results both by IceCube [328-330] and ANTARES
itself [331-333], since it improves the predictions on the expected neutrino fluences from
GRBs: for the first time in this kind of study, the uncertainties on intrinsic parameters of
the IS model are considered, by including the wealth of information accumulated over
the years thanks to the many astronomical observations, rather than assuming some fixed
standard values that do not correctly reproduce GRB properties. Contextually, the different
uncertainties due to the poor knowledge of the source dynamics are taken into account and
propagated in the evaluation of the prediction of the produced neutrino spectrum, with
the aim of providing a clear understanding of the assumptions and limitations behind the
upper limits that are set after the lack of detection.

In the following, the analysis is described in detail, omitting the description of the
ANTARES detector, already treated in Sect. 2.5.1. The chapter starts, in Sect. 4.1, with
the selection of the adopted GRB sample. In Sect. 4.2, the neutrino spectra predicted by
the IS model are firstly discussed, then a focus on the various uncertainties in neutrino
flux computation due to the poor knowledge of some parameters is given. In Sect. 4.3,
the resulting cumulative neutrino fluence expected from all GRBs in the selected sample is
presented. Sect. 4.4 describes the various steps of the diffuse search performed through the
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stacking technique on ANTARES data between 2007 and 2017, investigating whether the
discovery potential can be improved by limiting the analysis to an optimised sub-sample
of bursts. In Sect. 4.5 the results of our analysis about the contribution of GRBs to the
high-energy diffuse neutrino flux with ANTARES data are outlined and discussed. Lastly,
in Sect. 4.6, the possible systematics affecting our results are investigated.

The content of the present chapter is based on results already published on behalf of the
ANTARES Collaboration in ANTARES Collaboration, 'Constraining the contribution of Gamma-
Ray Bursts to the high-energy diffuse neutrino flux with 10 years of ANTARES data’, MNRAS
500, 5614 (2021) ([314]), of which I am the corresponding author.

41 SELECTION OF THE GRB SAMPLE

The GRB parameters needed for the search (time, direction) and the simulation of expected
neutrino fluxes (photon spectrum, fluence, redshift) are collected from published results of
Swift![71], Fermi? [338, 339] and Konus-Wind® [340]. Starting with a full sample of GRBs
that includes 2604 sources, a selection is performed, satisfying the following criteria:

e Short bursts are excluded, as this class is poorly understood in terms of neutrino
production during their short prompt phase. In other words, only GRBs with prompt
duration Tyg > 2 s (LGRBs) are selected;

* The coordinates of the bursts should be measured by at least one satellite. Those
GRBs such that the angular uncertainty provided by the satellite is larger than 10°
are excluded;

* The gamma-ray spectrum has to be measured. This is typically fitted with a broken
power-law, a cut-off power-law or a smoothly broken power-law function. It is also
required that the spectral indices satisfy the conditions « > —4 and > —5, where «
and B are respectively the slope below and above the energy break (see Sect. 3.1.3);

¢ At least one parameter among electromagnetic fluence and redshift has to be mea-
sured, since their values are needed for the calculation of the source luminosity, that
is primarily affecting the yields in both gamma rays and neutrinos, as it will be
emphasized further on;

* Only GRBs that were below the ANTARES horizon at trigger time were selected for
the selection of upgoing-only events. The analysis is, indeed, focused on the track-
like signals produced by v, CC interactions in water, because of their better angular
resolution with respect to shower-like events (the angular resolution of ANTARES for
both track and shower events is shown in Fig. 2.11; moreover, for the discussion and

1 Swift catalogue in https://swift.gsfc.nasa.gov/archive/grb_table/

2 Fermi-GBM in https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html [334-336]. Fermi-LAT in
[337].

3 Konus-Wind information is only available through the GCN archive: http://gcn.gsfc.nasa.gov/gcn3_
archive.html


https://swift.gsfc.nasa.gov/archive/grb_table/
https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
http://gcn.gsfc.nasa.gov/gcn3_archive.html
http://gcn.gsfc.nasa.gov/gcn3_archive.html

4.1 SELECTION OF THE GRB SAMPLE 103

104

S
L]
Fluence [erg cm

Figure 4.1: Sky distribution and fluence of the selected 784 GRBs in equatorial coordinates.

characterisation of the different event signatures detectable by Cherenkov detectors
as ANTARES, see Sect. 2.1.2 and Sect. 2.1.3);

¢ ANTARES was taking physics data at the GRB trigger time: calibration runs were ex-
cluded, as well as runs containing events with an exceptionally high hit multiplicity
(indeed, these cannot be considered reliable because some PMTs in the ANTARES
detector suffered a high voltage surge). Additionally, only runs with good quality

were selected.*

When physical parameters of a GRB are measured by different detectors, the adopted

criteria are:

¢ The burst’s position is taken from the detector with the smallest angular uncertainty
(typically Swift-UVOT, then Swift-XRT, Fermi-LAT, Swift-BAT and finally Fermi-
GBM);

¢ The burst’s duration, spectrum and fluence are taken from the satellite reporting mea-
surements in the most extended energy band (typically Konus-Wind 0.02 — 10 MeV,
then Fermi 0.01 — 1 MeV, and finally Swift 0.015 — 0.15 MeV).

Following these criteria, 488 GRBs have been added with respect to the ones analysed in
[331]. The final sample contains 784 GRBs and their spatial distribution in the equatorial
sky is shown in Fig. 4.1. The field of view of the ANTARES detector for upward going
events is 271 sr and, due to its geographical location, the sky up to a declination of 47°
is visible. The statistics of parameters adopted in this analysis from the several instru-
ments about the source positioning and spectral modeling is specified in Tab. 4.1. Note
that in some cases some parameters have not been measured, e.g. in many cases the in-
formation on the energy break is missing, as well as the spectral slope above it. In such a
situation, default values are assumed: the peak energy of the burst is set at 200 keV when
unknown (33% of the cases) and B = a — 1 when only « is available from catalogs (1.4%

4 Quality Basic (QB)> 1 was the minimum request. The parameter QB quantifies the run quality according to
some properties, as the bioluminescence optical noise or the number of active PMTs.
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Source Position ~ Spectrum
Swift 29.9% 16.7%
Swift-BAT 9.3%
Swift-UVOT 3.4%
Swift-XRT 17.2%
Fermi 68.8% 71.6%
other (e. g. Konus-Wind) 1.3% 11.7%

Table 4.1: Percentage contributions of the different satellite catalogues to the determination of GRB
position and spectrum. The position of the burst is taken from the detector with the
smallest angular error. The spectrum is taken from the satellite with the most extended
energy band. The total sample is made up of 784 GRBs.

of the cases). Moreover, the host galaxy of the GRB can fail to be identified by the multi-
wavelength follow-up and so the redshift remains unknown. With respect to the redshift,
former analyses have been adopting the default value z = 2.15 in case this information was
not available. In addition, for the minimum variability timescale ¢, of the bursts, which can
be determined by the width of the peaks in the light curve, a default value of t, = 10 ms
(derived from theoretical consideration put forward in [341]), has been used so far in all
neutrino searches. However, since these parameters affect crucially the GRB-neutrino flu-
ence estimation, a different strategy has been here adopted, as explained in Sect. 4.2.2.

4?2 COMPUTATION OF NEUTRINO FLUXES FROM IS SCENARIO

In this analysis, we computed the expected neutrino fluxes from GRBs in our sample
according to the IS framework of the fireball model [268, 342] (see Sect. 3.2.1 and Sect. 3.2.2).
The central engine of GRBs produces multiple shells with different speeds: the faster ones
catch up with the slower ones and collide. The acceleration mechanism converts part of
the jet’s kinetic energy into internal energy and a fraction of this energy is expected to
be transferred to non-thermal particles, achieving relativistic speeds. Accelerated electrons
subsequently loose their energy through synchrotron and inverse Compton processes. The
intense emitted radiation field constitutes the target for the photo-hadronic interactions of
protons accelerated at shock fronts: from these collisions, mesons are produced, which then
decay, generating neutrinos and gamma rays. These processes are thought to occur during
the prompt phase of the emission. Nonetheless, if GRBs were purely leptonic sources
[343], the observed radiation would be completely ascribed to processes involving primary
electrons, such that there would be no possibility to produce neutrinos in these sources.
For a more detailed treatment of what we have just explained, the reader can refer to
Sect. 1.5.2.



4.2 COMPUTATION OF NEUTRINO FLUXES FROM IS SCENARIO

In a simplified one-zone emission model, a single representative collision is realised at
the so-called IS radius, located at a distance

2I2ct, sl t r \>/ 3
Ris = gy =2 > 10 (0.01 s) (1025) <1+z> - #1)

from the central emitter. Note that the IS radius strongly affects the characteristic energy

range of emitted neutrinos, while simultaneously scaling the normalisation of the neu-
trino spectrum [341]. As Eq. (4.1) shows, the Lorentz factor I' impacts significantly the
spectral modeling. In addition, the variability time ¢, is expected to be a crucial parameter
as well, given its broad range of variation among GRBs. It is also worth mentioning that
some models [344, 345] have argued emission radii larger than what indicated by Eq. (4.1),
correspondingly predicting a less efficient neutrino production. Interestingly, these mod-
els favor the interpretation of GRBs are sources of UHECRs [346, 347], as heavy nuclei
would be allowed to survive without being disintegrated. Furthermore, as already widely
discussed in the previous Chapter 3, let me recall that neutrino production is thought to
be efficiently realised also at radii below the photosphere, namely the location where the
optical depth of Thomson scattering along the jet falls to unity, which is expected to be
located at Rpn ~ 1012 cm. In the photospheric scenario [266, 267, 291, 348-350], because
the dissipation radius is located closer to the central engine (Rpn < Ris), the characteristic
energy range where photospheric neutrinos are expected to be detected is typically lower
than what is expected in the internal shock model.

The neutrino flux expected from GRBs during the prompt phase was first computed
analytically in [351] and [352], while refined calculations were performed in the following
years [304, 341, 346, 353, 354]. Among such approaches, the numerical method developed
in [353] and, later on, in [354] is adopted in the present work. This is described in Sect. 4.2.1,
that is followed by the discussion of the uncertainties in neutrino flux calculation and their
effect on individual neutrino fluences computed for each GRB of the sample, in Sect. 4.2.2
and Sect. 4.2.3, respectively.

421 The numerical modelling with NeuCosmA

The event generator ‘Neutrinos from Cosmic Accelerator” (NeuCosmA) [353, 354], used in
this work to compute the expected neutrino fluxes, is based on the assumption that protons
are accelerated through first-order Fermi processes [355] (i.e. with a differential energy
spectrum « E~2; see Sect. 1.5.1) in the relativistic ejecta of the burst and interact with the
intense jet photon field. The latter is described by an energy distribution in the form of
a broken power-law function [234], constrained by observations. The adopted version of
NeuCosmA assumes a one-zone collision, namely it simulates average shell properties,
such as an average shock speed or Lorentz factor I' (i.e. the bulk Lorentz factor of the
jet). Indeed, it can be considered as approximation that the ejecta coast with constant bulk
I' before decelerating due to the interaction with the external medium [356]. Note that

in a more realistic situation, the collisions between plasma shells are different one from

105



106 ESTIMATING THE GRB CONTRIBUTION TO THE COSMIC DIFFUSE NEUTRINO FLUX WITH ANTARES DATA

the other, each happening under different physical conditions, as the irregular burst light
curves demonstrate. The latest release of the NeuCosmA code allows to account for such
a multi-collisions scenario [357, 358], by modelling the specific light curve of individual
GRBs. However, given the extended sample of sources considered in this work, the one-
zone collision approach, that rather relies on the average spectral properties of the bursts,
is adopted.

Since the synchrotron-emitted photons constitute the radiation field on which acceler-
ated protons collide, the normalisation of the neutrino fluence depends linearly on the
intensity of the photon flux and on the ratio of fireball energy in protons to electrons. This
so-called baryonic loading, f,, is an unknown of the problem, possibly constrained by neu-
trino observations. From the theoretical point of view, a reasonable value for it could be
fp =10 [354]; such a value will be fixed in the following for each GRB considered. The
normalisation of the neutrino fluence depends on other several quantities [354]:

* The total fraction of the energy transferred from protons to pions. Considering the
reaction kinematics, approximately 20% of the proton energy is transferred to the
produced pion in each interaction (see Sect. 1.5.2);

e The isotropic gamma-ray luminosity of the burst, L. It is given by L,isc =
47‘[d%1:7/ Too, where F, is the bolometric gamma-ray fluence (1 keV—10 MeV), Ty
is used as a proxy for the duration of the GRB prompt emission, and dy, is the lumi-
nosity distance of the source;

* The minimum variability timescale t,, that is directly connected to the size of the
emitting radius Rjs through the Eq. (4.1) [341];

* The peak value of the gamma-ray energy spectrum Epca-

4.2.2  Uncertainties in neutrino flux computation

Unfortunately, the intrinsic parameters of the emission regions, like the boost Lorentz
factor I' and the variability timescale f,, cannot reliably be determined on a source-by-
source basis and this produces several uncertainties in neutrino fluxes computation.

In particular, the bulk Lorentz factor I' of the stellar ejecta deserves a particular attention,
being a key parameter to understand the physics of GRBs. We have already seen that, in the
standard fireball scenario, the temporal evolution of the jet’s speed can be approximated
as an initial acceleration phase, followed by a period with I' constant before reaching
the external medium and decelerating in it [356]. The bulk Lorentz factor determines the
frequency of plasma shell collisions and, consequently, the rate of particle acceleration. For
these reasons, it affects the shape of neutrino spectra and in particular the spectral breaks.
The first derivations of the energy breaks were performed in [341], where two energy
breaks in the neutrino spectra were predicted at the energies

1o (142) 2 T35 € oy (4.2)
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Swift redshift (2005-2017)

Figure 4.2: Swift redshift distribution for GRBs detected from 2005 to 2017 (data is available in
https://swift.gsfc.nasa.gov/archive/grb_table/).

and
€2 (1+2) ' T35 Ris Lys2 €572, (4.3)

where I5 = I'/(10*°) and €, mev = €,/MeV is the photon energy. The first break, in
Eq. (4.2), is due to the synchrotron break observed in the photon spectrum and the sec-
ond one, in Eq. (4.3), comes from the onset of cooling losses in high-energy muons. Within
the model implemented in NeuCosmA, a third break is expected in the combined v, + 7,
spectrum, due to the onset of cooling losses in pions [354].

In spite of the great importance of the bulk Lorentz factor, the stochastic nature of GRBs,
in addition with the complex dynamical evolution of the jet, makes it hard to be reliably
determined. However, in few cases, the Lorentz factor can be estimated: in the so-called
‘afterglow onset method’ [359], one can relate the energy break observed in the GRB light
curve during the afterglow phase to the jet deceleration time and hence to the initial jet
speed. Alternatively, one can use the maximum energy of observed photons [360-364] or
the quiescent periods between the prompt emission pulses, in which the signal of external
shock is expected below the instrument threshold [365], to infer an average I' of the jet. The
former approach was for instance adopted in [366] for a sample of 38 GRBs, from which
the authors could derive the following correlation between the Lorentz factor I' and the

mean isotropic gamma-ray luminosity L, iso:
T~ 249(L jso52) "%, (44)

where L, iso52 = Ly iso/ (1052 erg/s). Therefore, by knowing the isotropic luminosity of the
burst, it is possible to infer the jet Lorentz factor. Taking advantage of such a correlation,
that from the main author’s name we will call Lii correlation from here on out in the text,
in this analysis we determine specific I' values for each GRB in the sample from their
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Figure 4.3: (a) Distributions of the redshift z values randomly extracted for GRB08102853. (b) Cor-
responding bulk Lorentz factor I' values obtained by using the correlation in Eq. (4.4)
[366]. The black dashed line shows the average I' of the considered GRB, (I') ~ 210.
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Figure 4.4: Logarithmic distribution of the average bulk Lorentz factor (I') for any burst in the
sample (in red), in comparison with default value I' = 316 (dashed green line) previously
used in [331]. Note that, whenever a measurement of z is missing, (I') is obtained by
averaging the 1000 values of redshift extracted for each GRB. On the other hand, for
GRBs with measured z, a single contribution of I is present in this plot, as given by the
Lii correlation.

isotropic 7-ray luminosity. Instead, in the previous ANTARES search [331], as well as in
several IceCube searches, a default value of I' = 316 was used. The application of this
method is not free from uncertainties, as the isotropic luminosity is also often unknown.
In fact, in order to derive L, ;s, the knowledge of the redshift is required (because of the
luminosity distance di, = dr.(z)). As redshift is only known in 11% of the cases, a method
accounting for the observed redshift distribution of long GRBs was applied in order to esti-
mate sequentially luminosity distance, isotropic gamma-ray luminosity, and bulk Lorentz
factor. Specifically, for GRBs with unknown z 1000 random extractions of the z value
are performed, according to the redshift distribution of long GRBs, as observed by Swift
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Figure 4.5: Distribution of minimum variability timescales obtained analysing 1213 GRB light
curves [367-369]. The solid red line indicates the Gaussian fit of the distribution. The
dashed red line is the mean of the distribution, from which a mean value of t, = 0.5 s
is obtained. The dashed green lines indicate the 1¢ level. The dashed blue indicates the
default value ¢, = 10 ms, previously adopted e.g. in [331] and [330].

since 2005° and shown in Fig. 4.2. Therefore, for each GRB whose redshift measurement
is missing, each z value assigned allows us to first compute the luminosity distance d,
then L, ;s and finally I' through Eq. (4.4). Note that the resulting value of isotropic lu-
minosity is also required to be between 10% and 10%* erg/s since this is the luminosity
interval where long GRBs are detected; if such a condition is not satisfied, the z value is
extracted again. An example of the procedure we adopted is shown for GRB08102853° in
Fig. 4.3(a) and Fig. 4.3(b), where the distributions of 1000 values of redshift and Lorentz
factor are shown, respectively. Furthermore, Fig. 4.4 shows the comparison between the
default value I = 316 previously used in [331] and the average bulk Lorentz factor (I') for
any burst in the sample, whose distribution peaks at a value lower than the default one.
A similar procedure of random extraction according to a known distribution of values is
adopted for the minimum variability timescale t,, that is known only in the 33% of the
cases. For this reason, a distribution of known values of t, for long GRBs, as obtained
from Fourier analyses on burst light curves [367-369], is built as shown in Fig. 4.5. For
each GRB with unknown t;, 1000 values of such parameter are randomly extracted from
this distribution. Note that the default value previously adopted in ANTARES GRB search
[331] and advocated in [341], t, = 10 ms, is actually located in the tail of the measured dis-
tribution, that on the other hand peaks around 0.5 s. From the foregoing, it clearly emerges
that the default values assumed so far for intrinsic model parameters, such as I' and t,, are

The usage in our analysis of the Swift z-distribution does not introduce any bias, as it can be shown that
this is representative of the entire sample of long GRBs detected by any instrument from 1997 until today.
Nevertheless, the Swift distribution appears very suitable for our purpose, as it can be easily accessed though
the satellite’s online catalog.

The GRB name is given following the Fermi convention, i.e. GRByymmddfff, where where yymmdd is the date of
the burst (yy, the year; mm, the two-digit month; and dd, the two-digit day of the month) and fff = fraction of
day.
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not representative of the different properties of the GRB population. Hence, by using the
extracted values of redshift z and variability timescale t,, 1000 fluxes for each GRB (for
which z and/or f, are unknown) are simulated, in order to estimate the final neutrino flu-
ence by assuming values of the unknown parameters spanning their allowed ranges. The
method allows also to investigate how these uncertainties affect the neutrino spectra and
to identify the parameter that contributes the most. Therefore, the following procedure is
adopted for those sources lacking both z and t:

1. Calculate the average neutrino fluence resulting from the 1000 simulations.

2. Use the standard deviation ¢ of the obtained distribution as uncertainty on the aver-
age fluence.

3. Provide the results in terms of Egy F, £ 20.

When both z and t, are known (30 GRBs in the sample), the statistical error around the flux
is obtained by propagating the measured parameter uncertainties on Eﬁy Fvy. In such cases,
the uncertainties are so small that the relative difference between E%}l F,, and E%}l F, +20
is negligible, of the order of 10! in the worst cases. However, in a few cases where the
uncertainty on redshift was not available from measurements, it has been considered on
the last significant digit.

4.2.3 Effects of parameter uncertanties on individual neutrino fluences

To investigate which parameter among z, t, and I' most affects the neutrino flux computa-
tion, we report in Fig. 4.6 some individual neutrino fluence simulations that we obtained,
covering all the parameter combinations realised in the selected GRB sample:

¢ GRB08021273, a source with both z and ¢, unknown (Fig. 4.6(a));
¢ GRB14102845, a source with measured z = 2.332 but ¢, unknown (Fig. 4.6(b));
¢ GRB08102853, a source with z unknown and t, = 0.35 s measured (Fig. 4.6(c));

* GRB13042732 (also known as GRB130427A), the brigthest ever detected GRB in
gamma rays, for which both z = 0.34 and t, = 0.04 s are measured (Fig. 4.6(d)).

For each of these GRBs, 1000 simulations are performed extracting the unknown value of
the missing parameter, either the redshift and/or the variability time, from a distribution
of the same parameter as obtained from other known GRBs. From these examples, it fol-
lows that the minimum variability timescale contributes to the uncertainty on the neutrino
fluence expected from GRBs significantly more than redshift. In fact, by comparing the
cases (ii) and (iii) in Fig. 4.6(b) and Fig. 4.6(c), respectively, it is possible to note that the
uncertainty due to the unknown value of z is contained within ~1 order of magnitude
with respect to the mean flux, while it spans over several orders of magnitude when ¢, is
unknown. On the other hand, when both z and ¢, are measured, the error band on the neu-

trino flux is extremely reduced, as it is only due to the uncertainty in the measurements
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Figure 4.6: Expected neutrino fluence E%V Fy, as a function of the neutrino energy E,,. The z and
t, values of each GRB are indicated in the panels, when known: (a) GRB08021273; (b)
GRB14102845 [370]; (c) GRB08102853 [368]; (d) GRB13042732 [369, 371]. The grey thin
lines indicate the results of 1000 simulations performed with the several randomly ex-
tracted values of z and t,, when at least one of such parameters is unknown. The black
thick line shows the mean of all the simulations or, when both z and ¢, are known, the
resulting neutrino fluence. The red dashed lines delineate the error band around the
neutrino fluence. In case both the minimum variability timescale and redshift are fixed,
as for the GRB shown in (d), the fluence uncertainty is extremely tiny: in this particular

case it is estimated to be ~ 3%.

of spectral parameters. In these cases, it is not possible to distinguish the upper and lower

bounds on the neutrino fluence from the mean fluence: an example is shown in Fig. 4.6(d)
for GRB13042732. Note that, so far, the uncertainty related to the knowledge on I' was

not considered, as justified by the assumption of the correlation in Eq. (4.4) that allows

to infer its value, once the isotropic gamma-ray luminosity of the burst is given. However,

several expressions for the I' estimation exist in the literature, which mainly differ in the

observational strategy and physical description of the GRB evolution they rely upon. For

instance, a relation between I' and the peak luminosity L. peac was also established some

years ago by using a different approach [372], namely by relying on the backwards ex-

trapolation of the self-similar deceleration solution for the shock evolution, as derived by
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Figure 4.7: (a) Individual fluences calculated for each GRB of the 784 in the sample (thin lines)
and the corresponding stacked fluence (thick line), calculated as in Eq. (4.5). The mean
(Egy F,), mininum (EE;, F,, —20) and maximum (EIZ,M Fy, + 20) fluences are shown in red,
orange and green, respectively. (b) Total neutrino fluence E%ﬂ Fy, expected from the 784
GRBs in the sample selected in the period 2007-2017 (left-hand axis), as in Eq. (4.5),
and corresponding quasi-diffuse neutrino flux E%ﬂ ¢v, (right-hand axis), as defined in

Eq. (4.6). The shaded region indicates the error band, obtained from the sum of the in-
dividual maximum and minimum fluences for each GRB in the sample (see Fig. 4.7(a)).

Blandford and McKee (BM) in [373]. With respect to the method here adopted, this ap-
proach comes with two further assumptions: in correspondence of the deceleration stage,
the system dynamics has entered the BM self-similar solution, and the intersection of the
two asymptotic power-law phases adopted to describe the shock evolution corresponds
to the observed peak time of the afterglow light curve. Because of these stringent limita-
tions, in our analysis we adopt the standard Lii correlation approach. Clearly, this choice
impacts the neutrino flux expectations, in that a significantly different evaluation of the
bulk Lorentz factor might lead to a variation in the expected location of the internal shock
radius (see Eq. (4.1)). As the neutrino flux is expected to be extremely sensitive to the
Lorentz factor [347], a treatment of the additional systematics associated with adopting a
different method for deriving I' will be later on investigated (see Sect. 4.6).

4.3 CUMULATIVE NEUTRINO FLUENCE FROM ALL GRBS IN THE SAMPLE

By summing over all the individual neutrino fluences, the total fluence expected from the
cumulative contribution of the selected 784 GRBs in the period 2007-2017 is calculated as:

Ngrp=784

E} F, = Z; (E3, )’ (4.5)
1=

In Fig. 4.7(a), the expected minimum, mean and maximum fluences respectively defined
as E; F,, —20, E} F,, and E} F,, + 20 are shown for each GRB and for the whole sample.
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Figure 4.8: Comparison between the cumulative neutrino fluence expected from the stacking of 784
GRBs in the period 2007-2017 (in red) and the cumulative neutrino fluence obtained in
[331] from stacking 296 GRBs in the years 2007-2011 (in green) The red shaded region
indicates the error band around the neutino fluence estimated in this work, taking into
account the several uncertainties affecting the neutrino production in GRBs.

Focusing on the total fluence, note that the maximum and minimum fluences define the
calculation uncertainty around the mean one, shown in Fig. 4.7(b). It is possible also to
convert the total neutrino fluence of the sample of Ngrp into the quasi-diffuse neutrino
flux induced by the same sources, by rescaling the total fluence with the average rate of
GRBs distributed over the full sky expected per year. Hence, the quasi-diffuse neutrino

flux is obtained as

NGrs 1 1

Elzlyqbl//u = Z (EIZ/MFVy)i

i=1

I News 667yr ", (4.6)
where an annual rate of long GRBs equal to 667 per year is considered, in agreement with
the previous ANTARES analyses [331, 332]. The diffuse neutrino flux computed with this
method is indicated in the right-hand axis of Fig. 4.7(b). This quantity is actually more
interesting than the total expected fluence, since it allows to compare the neutrino flux
produced by the GRBs in the analysis with both the sensitivity of neutrino telescopes and
the measurement of the astrophysical diffuse neutrino flux reported by IceCube, in order
to constrain the contribution of GRBs to this flux.

For completeness, we compare in Fig. 4.8 the cumulative neutrino fluence estimated in
the present work with that of the previous ANTARES analysis [331]. The two are observed
at a comparable level, even though the our analysis has more than twice more sources than
the previous. This result is, in fact, a consequence of the neutrino modeling adopted: while
past predictions tended to overestimate the expected flux by assuming standard values for
model parameters, here an accurate modeling is realised by accounting for variations in

these parameters reflecting the properties of observed GRBs.
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4.4 STATISTICAL ANALYSIS OF 2007-2017 ANTARES DATA

After having described the IS scenario and the related computation of neutrino fluxes ex-
pected from each GRB in the sample we built up, we present in this section the analysis
chain on data collected by the ANTARES neutrino telescope between 2007 and 2017. The
MC simulations of GRB neutrinos events used to provide the detector response to the
signal are described in Sect. 4.4.1 (for a more detailed treatment of the MC simulation
chain adopted in ANTARES refer to Appendix B). Then, in Sect. 4.4.2, the estimation of
the background that characterises ANTARES data is presented. In Sect. 4.4.3, the analysis
optimisation is discussed, through the set up of MC pseudo-experiments generated with
the aim of obtaining the highest discovery potential for the neutrino flux, by exploiting an
extended maximum-likelihood ratio statistical method. In Sect. 4.4.4, the diffuse search per-
formed through the stacking technique, investigating whether the discovery potential can

be improved by limiting the analysis to an optimised sub-sample of bursts, is presented.

4.4.1 Signal simulation: the detector probability density function

For each source in the sample, a MC simulation of the expected signal is performed in
the so-called run-by-run mode (see Sect. B.1.4), i.e. accounting for the specific detector
condition at the time that the GRB occurred, as in [331]. In this way, the event genera-
tion is able to accurately describe the data taking, calibration and efficiency conditions
of the detector during the run in which each GRB happened. Both tracks, resulting from
v, CC interactions, and showers, produced at v, NC as well as at v, both CC and NC
interactions (see Sect. 2.1.2), are included in the simulation and signal events are gener-
ated from the specific location of the sky where the GRB was observed by gamma-ray
satellites. To take the ANTARES absolute pointing uncertainty into account, the GRB local
coordinates used in the MC signal production are shifted of a quantity randomly gen-
erated following [374, 375] (see also [376] and [377] for other studies on the ANTARES
pointing accuracy). Since only GRBs below the ANTARES horizon at the trigger time are
considered in this search to reduce the atmospheric muon background (see Sect. 2.3.2),
neutrinos are simulated from the direction of the GRB and passing through the Earth, fol-
lowing the simulation scheme described in Appendix B. Upward going muon tracks are
then reconstructed, to compute the acceptance of the detector, with the AAFit algorithm
described in Sect. B.2.1.1. The quality of the reconstruction is estimated through two para-
meters: A, the track-fit quality parameter, and B, the estimated angular uncertainty on the
muon track direction. To improve the signal-to-noise ratio, to ensure a good quality recon-
struction and also to limit the atmospheric muon contamination, only tracks with g < 1°
are considered in the analysis. The search is then optimised through varying a cut on A
selecting tracks above a given threshold A, as explained in Sect. 4.4.4. The distribution
of the angular distance between the reconstructed track direction (for each Acyt) and the
GRB’s coordinates, normalised to the total number of events, defines the signal Probability
Density Function (PDF) S(a) = dN(«)/dQ), where « is the angular distance between the
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simulated GRB position and the reconstructed muon direction and d() is the differential
solid angle d() = 27rsinada. The signal PDF is fitted with a function that is flat for small
values of & and by a Rayleigh distribution [378] for larger values, i. e.

. dN(a) | A w < o
log 5(«) = log dQ ) a_3B (1 —exp (—(logzx—logtxo)2>> &> g (47)

202

with the free parameters A, B, ap, and o

The ANTARES MC simulation chain and the software adopted for the signal simulation
in this analysis are described in Appendix B. At this level, it was important to check the
reliability of MC simulations. Indeed, to trust the GRB signal simulations, I performed
data/MC comparison per each run containing GRBs in the sample, examining that all
runs were correctly simulated and that none of those exhibited an unusual behavior.

4.4.2 Background estimation

The expected number of background events y;, associated to each GRB, at zenith 6 and
azimuth ¢, is evaluated directly from data collected by ANTARES off-source and off-time
(between 27th December 2007 and 30th December 2017) as:

1y(0,¢)cre = 1.5 Ts - (n(0crs, $crs)) - C, (4.8)

where T; is the temporal time window around the GRB occurrence, C is the detector ef-
ficiency in the specific runs where each GRB occurred, and (1n(6rp,$crp)) is the time-
averaged rate of events reconstructed in the GRB direction. In the framework of prompt
GRB emission, the temporal search window of the neutrino signal was defined in coinci-
dence with the gamma-ray signal, slightly extended to account for uncertainties due to
the gamma-ray duration of the event, to the ANTARES data acquisition system and to the
propagation time of particles from the satellite to our detector. The time-averaged rate of
events reconstructed in the GRB direction, is here estimated with a sample of 15657 runs,
equivalent to 61562.5 hours of livetime (~2565 days). To be conservative, this average value
is compared with the mean of time-averaged rates within a 10° cone around the GRB posi-
tion, choosing the highest between these two values. This is performed in fact as to account
also for the non-uniformity of the background in the vicinity of the GRB position. Finally,
in Eq. (4.8) the factor 1.5 is included to conservatively increase the background estimate by
50%. The background PDEF, B(a) = dN(«)/d() is assumed to be flat in ) within the search
cone angle, assuming the value as calculated in Eq. (4.8). As a result, the average number
of background events expected within a search cone of 10° around a given GRB position
is found to be of the order of 107%.

In Fig. 4.9 the results of the entire analysis chain for GRB111123A (taken as an example)
are presented. The figure shows the signal and background PDFs up to a distance of
10° from the simulated GRB position. The signal PDF is obtained by considering all the
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Figure 4.9: GRB111123A: reconstructed events from the MC signal simulation, per solid angle (
as a function of the logarithm of the space angle «, obtained with tracks from v, CC
interactions and tracks from v, NC and v NC+CC interactions (all neutrino channels
are shown in black)), with B < 1° and Ayt = —5.2. The vertical dashed line (in grey)
indicates the median angular spread of events (a) = 0.29°; the horizontal dashed line
(in blue) shows the flat background PDF B(a). The red curve is the signal Point Spread
Function (PSF), inside the defined angular window of 10° around the GRB position.

neutrino events simulated that have been reconstructed as tracks with A.y = —5.2. The

median angular spread of events (i. e. the median angular resolution) is also provided.

4.4.3 Maximum likelihood and pseudo-experiments

MC pseudo-experiments are simulated individually for each GRB with the aim of con-
structing an ensemble of independent replications of the data acquisition and computing
the significance of the measurement. For each GRB, different sets of simulations are gen-
erated by varying Acu from —5 to —5.8. For each of these cuts, ~ 4 x 10° signal events
and ~ 4 x 1011 background events are simulated. A test statistics Q, defined as the ratio
between the likelihood in the hypothesis of signal plus background and the likelihood
in the background only hypothesis, is evaluated in the form of an ‘extended maximum
likelihood ratio’ [379]:

Q= max
My [0, ot]

Zlog - K

W - S(ag) + - B) /
(i:l pp - B(a;) ) ' &

where g; is the angular distance between the GRB position and the reconstructed muon
direction, S(«;) and B(«;) are the corresponding signal and background PDFs, respectively.
In practice, with a priori knowledge of the expected number of background events y;, (as
evaluated in Sect. 4.4.2) and with a signal contribution i scanned between 0 and #,
the latter being the total number of events, signal and background events i are randomly
drawn from the normalised signal and background PDFs corresponding to each consid-
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ered value of Ay, and the test statistic Q is evaluated returning the estimated signal as the
one maximising Q. Furthermore, to determine the statistical significance of measurements,
the p-value’ is calculated, i.e. the probability to yield Q-values at least as high as that
observed if the background-only hypothesis was true. At the end of this procedure, the
optimal cut on the quality parameter, A, is chosen as the one maximising the MDP, i. e.
the probability to observe an excess with a p-value lower than the pre-defined threshold at
a given statistical accuracy assuming the signal predicted by the theoretical model (Neu-
CosmA), as previously described in Sect. 2.4.4. This strategy was already used in other
ANTARES analyses related to GRBs, as [331, 333]. However, there is a difference here in
the MDP calculation: the systematic uncertainties in the ANTARES acceptance, that trans-
late into a systematic uncertainty on the value of the estimated signal jis, are considered in
this work, consistently with other previous ANTARES analyses on neutrino sources [375,
380].

4.4.4 Diffuse search optimisation

The procedure of stacking sources consists into the definition of a GRB sub-sample that
includes in the analysis, among the GRBs sample defined in Sect. 4.1, as many candidates
in terms of neutrino emission as necessary to obtain the best sensitivity. The progressive
inclusion of promising GRBs implies the addition not only of the signal but also of the
corresponding background. For this reason, the optimal number of sources to stack is
found as a compromise between the statistical reduction and the signal gain due to an
increasing number of sources in the final sample. In particular, it corresponds to the value
which maximises the probability to make a significant discovery (MDP). The procedure,
described in details in [331] the reader can refer to, has been optimised for a 3¢ significance
level. In Fig. 4.10, it is possible to see how the value of MDP3, evolves by increasing the
number of selected GRBs: the loss in MDP3, is very limited between the use of the whole
sample and of an optimal one. Hence, the stacking is performed on the whole GRB sample
(784 GRBs). Though the search is not optimal in terms of cumulative MDP3,, the track
quality cut Aqy is set to optimise the MDP3,, of individual GRBs. In this regards, the most
promising 10 GRBs at 3¢ are reported in Tab. 4.2, together with the search time window,
the optimised cuts, and the corresponding expected number of background and signal
events. The results of the stacking of all 784 sources corresponds to an MDP3, = 0.027
(0.009; 0.136), where the values in parenthesis represent the range of MDP3, values when
the model parameters are allowed to vary within 3c.

4.5 RESULTS OF THE STACKING ANALYSIS

ANTARES data from the end of 2007 to 2017 are analysed according to the cuts identified
in the optimisation procedure presented above, searching for neutrino events in spatial and
temporal coincidence with the prompt phase of GRBs observed by satellite-based gamma-

7 The two-sided convention is used here, namely p3, =2.7 X 1073, Pag = 6.3 X 1075, Pse = 5.7 % 1077,
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Figure 4.10: Model Discovery Potential at 30, MDP3,, as a function of the number of stacked GRBs,
Ngra, - The thick red line indicates the MDP3,; obtained with the mean neutrino fluence,
while the shaded region is the uncertainty on MDP3, obtained by considering the
minimum and maximum fluences (see Fig. 4.7(a)).

GRB Acut 1o ts Ts MDP3,
(events) (events) (s)
13042732 —55 b53x107° 22x1073 339  21x1073
10072809 —5.5 9.7x107° 1.1x1073 2686 9.8x10°*
17101079 —5.3 1.0x107% 1.0x1073 2520 9.4x10~*
09072071 —54 1.8x107° 7.8x107* 212  67x107¢4
11092889 —5.4 4.4x107* 51x107% 1150 4.3x107*
14041606 —54 55x107° 4.2x10°* 368  4.0x10°*
12070780 —5.5 79x107° 4.1x1074 69.5 3.8x1074
11122865 —5.5 4.0x107% 4.4x107* 1637 3.6x107*
14081078 —54 7.6x107° 3.7x107* 97.7  3.6x107*
10091081 —5.3 54x107° 3.4x10~* 27.3 3.2x107*

all GRBs:
mean —53 94x10~°> 3.8x10°° 86.9 34x107°
sum 73x1072 3.0x1072 6.8x10* 2.7x10°2

Table 4.2: Optimisation results obtained with mean fluences: the first ten GRBs with the highest
MDP;3,, are shown, with the corresponding optimised Acyt value, the expected number
of background yy, and signal ys events at 30 and the Ts. In the last rows, the sum and
mean of the values for all 784 GRBs at 3¢ is given. The naming convention of the GRBs
is as the same as used by Fermi.
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ray instruments. No neutrino events have passed the selection criteria defined through the
optimisation procedure and, thus, no neutrino events are found in spatial and temporal
coincidence with the GRB sample, for an equivalent livetime of the search of 18.9 hours.
The corresponding 90% C.L. upper limit on the computed neutrino signal ¢,, is calculated
as in Eq. (2.16), i.e.,

90%
Hs

s

o 2.3
4;23 To ¢u, =y, = P, - 77:%56, (4.10)
S

where the expected number of signal events from the total sample, s, is estimated to be
ns(Nrp = 784) = 0.0370 0. (4.11)

The factor 2.3 in Eq. (4.10) is the 90% CL upper limit of the mean of a Poisson process and
the value in Eq. (4.11) is a result of the optimisation procedure applied on minimum, mean
and maximum fluences, as explained in Sect. 4.4.4. Note that the relative uncertainty on the
expected number of signal events is smaller than the one estimated on the MDP; in other
words, the neutrino flux uncertainty due to unknown model parameters is quite limited
in the energy range that is relevant for our search. Still, the uncertainty here presented is
only partial, as it does not account for the systematics associated with having fixed the
correlation in Eq. (4.4) to derive the bulk Lorentz factor, which is the parameter expected
to most affect the neutrino flux [347]. In Sect. 4.6 such a contribution is also evaluated.

The absence of neutrinos associated to GRBs in ANTARES data allows us to put
constraints the IS model. For the cumulative fluence of Eq. (4.5), this limit reads as
1.31’3% x 1072 < EE#FV,‘ < 0.8Jj8:‘; x 107! GeV ecm~2, in the energy range extending from
6.3 x 10* GeV to 1.3 x 107 GeV, which is the region where 90% of the mean fluence is
expected to be detected by ANTARES. The fluence limit translates into 1.37)% x 1072 <
E%}lzpvﬂ < 1.0f8:g x 1078 GeV cm~2 s~ ! sr~! in terms of quasi-diffuse flux (cfr Eq. (4.6)). The
quasi-diffuse expected flux and corresponding upper limit, as calculated from the mean
expected fluence, are shown in Fig. 4.11(a) and compared to previous ANTARES limits
[331]. A reduction of a factor ~ 2 on the 90% CL upper limit can be observed, due to the
increased sample statistics, jointly with having here adopted a more realistic model for
neutrino predictions including a detailed study on the model parameters. The results are
also compared with the latest IceCube all-sky search [330], where no statistically significant
signal was found by combining both track and shower events for 1172 GRBs. From this
comparison, it is possible to appreciate that the GRB-neutrino flux expected by IceCube is
consistent with the one presented in this work over the entire energy range 10*-10® GeV,
the former being on average higher than the latter due to the larger sample size. The same
spectral trend is reflected in individual upper limits.

It is worth keeping in mind that when comparing results from different analyses, one
should consider that the spectral and limit shapes depend on the selected sample, the mea-
sured parameters of each burst and their uncertainty, namely the set of parameters that
are introduced in the chosen model. Here, for the first time, no default value for the model
parameters are used and more physical and realistic values are considered (see Sec 4.2.2).
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Figure 4.11: (a) Comparison between the 90% CL upper limit (red dashed line) with respect to
the ANTARES expected quasi-diffuse flux for 784 GRBs (red solid line), in Eq. (4.6),
and the previous ANTARES 90% CL upper limit (green dashed line) [331]. The solid
blue line represents the quasi-diffuse flux expected by IceCube for 1172 GRBs and
the corresponding dash-dotted blue line shows the corresponding 90% CL upper limit
[330]. (b) GRB ANTARES quasi-diffuse flux for 784 GRBs, in Eq. (4.6), (red solid line)
and the corresponding 90% CL upper limit (dashed red line). The red shaded regions
show the uncertainty around the GRB quasi-diffuse flux, as in Fig. 4.7(b), and also
around the computed upper limit, derived as explained in Sect. 4.4.4. IceCube best fits
for v, tracks in 10 years [118] and for HESE events in 7.5 years of collected data [381]
are shown in blue and green, respectively.

Finally, the expected quasi-diffuse neutrino flux from the selected 784 GRBs and the cor-
responding upper limit can be compared with the diffuse astrophysical flux observed by
IceCube. To this extent, Fig. 4.11(b), provides the IceCube best fits of the neutrino flux,
in both the 10 years v, track data sample [118], and the 7.5 years High-Energy Starting
Events (HESE)® sample [381]. To allow a more significant comparison, the upper limit de-
rived from this search is reported with its error band (see Eq. (4.10)). By comparing the
ANTARES upper limit with the diffuse astrophysical neutrino flux observed by IceCube,
it is possible to conclude that GRBs are not the main contributors to the observed flux
below E, ~ 1 PeV, within the NeucosmA model framework set with benchmark baryonic
loading (f, = 10). This result confirms previous searches performed by IceCube [328-330].
In particular, in the energy region where ANTARES is most sensitive, i. e. below ~ 100 TeV,
GRBs do not contribute by more than 10%. Consequently, the parameter space still allowed
to the internal shock model is characterised by sizeably smaller baryonic loading of GRB
jets.

It is worth highlighting that this analysis accounts for the contribution to the observed
diffuse astrophysical neutrino flux of long resolved GRBs (i.e. triggered). A potentially
interesting contribution is constituted by the many GRBs that elude detection (due to
their low photon flux) and which is here left unconstrained. As estimated e.g. , in [382],
the neutrino flux from such unresolved GRBs might even be larger than the one due to

The neutrino interaction vertex is located inside the detector and its energy is larger than 20 TeV.
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resolved ones. In addition to this, other interesting classes of sources possibly contributing
to the diffuse astrophysical neutrino flux detected by IceCube are: (i) low-luminous GRBs
(LLGRBEs) (e. g. , [304, 383]), namely GRBs characterised by a luminosity < 10* erg s=1; (ii)
choked GRBs, which being opaque to radiation in the GeV-TeV band might show up as

neutrino sources hidden with respect to gamma-ray observations (e. g. , [384-387]).

4.6 EVALUATING SYSTEMATICS ON ANALYSIS RESULTS

In addition to the parameter uncertainties considered so far, namely those due to the
poor knowledge of redshift and minimum variability timescale, a further major source
of uncertainty is related to the systematics on the treatment of the Lorentz factor, which
could significantly affect the neutrino expectation from GRBs [347]. In fact, the present
analysis relies upon the Lii correlation between the isotropic gamma-ray luminosity L. iso
and I, that has allowed the values of bulk Lorentz factor for each GRB in the sample to
be determined by using Eq. (4.4). In order to evaluate the impact of such a method on
neutrino expectations, another correlation present in the literature was also tested, that
we call Ghirlanda correlation [372]. The latter one actually relates I' to the peak gamma-ray
luminosity L, peak- Hence, as an intermediate step, the Ghirlanda correlation data sample
was re-analysed, to obtain the corresponding relation between I' and isotropic gamma-ray
luminosity L. 5o, similarly to that in Eq. (4.4). Common GRBs between the two samples
in [372] and [366] were selected in order to consider the I' estimation from [372] and
the corresponding L. ;5o from [366]. From this combined sample, we found the following

correlation:
T~ 146103 5. (4.12)

The comparison among the revised Ghirlanda correlation in Eq. (4.12) and the Lii correlation
in Eq. (4.4) is shown in Fig. 4.12(a). As visible, the Lorentz factor values obtained through
the revised Ghirlanda correlation are systematically lower by a factor of ~2 with respect to
the values obtained through the Lii correlation. To quantify the impact of considering a
reduced Lorentz factor on the expected number of neutrino events, the same method de-
scribed in Sect. 4.2.2 was applied to the computation of neutrino spectra: for each GRB
in the sample 1000 spectral simulations were performed with NeuCosmA, by extracting I
according to Eq. (4.12); then, by summing over all 784 GRBs, a revised stacking flux was
obtained, as shown in Fig. 4.12(b). The spectral normalisation appears now significantly
higher with respect to the scenario described in Sect. 4.3, while the peak energy of the neu-
trino spectrum is shifted towards lower energies. This leads to a larger number of expected
neutrino events in ANTARES with respect to the computation derived in Sect. 4.5 for the
Lii correlation; in particular, this is estimated to be ng ~ 0.36, which is more than a factor
10 above the estimate presented in Eq. (4.11). With the novel neutrino spectrum obtained,
we re-run the data analysis chain, by optimising the track-quality cut Ay consistently
with the procedure described in Sect. 4.4.4. Interestingly, the resulting cuts are found to
remain almost unaltered for most of the GRB sample. As a consequence of the absence of
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Figure 4.12: (a) The bulk Lorentz factor I' as a function of the isotropic equivalent gamma-ray

luminosity L, is. The green points represents GRBs in the sample studied in [366].
The red points, instead, are a subsample of the sample in [372], containing only those
GRBs in common with [366], such that the values of I' come from [372], while the
corresponding values of L, s, are from [366]. The green solid and dashed red lines
represent the best fits of each sample. (b) Total neutrino fluence E%M F,, expected from
the 784 GRBs in the ANTARES 2007-2017 sample (left-hand axis) and corresponding
quasi-diffuse neutrino flux E%ﬂ ¢y, (right-hand axis). The red and green lines show the
different results obtained by either assuming a I'-distribution according to [366] (see
Eq. (4.4)) or according to [372] (see Eq. (4.12)), respectively. The red shaded region
indicates the error band around the stacking flux expected from [366], as estimated in
Sect. 4.3.

neutrinos associated to GRBs in ANTARES data, we obtain new 90% CL upper limits, that

are found to lay at a comparable level than that in Eq. (2.16). From the comparison with

the estimated uncertainty due to missing information on redshift and variability timescale,

which is contained within a factor of ~ 5 (20), it is possible to conclude that the leading

source of uncertainty in neutrino spectral modeling is represented by the indirect knowl-

edge of the bulk Lorentz factor of GRB jets. This conclusion is also supported by recent
studies from [347].



ENABLING NOVEL REAL-TIME MULTIMESSENGER
STUDIES WITH KM3NET/ARCA NEUTRINO
TELESCOPE

The multipurpose neutrino observatory KM3NeT, currently being constructed in the
Mediterranean Sea (see Sect. 2.5.2), is involved in a global multimessenger programme, de-
scribed in Sect. 1.6.2, which includes sending public/private neutrino alerts in real time to
the astronomy community to trigger electromagnetic follow-up observations of interesting
events, as well as searching for neutrinos in spatial and temporal coincidence with promis-
ing transient astrophysical sources seen in GWs, X rays, 7 rays, and other wavelengths. In
this context, real-time event reconstruction must be performed quickly so that they feed
into an online analysis framework which, for specific criteria of the reconstruction (e.g.,
quality, direction, energy, etc.), triggers an alert-sending system. It is worth mentioning
that neutrino data provide improved power to detect high-energy transient sources. In-
deed, contrary to traditional telescopes, Cherenkov-based neutrino detectors have a field
of view comprising the whole sky, thus they are ideally suited to detect and inform in
very short time other telescopes about interesting events. The real-time multimessenger
analysis framework is currently being implemented in KM3NeT. Among the activities
performed during this thesis, the development of the online processing framework for
the KM3NeT/ARCA detector, devoted to the detection of high-energy neutrinos (1 TeV-
10 PeV) produced in astrophysical phenomena during UHECR acceleration, is included.
Specifically, I was involved in the track-like events reconstruction both in direction and
energy (refer to Sect. 2.1.2 for the explanation of the different event signatures detectable
by high-energy neutrino telescopes).

In this chapter, the DAQ system of the KM3NeT detector, within which the online soft-
ware is implemented, is first described, in Sect. 5.1. Then, Sect. 5.2 outlines the characteris-
tics of the online analysis platform developed for the KM3NeT detector, giving a focus on
the framework currently in place to reconstruct events in real time for KM3NeT/ARCA, on
which this thesis is focussed. In Sect. 5.3, the validation of the online reconstruction system
is shown, either through the real-time data collected by the current detector configuration
(KM3NeT/ARCA 21 strings) and via MC simulations of cosmic PeV neutrinos acquired
by the future detector KM3NeT/ARCA 115 strings. Finally, the results of the first quasi-
real-time analysis performed on a peculiar gamma-ray burst (GRB 221009A) are shown
in Sect. 5.4. Indeed, this burst drew the attention of all the astrophysics and astroparticle
community for its spectacular characteristics. GRB 221009A was particularly energetic and
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close to us, and this makes it the brightest ever GRB observed. Despite its position was not
favourable for KM3NeT, the explosion having occurred above the detector horizon (i.e., in
the downgoing sky for KM3NeT, from which the atmospheric muon background is un-
avoidable), it was however decided to analyse this GRB because of its exceptionality. This
analysis was performed as of events reconstructed in real-time with the online pipeline
described in this chapter, and can be taken as reference example for the real-time analyses
are currently performed within the online framework of KM3NeT.

51 DATA ACQUISITION SYSTEM

The online software is implemented in the DAQ system, described here. As already
pointed out in Chapter 2, the neutrino detection principle exploits the Cherenkov light
from relativistic particles outgoing high-energy neutrino interaction within a fiducial vol-
ume around the telescope. The arrival time and charge of the light is recorded by an array
of photosensors; this data is then used to infer the energy and direction of the particles.
The main elements of KM3NeT are PMTs, housed inside pressure-resistant glass spheres
called DOMs [388]. KM3NeT is made up of an array of multiple lines, called DUs, supplied
by 18 DOMs each. Within the DOM, the main electronics board is the Central Logic Board
(CLB) [389], which processes data arriving on PMTs and acquires timing and amplitude
information of these signals, by means of Time-to-Digital-Converters (TDCs)! [390]. The
start time is defined as the time at which the pulse passes beyond a 0.3 photo-electron
equivalent (p.e.) threshold, and its duration is given by the time the pulse remains above
this threshold, namely the pulse width, usually called Time-Over-Threshold (ToT). Both
these quantities, recorded with nanosecond precision by the front-end electronics enclosed
in the DOM [391, 392], characterise a PMT hit.

Because of the high optical background due to B-decay processes of °K and the biolu-
minescence phenomena in seawater (see Sect. 2.2.3), an online trigger system is needed;
otherwise, storing the corresponding throughput (ranging up to 30 Gbps) would not be
a sustainable solution. Data need to be filtered and reduced before being permanently
stored, requiring the usage of the Trigger and Data Acquisition System (TriDAS), described
in detail, e.g., in [393]; this is a computing system devoted to the read-out, aggregation,
and filtering of the continuous data flow detected by KM3NeT. The DAQ is driven by the
Control Unit (CU) software [394], which represents the detector user interface, that aims
at coordinating TriDAS and running DOMs through a dedicated protocol. The logic of the
DAQ system of KM3NeT is in the following Sect. 5.1.1 described.

5.1.1 Data handling and triggers

To minimise the complexity of underwater electronics, the KM3NeT DAQ does not use any
offshore hardware trigger, but follows the all-data-to-shore approach, as in ANTARES: via a

1 In electronic instrumentation, a TDC is a device for recognising events and providing a digital representation
of the time they occurred. For example, a TDC might output the arrival time for each incoming pulse.
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Figure 5.1: Logic diagram of the data acquisition system of KM3NeT detectors. Timeslices, trig-
gered events and summaryslices (different data streams) are indicated as TS, EVT, and
SUM, respectively.

dedicated fibre-optic data transmission system, all signals above 0.3 p.e. are collected and
sent onshore in segments of 100 ms, where a 10 Gigabit Ethernet (GbE) bandwidth network
infrastructure routes the incoming traffic to the computing farm. All hits with a signal
above the PMT threshold of 0.3 p.e. are denoted as level-zero (L0) hits. This constitutes the
most basic trigger and is the only trigger that refers to uncalibrated and unfiltered hits as
detected offshore by DOMs.

The logic of the KM3NeT DAQ is presented in Fig. 5.1. In the offshore computing farm,
the first stage of data processing consists of collecting unfiltered data through a software
named DataQueue (DQ). Then, these data are distributed to the DataFilter (DF) software,
which applies different trigger algorithms to identify candidate events due to high-energy
neutrino interactions occurring inside or in the vicinity of the detector. Different levels of

trigger are implemented:

* Level-one trigger (L1) refers to a collection of two or more LO hits from different PMTs
on the same DOM, within a fixed time window centred around the first triggered hit
(the typical configuration uses At = 25 ns). The spread of At is determined by the
possible delays occurring in the photon propagation in water, caused for example by
scattering (see Sect. 2.2.2), giving typically time delays of about 10 ns. This trigger
limits the accidental correlations of hits and reduces the background due to biolumi-

nescence and “°K decays (see Sect. 2.2.3).

¢ Level-two trigger (L2) is the combination of more complex conditions on L1 hits from
different DOMs, taking advantage of the knowledge of the orientation of the PMTs
within the DOM itself, reducing the data rate by a factor of two.
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The idea behind the trigger algorithms is that events produce cluster of hits separated in
time by light propagation in water, while background is uncorrelated. Hits related to the
same cluster have to satisfy the following condition:

|Ar|

|At‘ < C/7 + Textra/ (51)

where At and Ar are the time and distance differences, respectively, between two hits
within a possible cluster, the factor c/n is the speed of the light in water, and Texra is the
additional factor that accounts for the time delay, above mentioned, related to uncertainties
on photon propagation. The condition in Eq. (5.1) can be applied also on DOMs to have
an idea of the propagation time of the light produced by an ultrarelativic muon in our
detector: by considering the vertical spacing of the DOMs in KM3NeT/ARCA of 36 m and
Textra = 10 ns, one finds At <170 ns for adjacent DOMs and At < 330 ns for next-to-adjacent
DOMs. It is worth also noticing that an ultrarelativistic muon is able to traverse the whole
detector volume: the muon track length is about 4 km if the neutrino that generates it
via CC interaction in seawater is characterised by an energy of 1 TeV. To pass through
the instrumented detector volume, it takes ~ 4(6) us for KM3NeT/ARCA21(1BB). Trigger
requirements need to be adapted to such statements. Refer to Sect. 2.1.3 for the treatment
of the particle propagation in seawater, in particular that of muons.

Each LO hit that satisfies one of the L1 trigger conditions is marked as triggered hit.
Starting from these definitions, three main types of data are produced as output of DF:

e Triggered events (EVT or I0O_EVT): a triggered event contains information on the set of
causally connected triggered hits. The triggered hits are stored in a so-called snapshot
together with all background hits recorded in a certain time interval that extends
before and after the triggered hits.

e Timeslice data (TS or I0_TS): hit data collected from all DOMs in a time interval of
100 ms and selected according to coincidence criteria based on hit time difference,
number of PMTs participating in coincidence (multiplicity), and angular separation
between PMTs. Several types of timeslice are produced according to difference se-
lections, each dedicated to specific analysis purposes. For example, the supernova
timeslices (I0_TSSN), characterised by at least four hit PMTs in a DOM whose axes
are within 90 degrees in a time window of 15 ns, are dedicated to supernova searches;
L1 timeslices (I0_TSL1) contain all hits in coincidence within 25 ns time windows and
are produced for detector calibration’.

* Summaryslice data (SUM or I0_SUM): individual PMT rates, derived from the raw hit
data and averaged over the corresponding 100 ms of a timeslice, and status informa-
tion for each PMT channels. These are generally used to monitor the quality of the
data and are auxiliary to calibration.

Specific muon track and shower triggers also exist to identify different physical signatures:

2 L1 timeslices can also be used for astrophysical follow-ups; those are temporarily stored on a local storage
space and dumped on request (see [395] for more details).
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¢ 3DShower: cascade trigger that assumes that all light is emitted isotropically from
the neutrino interaction vertex and looks for causally connected L1s on DOMs sep-
arated by a maximum distance (e.g., for KM3NeT/ARCAZ21, 5 L1s on 5 different
DOMs within a sphere of diameter of 250 m are set);

¢ 3DMuon: muon track trigger consisting of a scan around the visible sky, which is
combined with an assumed directional filter for the muon track. In this case, only
PMTs within distances from the track that are smaller than a few times the absorption
length of the water are taken into account (e.g., for KM3NeT/ARCAZ21, at least 5 L1
hits on 5 DOMs with a maximum distance of ~ 820 m and within a cylinder with
radius of 120 m and centered on the track direction). In this filter, scans over 200
uniformly distributed track directions are performed, each time in a portion of the
sky of 10°;

¢ MXShower: trigger that uses a mixture of LO and L1, in order to lower the threshold
and include events that do not feature the minimum of causally connected L1 hits
required by the cascade trigger.

The parameters used by the different triggers can be adapted to cope with varying ambient
conditions and detector configurations. After filtering and triggering operations, the DFs
send their output to the DAQ dispatcher. At this point, there are different possibilities: for
offline analyses, the received data is sent to the DataWriter (DW) application and written on
disk; meanwhile, for online purposes, the outputs of DF are directly taken and managed,
namely these are sent as input to the real-time reconstruction and classification software

framework, presented in the next Sect. 5.2.

5.2 REAL-TIME ANALYSIS FRAMEWORK

Real-time multimessenger and multiwavelength campaigns, through which information
coming from different instruments are combined (from radio to y-rays, GWs, and neutri-
nos) could prove crucial in unveiling the sources of the most energetic particles and the
acceleration mechanisms at work. In particular, as widely discussed in this thesis, neutri-
nos would provide insight into the physics of stellar explosions, compact object mergers,
and relativistic jets, as well as particle acceleration processes. The main requirement for
these multimessenger studies is the quasi-online communication of potentially interesting
observations to partner instruments through the so-called alerts, with latencies of a few
minutes, at most. Such alerts are the only way to achieve simultaneous observations of
transient phenomena by pointing instruments (see Sect. 1.6.2 for an introductory descrip-
tion of the real-time observational strategy between different observatories).

The KM3NeT Collaboration aims at becoming a pioneer in this kind of activities and
is developing a complex analysis framework for real-time multimessenger studies. In the
following, I first describe the general architecture in place for the KM3NeT online system
(see Sect. 5.2.1), and then I focus on the real-time processing pipeline used to manage
KM3NeT/ARCA DAQ events (see Sect. 5.2.2).
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Figure 5.2: Main components of the KM3NeT real-time analysis framework. Triggered events are

reconstructed and classified as muon/neutrino and track/shower. Afterwards, if in-
teresting neutrino candidates are selected and identified, neutrino alerts are sent to
external communities for subsequent follow-ups. On the other hand, also follow-ups
of external electromagnetic/multimessenger triggers are performed, as well as time/-
space correlation searches with catalogs of the astronomical objects outside the so-
lar system, available through the Strasbourg astronomical Data Center (CDS) [396].
Internal or external (for private and public alerts) reporting tools are used, mainly
the Gamma-ray Coordinate Network (GCN, https://gcn.gsfc.nasa.gov) and the As-
tronomer TELegram (ATEL, https://astronomerstelegram.org). The SN quasi-online
astronomy analysis is in place and KM3NeT is integrated into the SNEWS 2.0 global
alert systems (https://snews.bnl.gov) [397, 398]. The maximum times we consider ac-
ceptable to allow a fast online data processing are also indicated for each step from the
DAQ level to the alert sending.

5.2.1 Online architecture overview

The logical structure of this online system is outlined in Fig. 5.2: raw data from the DAQ

are analysed, following the flow already described in Fig. 5.1, and different packages of

data (see Sect. 5.1.1) are propagated into the multimessenger system that aims to

* Process triggered events with the track and cascade reconstruction algorithms (these

are described in Appendix A);

® Select in real time a sample of particularly interesting neutrino candidates out of

the large background of atmospheric muons (and bundles of muons) to send rapid
public/private alerts to external telescopes for the most interesting ones in order to
allow subsequent real-time follow-ups of high-energy neutrino alerts;


https://gcn.gsfc.nasa.gov
https://astronomerstelegram.org
https://snews.bnl.gov

5.2 REAL-TIME ANALYSIS FRAMEWORK

e At the same time, receive and filter triggers from the external community
(LIGO/VIRGO gravitational alerts, IceCube neutrino triggers, others X-ray/gamma-
ray transients), quickly search for temporal and spatial coincidences between high-
energy neutrinos and these alerts, and finally provide the results;

¢ Perform offline time/space correlation searches with archival astrophysical cata-

logues for several sources such as GRBs, AGNs, SNe, etc.

Several methods for reporting the analysis results and advertising the astronomy commu-
nity in case of interesting neutrino events occurring in our detector are adopted: for public
alerts, the most widely used are the Gamma-ray Coordinate Network (GCN, https://gcn.
gsfc.nasa.gov) and the Astronomer Telegram (ATel, https://astronomerstelegram.org);
on the other hand, for private alerts, specifics programmes are also established with ex-
ternal collaborations. Note that, at the time of writing, the event reconstruction and the
analysis of external alerts are in quite advanced status, whereas the neutrino selections
and the online alert distributions are still being defined. In addition, the online analysis
uses an ideal static detector for the event reconstruction; in other words, it does not include
the knowledge of the dynamical positioning and the precise charge and time calibration
sets, which are typically made available a few weeks later for the offline analysis. How-
ever, it is well known that in periods of high sea current, the detector angular resolution
and the overall performances degrade. Since a real-time positioning of the detector strings
could solve this problem, an important task for the future is to use in quasi-real time a
calibration set with compatible precision to the one computed offline (especially for time
and positioning calibrations).

Another pillar activity carried out within the framework of the KM3NeT online system
consists of the real time Core-Collapse SuperNovae (CCSN) analysis. Although KM3NeT
detectors are mainly designed for high-energy neutrino detection, KM3NeT is capable of
detecting the neutrino burst from a Galactic or near-Galactic Core-Collapse SuperNova
(CCSN) thanks to the multi-PMTs design of DOMs: in particular, the MeV-scale neutrino
signal from a CCSN can be identified as a simultaneous increase of the counting rate in
the PMTs of the detector. The real-time implementation of the supernova neutrino search
operates on the two KM3NeT detectors since the first months of 2019; a quasi-online as-
tronomy analysis is performed to study the time profile of the detected neutrinos for
especially significant events. The mechanism for generating and distributing alerts is in
place and, additionally, KM3NeT is integrated into the global SuperNova Early Warning
System (SNEWS) [397, 398]°.

To summarise, thanks to the combination of the KM3NeT/ORCA and KM3NeT/ARCA
detectors, the online system of KM3NeT aims to catch neutrinos in real time in an extended

The SNEWS project involves an international collaboration between several current supernova-neutrino-
sensitive detectors. The goal of SNEWS is to provide the astronomical community with a prompt alert of
the occurrence of a Galactic core-collapse event: if several detectors report a potential supernova within a
small time window, SNEWS will issue an alert to its subscribers. No nearby core collapses have occurred since
SNEWS started running in 2005, but the system is ready for the next one. This argument is beyond the scope
of this thesis; the reader can refer to, e.g., [395], for a detailed description of both the implementation and first
results of the KM3NeT real-time CCSN neutrino search.
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energy range, i.e. from the MeV-scale (neutrinos from CCSNe) to astrophysical neutrinos
up to a few PeV.

5.2.2 KM3NeT/ARCA software architecture

The software architecture developed to manage the data flow in the KM3NeT/ARCA de-
tector and to reconstruct in real time each of the triggered events is presented here. The
first stage of the pipeline is the so-called Real Time Analysis (RTA) framework located at the
detector shore station, directly connected to the corresponding DAQ system. At this level,
the aim is to reconstruct each triggered event (I0_EVT) either as a track or as a shower and,
thereafter, to estimate which of the two is the event topology that most likely describes the
event. This thesis deals with online track reconstruction algorithms, as the shower recon-
struction step and the classification process as track/shower and signal/background are
both currently work in progress at the time of writing. Therefore, their description is not
included here.

After being developed and installed at the KM3NeT/ARCA shore station, the set of
software currently in place was made operational on real data in December 2020, when
only 6 DUs were taking data. From then on, the real-time reconstruction of events has
been continuously working and has been adapted every once new DUs were deployed
and the detector size has increased. At the time of writing, KM3NeT/ARCA is taking data
with 21 DUs (the footprint and three-dimensional view of the current detector are shown
in Fig. 5.3). Note that for KM3NeT/ORCA, which is not the subject of this thesis, the
online software framework is characterised by the same steps as in KM3NeT/ARCA, even
if they are implemented with a different approach: indeed, for the high-energy detector
KM3NeT/ARCA, the Docker architecture* is used [399].

As first step, DAQ events are collected from the DAQ dispatcher and sent to a mul-
titasking operative system, dedicated exclusively to online activities, and placed at the
KM3NeT/ARCA shore station (namely, the RTA dispatcher). In fact, to avoid perturbing
the standard DAQ system, the online pipeline is installed on a different computer. Then,
these events are given as input to the reconstruction software that, under the hypothesis
that each I0_EVT come from a muon track generated by a neutrino interaction with quarks
in seawater, estimate the direction and the energy of each events in fractions of a second.

4 Docker is an open source software development platform that allows one to package applications inside
containers, which are lightweight, standalone, executable software packages that include all what is needed
to run an application: code, runtime, system tools, system libraries, and settings. An important advantage
given by the usage of docker containers is the easy reproducibility and scalability to other computer machines.
Docker containers can be run and transported in any environment without changes. Once configured for
the first time, they are fastly ready-to-use. This constitutes a very efficient, easy, and fast way of working
with various applications. The Docker architecture is quite simple. The developer can build a container image
writing a so-called Dockerfile, with all the instructions for the installation of the software needed to execute
a given command in that container. Several containers related to each other can be run together, as needed
in the case here described, through the Docker Compose tool is used, which allows us to create a multi-
container workflow. Without the usage of Docker containers and the Docker Compose tool, the installation
of all the software needed for online data processing on the KM3NeT/ARCA shore station would be rather
cumbersome, particularly for what concerns the scalability of the system, constantly increasing in DUs and
data outputs.
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Figure 5.3: Footprint showing the DU positions (black circles) of the KM3NeT/ARCA detector at
the time of writing (21 DUs operational). The panels at left and right shows the top-
and the three-dimensional view of the detector, respectively, where the instrumented
volume, amounting to 0.17km3, is outlined by the red circle and cylinder.

Moreover, the reconstruction algorithm returns a certain quality of the reconstruction that
help us in recognising reliable muon tracks that can be used at analysis level, as it will
be shown further. In view of a real-time event reconstruction and a forthcoming trigger-
ing of the alert-sending system in the case of an interesting event (astrophysical origin),
these steps have to be performed as fast as possible, avoiding the accumulation of delays
between the trigger time and the moment their reconstruction starts. For this reason, even
the reconstruction itself is executed through multi-processes, to handle the incoming rate
of events into the detector; otherwise, I0O_EVT would get stacked in queue for a long time
waiting for being reconstructed. This is crucial for fastly sending alerts to the whole mul-
tiwavelength/multimessenger community and allows observations by different detectors.
The schematic diagram of the online system is provided in Fig. 5.4, in which the several
software currently in use is called upon. These are presented in the following:

® Jpp: a Java inspired set of C++ interfaces, classes and methods developed within
the KM3NeT project and extensively adopted for several purposes, e.g., in the data
acquisition system, offline triggering, calibration of the data sent to shore, and event
reconstruction. Each Jpp application is indicated by the letter J” at the beginning of

its name;

* Harmonia: dispatcher for online processing of events developed within the KM3NeT
project;
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Figure 5.4: Real-time analysis framework in place in ARCA shore station. Multi-container appli-
cations (each Docker container is represented by a cyan box), are run simultaneously
through the Docker Compose tool. I0_EVT, I0_SUM and I0_RECO tags indicate triggered
events, summaryslices and events reconstructed as tracks by the reconstruction software,
respectively.

* RabbitMQ: open source messaging broker [400]. It manages the communication with
Harmonia, from which online events are received, and distributes them to a certain
number of C++ clients where the reconstruction algorithms run.

In addition to some ready-to-use software, such as those mentioned above, specific C++
and Python applications have been developed in the online framework, being devoted to
produce different reconstruction outputs.

Taking as reference Fig. 5.4, events (with tags I0_EVT and I0_SUM) are mirrored (through
the JLigierMirror application) by the DAQ dispatcher to the RTA dispatcher, namely, a
local JLigier. The messages received by the JLigier are then distributed by the Harmonia
software to a messaging broker (RabbitMQ) that correctly manages the rate of incoming
events and allocates them into a number N of reconstruction clients running inside a spe-
cific Docker container. After being reconstructed, the events are characterised by the tag
I0_RECO® and are sent to another local dispatcher (JLigier), which works at this level

5 Tags I0_SCORE; and I0_SCORE; will identify events after the further processing through online classification
algorithms (discriminating between track/shower-like events, and muons/neutrinos.).
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as a listener of the reconstruction clients. The reconstructed events are then transferred
to containers aimed at producing different types of output (i.e. files in root/json formats
and plots) for storage and monitoring purposes. Temporary storage occurs in the common
Multi-Messenger (MM) dispatcher, while permanent storage is realised in back copies to
CC-Lyon® and CNAF-Bologna’ computing centers. These output files are used, indeed,
by different tools, either the ones hosted there to monitor the online event reconstruction
processes, as well as to run analysis pipelines to automatically analyse events in case of
interesting neutrino-induced events in our detector and/or external triggers by the mul-
timessenger community. The common dispatcher hosts also other services (event storage,
internal/external reporting), the SN final processes [395] (SN trigger, SN alert and SNEWS
sender [397]), and the neutrino alert sending module, the latter being under development
and not yet ready to be used.

5.2.3 Online track event reconstruction

The extensive set of available Jpp applications is used for fast track reconstruction of events
in real time. The same reconstruction algorithms as those adopted in offline analyses are
used here, which are based on maximum-likelihood methods. However, the code design
for these algorithms has been modified in order to be compliant with the event-by-event
analysis required by the online system. In particular, the online reconstruction of the neu-
trino interaction vertex position and energy values for track events has been developed for
the first time in the context of this thesis. The results of such reconstruction steps will be
shown in Sect. 5.3.1.

The muon direction is reconstructed from the sequence of Cherenkov photon hits on
the PMTs, profiting from the fact that photons are emitted along the particle track at
a Cherenkov angle of about 42° (see Sect. 2.1.1). A suitable set of start values for the
trajectory fit is obtained with a pre-fit scanning the full solid angle. For each prefit, the
track is then reconstructed by maximising a likelihood derived from a probability density
function depending on the position and orientation of the PMTs with respect to the muon
trajectory and on the hit times. Among these intermediate tracks, the one with the best
reconstruction quality is chosen, the latter being expressed through a parameter called [ik.
The energy is reconstructed from the spatial distribution of hit and non-hit likelihood for
all PMTs in a cylindrical volume surrounding the track hypothesis. More details about the
track reconstruction algorithms adopted are provided in Appendix B.

5.3 VALIDATION OF THE ONLINE RECONSTRUCTION PIPELINE

In this section, the performances of the event track reconstruction system are outlined. This
is shown both for events reconstructed in real time with the detector configuration active
at the moment of writing (Sect. 5.3.1), and for the future KM3NeT/ARCA 1BB (namely,

6 https://cc.in2p3.fr/en/.
7 https://www.cnaf.infn.it/en/.
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Figure 5.5: Rate of triggered events (I0_EVT) and summaryslices (I0_SUM) incoming into the
KM3NeT/ARCA RTA dispatcher over seven days of continous data taking, between
the last 23rd and the 30th of December. Data is showed considering average values in
time windows of 3 hours. The visible fluctuations are related to some trigger instabili-
ties occasionally affecting the detector (e.g., at the run stop and start, or during changes
or tests of the DAQ trigger system).

115 active DUs), in the latter case simulating a flow of PeV neutrino events to study the
response of the detector at the occurrence of such very-high-energy events (Sect. 5.3.2). In
such a way, it is possible to investigate the time taken by the online pipeline to reconstruct
events induced by PeV neutrinos. This information is crucial to ensure a proper working of
the online system and a smooth prosecution of its activity even in the presence of extremely

energetic events.

5.3.1 Analysis of real-time events from KM3NeT/ARCA 21 strings configuration

At the time of writing, 21 strings are in data taking at the ARCA site; as such, an av-
erage rate of triggered events (I0_EVT) and summaryslices (I0_SUM) of about 8 Hz and
10 Hz, respectively, is observed to income in the online system of KM3NeT/ARCA (see
Fig. 5.5). This rate of I0_EVT is distributed to 30 C++ reconstruction clients; this number
is at present sufficient to guarantee fast event processing avoiding overloading the com-
puting infrastructure. Still, resources at the shore station would allow us to increase the
number of operating clients, when for example the incoming event rates will grow be-
cause of the future detector deployments or if algorithms for shower reconstruction will
require running in parallel to the track reconstruction. The total rate of I0_SUM is sent
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Figure 5.6: Upper panel: rate of triggered events (I0_EVT) incoming into the KM3NeT/ARCA RTA
dispatcher and corresponding reconstructed event (I0_RECO) rate. Lower panel: Ratio
between I0_EVT and I0_RECO. These data refer to the same data stream and time window
as the one shown in Fig. 5.6.

to each reconstruction process. In fact, before performing the track reconstruction of an
event, the system tries to find the corresponding summaryslice, as to use tailored informa-
tion about the detector at the time of the event; in fact, since I0_SUM contain individual
PMT rates and status information for each PMT channel, they may, in principle, improve
the quality of the reconstruction. However, by investigating the reconstruction output in
KM3NeT/ARCA for the same I0_EVT reconstructed either with or without the correspond-
ing I0_SUM, it has been found that the usage of information from summaryslices does not
induce any significant improvement in the quality of the reconstruction, neither in direc-
tion nor in energy. Despite this fact, the online data flow is still implemented to distribute
the I0_SUM to individual reconstruction clients, mostly because summaryslices contain use-
ful information for a real-time monitoring of the event data quality; in addition, the search
for the association between I0_EVT and I0_SUM is not particularly time consuming, as will
be shown further in the section.

For each reconstructed I0_EVT, only events with quality returned by the reconstruction
algorithms (lik) greater than O (i.e., physically meaning events) are tagged as I0_RECO and
transferred to subsequent steps in the online data flow represented in Fig. 5.4. These events
constitute ~ 60% of the total rate of incoming triggered events (see Fig. 5.6). For the rea-
sons already explained, it is crucial that the total amount of I0_RECO arrive at the final
process in the shortest possible time, to be able to send alerts to the whole multimessenger

community as fast as possible, allowing a prompt reaction by CR, GW, and <y-ray instru-
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Figure 5.7: Distribution of online processing time values for events collected in 15 minutes of
KM3NeT/ARCA data taking with 21 strings. From left to right are shown: (i) the time
for an I0_EVT to be processed in DQ, filtered through DF and finally sent to DAQ dis-
patcher; (ii) the time needed for searching the I0_SUM corresponding to each IO_EVT;
and (iii) the track reconstruction time for each I0_EVT. The median and average values
are indicated by the red and black lines, respectively.
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Figure 5.8: Distribution of the total online processing time values for events collected in 15 minutes
of KM3NeT/ARCA data taking with 21 strings. This distribution refers to the same
events as those in Fig. 5.7 The median and average values are indicated by the red and
black lines, respectively.

ments, as well as other operative neutrino facilities. In addition to the time taken by the
reconstruction process, there is also an internal timeout in the DQ and DF processes, that
is not in our side, but that is constantly monitored. In fact, the DQ has an internal timeout
(now set to 4 seconds for KM3NeT/ARCA) during which it waits for the data packets
coming from all the DOMs; once this timeout is reached, it sends the frames to the DFE. So,
when I0_EVT and I0_SUM are mirrored from the DAQ to the RTA dispatcher, essentially
frames containing data triggered during the 4 seconds before are mirrored. In light of this,
if the online system is properly working and no trigger instabilities are affecting the detec-
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Figure 5.9: Distribution of the cosine of the zenith angle (a) and energy (b) for Nreco ~ 3.5 X 10°
events reconstructed in ~ 8.5 days of stable data acquisition. The median and average
values are indicated by the red and black lines, respectively.

tor, on average each event is ready to be reconstructed after ~4 seconds. The total online
processing time for events reconstructed in real-time include:

1. The time for an IO_EVT to be processed in DQ, filtered through DF and finally sent
to the DAQ dispatcher;

2. The time needed to find I0_SUM corresponding to each I0_EVT;
3. The reconstruction time for each I0_EVT (track direction and energy).

These are singularly shown, from left to right, in Fig. 5.7, and are characterised by median
values of 3.9 s, ~8 ms, and ~160 ms®, respectively. By summing the contribution of all these
times, the corresponding total online processing time is shown in Fig. 5.8. In other words,
the current KM3NeT/ARCA detector is able to provide the evaluation of both direction
and energy of each reconstructed event on average after 4 seconds from its detection.
Most of the events reconstructed in real-time are downgoing (~ 99%) and their energy
is evaluated to have a median(average) value of ~ 2(4) TeV, as shown in Fig. 5.9(a) and
Fig. 5.9(b), representing, respectively, the distribution of the cosine of the zenith angle and
of the energy values for 3.5 x 10° I0_EVT reconstructed as tracks by the online algorithms
(the number of entries corresponds to about ~ 8.5 days of data taking). Regarding the en-
ergy, it is important to clarify that, as discussed in Appendix C for the KM3NeT/ARCA
detector in the 6 strings configuration, the reconstruction algorithms typically overesti-
mate(underestimate) the energy of the initial muon(neutrino) interacting in water and that
produces the observed track. It is therefore expected that the energy values returned by our
reconstruction algorithms, Eeco, deviate from the true values; in principle, Ereco should be
shifted by a factor that is both particle- and detector-dependent and that, for these reasons,
is obtained as a result of a dedicated study. At the time of writing, the energy correction is

8 ~100 ms to reconstruct the track direction and ~50 ms for the energy reconstruction.
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Figure 5.10: Two-dimensional histograms showing in the y-x plane (a) and z-x plane (b) the coordi-
nates of vertices reconstructed by the online pipeline for ~ 5 x 10* I0_EVT in one run
of data acquisition (lasting 3 hours).
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Figure 5.11: Three-dimensional plot with the footprint of the KM3NeT/ARCA21 detector (the same
as that of Fig. 5.3) overlapped with the coordinates of vertices (teal points) recon-
structed for the same sample as that of Fig. 5.10.

not taken into account in online reconstructions; instead, it is possibly included in offline
analyses dedicated to follow-up studies (e.g., this is the case of the KM3NeT search for
neutrinos in coincidence with the blazar PKS 0735+17; see Sect. C.3) and/or to interest-
ing neutrino events identified in our detector. The dominance of events coming from the
downgoing sky is also evident in Fig. 5.10, which shows the vertex positions returned by
online algorithms for ~ 5 x 10* events reconstructed as tracks in ~ 3 hours of data taking
(corresponding to one run of data taking): most of the muon track vertices accumulate at
the top of the strings, namely in the upper part of the detector. The same vertices are also
shown in Fig. 5.11, where these are overlapped with the three-dimensional footprint of the
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Figure 5.12: lik (a) and log1o(Bo) (b) distributions for Nreco = 3.5 x 10° events reconstructed in ~ 8.5

days of stable data acquisition. The median and average values are indicated by the
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Figure 5.13: Two-dimensional histogram showing the relationship between lik and By. The colorbar
shows the number of reconstructed events in the sample considered, namely ~ 3.5 x
10 10_EVT in ~8.5 days of data taking (the same sample as in Fig. 5.12).

KM3NeT/ARCAZ21 detector. A considerable fraction of such reconstructed events in real
time come from atmospheric muons and neutrinos, characterised by event rates several or-
ders of magnitude higher than astrophysical neutrino events. Indeed, theoretical expecta-
tions on neutrino fluxes from astrophysical sources combined with neutrino cross sections
and interaction probabilities, suggest that with a detection area of ~ 1 km? the number of
astrophysical neutrino events is of the order of some events per year. On the other hand,
as regards the atmospheric background, even at the depth in which KM3NeT/ARCA is
located, the atmospheric muon flux is about 10° times larger than that of muons induced
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by atmospheric neutrinos. Thereby, it is important to identify some cuts in reconstruction
outputs that help to reduce atmospheric background contamination, such to allow the tiny
signal of astrophysical neutrinos to emerge. For example, only upgoing events (i.e., nega-
tive values for the cosine of the zenith angle) can be selected to remove the atmospheric
muon contamination (muons are absorbed within a path of about 50 km of water, and
they are not able to travese the entire Earth diameter). However, even upgoing events suf-
fer from background due to misreconstructed downgoing events; to account for this effect,
the selection on only well-reconstructed tracks is usually applied.

As already anticipated in Sect. 5.2.3 and better explained in Sect. B.2, the reconstruc-
tion algorithms return the best fit among several track hypothesis, through a minimisation
procedure of a maximum-likelihood test statistic. The quality of such a reconstruction is
identified by the lik parameter: the higher the lik, the better the track fit. Fig. 5.12(a) shows
the lik distribution for the sample considered, peaking at /ik ~ 50. Another important pa-
rameter for the directional reconstruction is the uncertainty on the direction provided, By,
whose distribution is shown in Fig. 5.12(b): the online reconstruction algorithm currently
in place estimates the direction of muon tracks in median(average) with an uncertainty of
~ 7 x 1073(~ 1 x 1072) degrees. Furthermore, the smaller By, the better the quality of the
reconstruction (see Fig. 5.13).

Fig. 5.14 shows information at trigger level about the sample considered here. Without
any selection (namely, if no cuts are applied on reconstruction output variables), the ma-
jority of the events triggers 21 PMTs, 6 DOMs and 2 DUs (see Fig. 5.14(a), Fig. 5.14(c) and
Fig. 5.14(e), respectively). However, despite discarding events with negative lik from the fi-
nal sample of I0_RECO (let remember that this occurs in the ~ 40% of the cases; see Fig. 5.6),
part of the sample of I0_RECO is polluted by events characterised by other reconstructed
parameters without physical meaning, i.e., null track length L,. The latter case constitutes
~ 1.6% of the events and, in median, ~ 20 hits are triggered on PMTs. I found that when
the length of the track is not estimated, the number of triggered hits and DOMs used for
reconstruction is at most ~ 100 and ~ 40, respectively, resulting in poor quality of the di-
rectional reconstruction (/ik < 100). This is the reason why, in Fig. 5.14(b), Fig. 5.14(d) and
Fig. 5.14(f), the number of triggered hits, DOMs and DUs at trigger level is shown in com-
parison with those resulting from the selection of only events with lik > 100 (the sample
is reduced to to the twelfth part of the original one).If the quality cut lik > 100 is applied,
on average a higher number of triggered hits, DOMs, and DUs is observed with respect
to the case without cuts: more PMTs are triggered, more information is used by recon-
struction algorithms, and better the reconstruction quality, as also highlighted in Fig. 5.15.
Consequently, since the higher the number of triggered hits and more time consuming the
reconstruction, as evident in Fig. 5.16(a), tracks reconstructed with better quality require
more time to be fitted by the algorithm (see Fig. 5.16(b)). This means that, in case partic-
ularly energetic neutrino events occur in our detector producing long and well-defined
muon tracks, these should be characterised by longer online processing times with respect
to nominal events. Note that the variation of total online processing time is basically af-
fected by the time taken by the reconstruction software to run and not by the dispatching
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Figure 5.14: Distribution of number of triggered hits (in logarithm values), DOMs and DUs: (a),
(c), and (e) refer to Nreco = 3514190 events reconstructed in 8.5 days of data taking
and without cutting of the reconstruction output applied; (b), (d) and (f) show the
same distributions but only for events characterised by the quality of the directional
reconstruction (lik) greater than 100 (~ 8% out of the total sample). The median and
average values are indicated by the red and black lines, respectively.
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Figure 5.15: Two-dimensional distribution showing the relation between the number of triggered
hits and the /ik parameter for ~ 5 x 10* I0_EVT reconstructed in one run of data taking
(lasting three hours). The colorbar shows the number of reconstructed events in the
sample considered.
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Figure 5.16: Two-dimensional distributions showing the relation between the time used by our al-
gorithms to reconstruct I0_EVT as a function of the number of triggered hits (a) and
the quality of the directional reconstruction (b). The colorbar shows the number of
reconstructed events in the sample considered (same sample as in Fig. 5.15).

and filtering time, which is instead independent of the triggered event properties. Note
that the effect of the selection lik > 100 is the same as NTrigHits > 20, as demonstrated by
the distribution in Fig. 5.17, where the lik values are shown for events that have triggered
at least 20 PMTs: Indeed, the minimum value lik in the distribution is 100. The rate of
I0_RECO with such characteristics in KM3NeT/ARCA21 is ~ 2.6 Hz. If also the upgoing
selection is applied (cos(zenithyeco) < 0.1), the rate of reconstructed events is reduced to
~2x10"% Hz.
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Cut NTrigHits>20, Nrec=285081

1054 —— Median=119
—— Average=130

104_

103_

N reco

102_

101_

100_

100 200 300 400 500 600 700 800
lik

Figure 5.17: Distribution of lik values for I0_RECO with number of triggered hits > 20. The same
sample as that in Fig. 5.12 is considered. The median and average values are indicated
by the red and black lines, respectively.

Finally, an analogous comparison as that of Fig. 5.14 is outlined for the quantities used
at the reconstruction level in Fig. 5.18.
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Figure 5.18: Distribution of the number of hits (in logarithm values), DOMs and DUs used for the
I0_EVT reconstruction: (a), (¢) and (e) refer to Nieco = 3514190 events reconstructed in
8.5 days of data taking and with no cuts on reconstruction outputs applied; (b), (d)
and (f) show the same distributions, but only for events characterised by the quality of
the directional reconstruction (lik) greater than 100 (~ 8% out of the total sample). The
median and average values are indicated by the red and black lines, respectively.
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5.3.2  Analysis of simulated astrophysical neutrinos of PeV energy in KM3NeT/ARCA 1BB

Among the huge flux of atmospheric muons and neutrinos coming into our detector, it is
crucial to identify and recognise events of astrophysical nature when they are detected and
then reconstructed by the automatic real-time pipeline developed in this work. The pur-
pose of this section is to test its performance in the future configuration of KM3NeT /ARCA
with 1BB’ taking data. For this purpose, I simulated both a downgoing and diffuse flux of
v, events with different energies (50 TeV, 100 TeV, 1 PeV, 5 PeV, and 10 PeV) using specific
software developed within the KM3NeT Collaboration. In particular, following the neu-
trino simulation chain described in Appendix B, neutrinos and light were simulated with
gSeaGen and JSirene, respectively; later, the events triggered in the detector were simu-
lated with JTriggerEfficiency. Such simulations were performed for an ideal detector
with 115 strings (maximum efficiency for all PMTs, standard trigger parameters and nom-
inal position for all DUs), whose geometry is represented in Fig. 5.19. The instrumented
volume (~ 0.55 km?) has been extended by a factor of 350 m of distance around each
dimension, for a final effective volume of ~ 2.55 km?, being the latter the volume within

ARCA 1BB (115 strings)

y [m]

—— Effective volume = 2.55 km3
_ ~ 3
40004 Instrumented volume 0.55 km
—-2500
35001
N
§.—3001) ey
30001 fed:
—350
25001 3500 000 500
Y [m] 259 50001000 ~500 y{m}
2000+ r T T
—1000 —-500 0 500
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Figure 5.19: Footprint showing the DU positions (black circles) for the future detector
KM3NeT/ARCA 1BB. The panels at left and right shows the top- and the three-
dimensional view of the detector, respectively. The instrumented volume (~ 0.55km?)
and the effective volume used in the neutrino MC simulations (~ 2.55km?) are indi-
cated by the blue and red circles, respectively. In the right panel, only the effective
volume is shown (red cylinder).

9 The plan is to build KM3NeT/ARCA with 2 BB, namely 230 strings (see Sect. 2.5.2). Here, the detector
configuration with 1BB is considered since at the time of writing, 1BB was already fully funded.
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Figure 5.20: Scheme showing the procedure adopted to simulate a flow of I0_EVT coming from v,
of PeV energy into the online reconstruction pipeline developed for KM3NeT/ARCA.
The orange box shows the neutrino MC chain adopted (it is detailed in Appendix B).
Then, in the KM3NeT/ARCA shore station, multi-container applications (each Docker
container is represented by a cyan box), are run simultaneously through the Docker
Compose tool. The procedure and software are similar to that in Fig. 5.4, with the
difference that here triggered events are not real events taken from the DAQ dispatcher,
but simulated ones through the JRegurgitate application.

which the detector is still able to detect neutrino signatures through the emitted Cherenkov
photons on PMTs, even if their interaction point is located outside the geometrical volume.

Indeed, dedicated studies performed inside the KM3NeT Collaboration and based on
the comparison of neutrino effective areas, have shown that this extension, corresponding
to about 5 times the absorption length in seawater (the effect of the photon absorption is
explained in Sect. 2.2.1), increases the v, effective area up to ~10% for PeV energies.'’ The
output of this MC neutrino simulation chain (up to the generation of triggered events in
the detector, hence before reconstruction, can be used as input to the online reconstruc-
tion pipeline by taking advantage of the JRegurgitate application, which is capable of
generating from the output of JTriggerEfficiency (a root file) different types of DAQ
events. These can be transferred into the KM3NeT/ARCA online reconstruction pipeline
data flow, to test its response to PeV neutrinos (of astrophysical origin), as shown by the
scheme in Fig. 5.20. Apart from the simulation of I0_EVT, that substitutes the mirroring of
real data from the DAQ to our dispatcher, everything else is analogous to what already
discussed (i.e., software used and multi-processes to reconstruct events). Note that I0_SUM
are not included at this level, since the JRegurgitate application does not allow to simu-
late more than one type of event at the same time. However, this does not affect the study
here discussed for two reasons: the reconstruction quality seems to be independent of the
usage of information contained in summaryslices, and the time taken by the online pro-
cessing to associate I0_EVT to its corresponding I0_SUM is negligible with respect to the
total processing time. Both these effects have been previously discussed in this chapter
(see Sect. 5.3.1).

For v, effective area, an increasing up to about 60% has been predicted.
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5.4 REAL-TIME SEARCH FOR vV, FROM GRB 221009A USING ONLINE RECONSTRUCTED DATA

For the following study, a flow of I0_EVT resulting from CC interactions of PeV v, com-
ing from both a point-source and isotropic sky directions, in order to mimic a diffuse
flux, was simulated. In particular, I consider here a point-source located above the sky of
KM3NeT (Dec=+45°)"". Incoming v, were simulated with energy E,, between 50 TeV and
10 PeV. For each direction and energy of generated v,, I monitored the time necessary to
reconstruct the resulting events (a sample of 10° I0_RECO was considered). Note that, to
avoid perturbing the real time reconstruction, these tests were carried out on a different
machine with respect to that where the real-time reconstruction is currently running.

The reconstruction time of the simulated events from the track algorithm was observed
to increase with the energy of the incoming neutrino: the more energetic the event induced
by the neutrino interaction, the higher the number of hits triggered on PMTs. In particular,
for the downgoing flux of v, from a point-source, the reconstruction time varies from
~15satE,, =50 TeV to ~ 4.8 s at E,, =10 PeV. A similar trend is obtained in the study
of neutrinos from any direction in the sky. Overall, these results suggest that, if events
induced by CC interactions of PeV v, will arrive into the KM3NeT/ARCA 1BB volume
producing a detectable signal, the current online software framework in place would be
able to reconstruct the direction and energy'” of such events (in the track-like hypothesis)

within 5 seconds on average.

54 REAL-TIME SEARCH FOR Vy FROM GRB 221009A USING ONLINE RECON-
STRUCTED DATA

An important step of the online analysis is to look for time and space correlations between
events reconstructed in real-time by the online pipeline described in this chapter and ex-
ternal triggers. The KM3NeT detector daily receives alerts by the external electromagnetic
community; consequently, an automatic software in place at the MM dispatcher checks the
position of the source and, if this is located in the upgoing sky, the online pipeline automat-
ically runs a fast analysis implemented to get quick results. This is based on a counting
analysis, that looks for a signal excess in predefined search angular and time windows.
The background is directly extracted in the data using an off-time window around the
signal time window. Starting from the following Sect. 5.4.1, I present the first-quasi-real
time analysis performed with this approach on an astrophysical source, i.e., GRB 221009A,
within KM3NeT. Sect. 5.4.2 describes the analysis method adopted for performing this fast
and simple analysis. In Sect. 5.4.3, the selection of events reconstructed in real time and the
check of quality data before performing the analysis are both presented. Finally, Sect. 5.4.4
highligts the results obtained.

Negative declinations are not considered to avoid the Earth absorption effect on upgoing neutrinos that oth-
erwise would influence our results.

Note that the reconstructed energy can be overestimated or underestimated with respect to the original one.
See, e.g., Appendix C, where this effect is investigated for KM3NeT/ARCA in 6 strings configuration.
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54.1 GRB 221009A

The 9th of October 2022, at 14:10:17 UT, the Swift-BAT telescope triggered a spectacular
transient event located at right ascension RA = 288.263° and declination Dec=+19.803°
(J2000 degrees'®) [401]. From about the same direction of the sky (RA = 290.4° and
Dec=+22.3° with 1° statistical uncertainty), Fermi-GBM reported the observation, ~ 1 hour
before (13:16:59 UT), of an extraordinarily bright GRB, the brightest among all GBM de-
tected GRBs [402], called GRB 221009A. After a first isolated emission mechanism (pulse
of ~ 10 s), its y-ray light curve shows an extremely bright, multi-pulsed emission episode
with a duration longer than 300 s and characterised by a y-ray fluence F, ~ 3 x 1072 erg
cm~2 (10-1000) keV. The latter constitutes the main burst and began at ~ 180 s after the
GBM trigger time Tj. The detection of high-energy gamma rays at ~ 200-600 s after Ty
was also reported by Fermi-LAT [403]: the highest energy photon (~ 99 GeV) was detected
at 240 s after the trigger, classified as the most energetic photon ever reported by LAT so
far. Later, LHAASO announced the observation of photons from this GRB with energy
up to 18 TeV [404]. This is clearly astonishing, representing the first detection of photons
above TeV from GRBs. The observation of the afterglow emission from this event located
GRB 221009A at z ~ 0.151 [405], corresponding to an equivalent isotropic y-ray energy of
E%° ~ 3 x 10°* erg. This has challenged our knowledge of photon propagation into the EBL
(see Sect. 1.2.2); indeed, the detection of photons above 10 TeV is not expected from bursts
beyond z > 0.1 due to their attenuation with the EBL (see Sect. 1.2.2). Hence, huge ferment
was triggered in the scientific community, leading in only a few weeks to several works try-
ing to interpret this observation in the light of our current knowledge and invoking new
physics. The description of such interpretations go beyond the scope of this thesis and
is not treated here (see e.g., [406]). Given the exceptionality of GRB 221009A, follow-ups
were encouraged by <y-ray instruments. More than forty GCN entries related to this GRB
have been published by many facilities in the 3 days after the event, reporting detections
or upper limits. As regards neutrino searches, IceCube promptly reacted reporting zero
track-like events in coincident with the position of the GRB in a time window around the
Fermi-GBM event extended between 1 hour before and 2 hours later [407].

Unfortunately, for the KM3NeT detector, the GRB 221009A direction was downgoing
at the time of the event. However, given its importance and exceptionality, it wad de-
cided to manually start the follow-up analysis following an analogous procedure to the
one adopted in the automatic analysis pipeline. Within the KM3NeT Collaboration, three

different analyses were performed:

* A low-energy analysis (MeV range) based on the search for the maximum number
of 10 ns coincidences between PMTs in a single DOM during 500 ms, computed
every 100 ms. A post-trial p-value of 0.9 was obtained, consistent with background
expectations.

13 The current standard epoch of equatorial coordinates. J2000 refers to the RA and Dec of an object on the noon
time UT on January 1, 2000. This is a Julian epoch, denoted by the "J", since it is 100x365.25 days since the
standard epoch J1900.
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¢ Two high-energy analyses (one for ORCA and one for ARCA) based on the ON/OFF
technique (see Sect. 5.4.2). In both detectors, zero events were observed in the search
window, while ~ 0.1 were expected from the background. In Sect. 5.4.3, the details
of the analysis performed for the KM3NeT/ARCA detector, in which I participated,
is described.

5.4.2 ON/OFF technique

The search method adopted is based on an ON/OFF technique, described below:

* The ON region, where the signal is expected to dominate over the background, is
defined as the region where the angular distance to the source position is lower than
the radius of a defined Region of Interest (Rol), which is adapted on the detector;

¢ The OFF region is characterised by an area compatible with the ON region, while not
including the source under investigation from where only background is expected.

For the KM3NeT/ARCA analysis, an ON region defined by a radius Rol = 2° is defined.
The signal search covers the time range of [To — 50 s, Ty 4+ 5000 s], with Tp =13 :16: 59
UT being the trigger time reported by Fermi-GBM. This time search window was set after
the ground-based Cherenkov detector Carpet-2 at Baksan Neutrino Observatory reported
the detection of an air shower originating from a 251 TeV photon at Ty + 4536 s from
the direction of GRB 221009A [408]. However, it is important to mention that after the
KM3NeT analysis was performed, this event was associated with a Galactic source seen
by HAWC [409], whose location is consistent with the ~ 250 TeV photon within the 90%
uncertainty. As coordinates for the event, those given by Swift-BAT (RA = 288.263° and
declination Dec=+19.803°) were used. On the other hand, for background estimation, the
OFF region considered was a band following the elevation h(t) of the source in a time
window extended 1.5 hours more than that of the signal, to ensure us of good statistics, i.e.
[To — 50 s — 1.5 h, Ty — 50 s]&[Tp + 5000 s, Tp + 5000 s + 1.5 h]. To adapt the OFF region to
the same area as that in the ON region and to have a correct estimation of the signal and
background events expected in the search, a rescaling factor of the solid angle was used,
as:

Qon 27t[1 — cos(Rol)]
Qorr  27t[sin(max(k(t)) + Rol) — sin(min(h(t)) — Rol)]’

(5.2)

Additionally, the number of events was also rescaled by a factor accounting for the dif-
ference between Ton and Topr, namely the time windows considered for the signal and
background estimation, respectively:

Tox 5050
TOFF a 10800 s

(5.3)
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Figure 5.21: Rate of reconstructed events by the online pipeline of KM3NeT/ARCA in +12 hours
around the GRB 221009A trigger time Tp = 13:16 : 59 UT, indicated by the vertical line.
At time, KM3NeT/ARCA was taking data with 21 strings. The blue circles indicate the
rate of I0_RECO averaged over five minutes of data taking. The horizontal dashed line
shows the average rate of I0_RECO in [Tp — 12 hours, Ty + 12 hours], amounting to ~ 4.9
Hz.

5.4.3 Sample selection

Using the data reconstructed from the online fast processing chain implemented in
KM3NeT/ARCA (namely I0_REC0), a dedicated search for track-like muon neutrino events
compatible with the direction of GRB 221009A was performed. At the time of the GRB,
KM3NeT/ARCA was equipped with 21 strings and the detector was collecting good qual-
ity data. Before proceeding with the analysis, checked the stability of the real-time recon-
struction over ~12 hours around Ty was checked. The results are shown in Fig. 5.21, where
the stable conditions of the online pipeline reconstruction are visible: the mean rate of
events reconstructed as a track in real time was ~ 4.9 Hz. However, the GRB location was
above the KM3NeT horizon (mean elevation of approximately ~ 48°) during the search
time window, as shown in Fig. 5.22, significantly reducing the point-like source sensitiv-
ity. The expected atmospheric background from the direction of the sky coincident with
the GRB 221009A position is high because of atmospheric muons. In fact, by counting the
events in the zenith band in the OFF time window and rescaling them for the time window
and the solid angle of this analysis (as indicated in Eq. (5.2) and Eq. (5.3), respectively),
the expected background amounts to ~ 3.7 events in the time and angular search, domi-
nated by atmospheric muons. To reduce the muon contribution, some basic cuts were first
applied in order to select only events with positive track length and reconstructed energy
greater than 1 TeV (as a result of these cuts, the sample reduces by a factor of ~ 3%); a
cut in ik was also used to select only tracks reconstructed with good quality; in partic-
ular, /ik > 155 was adopted, as it allowed to achieve an expected number of background
events in our time and angular window search of (8.4 4 0.9) x 102 (only the ~ 0.8% out
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Figure 5.22: Movement in local coordinates (blue line) of the GRB 220910A position in the search
time window [Ty — 50 s, Tp + 5000 s] used in the analysis. The red circles represent the
Rol=2° at Ty — 50 s and T, + 5000 s.

of the original sample survive). As a comparison with Fig. 5.21, Fig. 5.23 shows the rate of
I0_RECO in the KM3NeT/ARCAZ21 detector surviving the cuts set in this analysis for the 12
hours around the GRB 221009A trigger time: only ~ 4 x 102 events, out of the ~ 5 events
per second reconstructed by the online pipeline of KM3NeT/ARCA, satisfy the conditions
required.

5.4.4 Analysis results

By exploiting reconstructed data selected as explained in the previous Sect. 5.4.3,
KM3NeT/ARCA data were unblinded, looking for possible neutrino events exceeding
the background level in the ON region defined by the Rol and the source movement of
Fig. 5.22. The results of our follow-up are shown in Fig. 5.24: in the search time window
between Ty — 50 s and Tp 4 5000 s, no event was found to satisfy the selection criteria
in the signal region, while one outside the Rol survived the cuts defined by the analysis
(indicated by the blue point). Note that the online fast processing uses preliminary cali-
brations and detector alignment, which will be superseded in a future more elaborated
offline analysis. The results discussed here have been communicated to the external mul-
timessenger community just three days after the first GRB 221009A trigger alert through
the GCN in [410].

This analysis can be considered as the start of the intense KM3NeT real-time observa-
tional strategy activity that we plan to perform in the coming future in the field of multi-
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Figure 5.23: Rate of reconstructed events with Ereco > 1 TeV and L, > 0 (basic cuts), and lik > 155
by the online pipeline of KM3NeT/ARCA in +12 hours around the GRB 221009A
trigger time Tp = 13:16: 59 UT, indicated by the vertical line. At time, KM3NeT/ARCA
wastaking data with 21 strings. The green circles indicate the rate of I0_RECO surviving
the cuts averaged over five minutes of data taking. The horizontal dashed line shows
the average rate of I0_RECO in [Ty — 12 hours, Ty + 12 hours], amounting to ~4.2 x 102
Hz.
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Figure 5.24: Sky map showing the results of the search, performed with the KM3NeT/ARCA21
data, for neutrinos unblinded in spatial and temporal coincidence with GRB 221009A.
A Rol of 2° (red circle) was opened around the GRB position (red cross), and a temporal
window [Ty — 50 s, Ty + 5000 s] was considered. The only event surviving the selection
criteria, i.e. Ereco > 1 TeV, Ly, > 0, and lik > 155, is found outside for the ON signal
region (blue point).
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messenger astronomy. As anticipated, an automatic analysis pipeline is already in place at
the MM dispatcher, promptly reacting in case of external alerts received from instruments
detecting several visible messengers (e.g., vs and vy-rays), if these occur in the upgoing sky
of the detector. In addition, dedicated pipelines for specific classes of sources have being
developed withing the KM3NeT Collaboration, i.e., GRBs (already operative), and GWs
(work in progress).

The tools implemented within the context of the present work demonstrates that
KM3NeT/ARCA is capable of reconstructing events in real-time, collect the results of such
reconstruction, and analyse them. Once the implementation of the alert-sending frame-
work will be finalised as well, KM3NeT will be fully integrated into the global multimes-
senger worldwide network. However, the analysis currently implemented is very simple
and is useful to get quick results. Indeed, as previously discussed, it is based on a counting
analysis looking for a signal excess in predefined search angular and time windows, and
where the background is directly extracted in the data using an off-time window around
the signal time window. More sophisticated analysis methods, based on maximum likeli-
hood ratio, will be implemented in the future.
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SUMMARY AND CONCLUSIONS

This thesis concerns astrophysical neutrinos, which are thought to come from several
classes of high-energy transient sources as a result of Cosmic Ray (CR) hadronuclear and
photohadronic interactions with matter and photon fields, respectively. While gamma ()
rays are also emitted in purely leptonic processes such as synchrotron, inverse Compton
scattering, and bremsstrahlung, neutrinos constitute the smoking gun signature for hadron
acceleration. An advantage of considering astrophysical neutrinos is the fact that they can
reach the Earth without any absorption and deflection by magnetic field effects, unlike
v rays and CRs. This means that neutrinos preserve the directional information of the
sources originating them. In light of this, cosmic neutrinos provide a unique probe for the
discovery of astrophysical sources accelerating Ultra-High-Energy CRs (UHECRSs), i.e. CRs
detected with energies greater than 10'® eV, whose extragalactic origin remains still today
deprived of any firm association with known sources, despite the recent mild correlation
(4.20) with observed starburst galaxies. However, as neutrino interactions are mediated by
the weak force, their tiny cross section makes detection of high-energy cosmic neutrino
sources challenging; huge particle detectors are instrumented within large volumes of nat-
ural target in order to collect cosmic neutrinos in statistically significant numbers. Great
efforts have been concentrated over the years to the installations of large detectors deep
in water and ice capable of collecting Cherenkov light induced by secondary particles re-
sulting from neutrino interactions with nuclei in the detector volume. These efforts have
led towards the construction of bigger and bigger detectors all over the world, such as
the IceCube neutrino telescope at the South Pole, Baikal-GVD below the surface of Lake
Baikal in Russia, and two detectors in the depths of the Mediterranean Sea, that this thesis
describes in details: ANTARES, that operated from the end of 2007 to 2022, and the next
generation cubic-kilometre neutrino telescope KM3NeT (currently under construction and
already taking data).

The first detection of astrophysical neutrinos dates back to 2013, when IceCube reported
the discovery of a diffuse flux of PeV neutrinos. This discovery opened a new window
to the high-energy Universe, proving further evidence for the existence of extreme CR ac-
celerators, most likely of extragalactic origin, though still unassociated with any specific
source population. However, correlation studies among neutrino events and different cat-
alogs of known astrophysical sources have resulted into lack of significant associations,
such that still today no dominant source contribution has emerged. Neutrino data can
tell us when and where to look for an electromagnetic counterpart, providing improved
power to discriminate between proposed source models. Contrary to traditional telescopes,

155



156
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Cherenkov-based neutrino detectors have a field of view comprising the whole sky, thus
they are ideally suited to detect and inform in very short time other telescopes about in-
teresting events. These low-latency real-time alerts prompt follow-up multimessenger and
multiwavelength observations, especially fostering the detection of transient and variable
sources. This approach allowed to achieve another major step in the field of neutrino as-
tronomy: on September 2017, IceCube triggered a high-energy neutrino of about 300 TeV
(IC-170922A) that, thanks to the extensive follow-up activities by 7y-ray observatories (first
of all, the Fermi-LAT satellite), was spatially and temporally associated with a significance
of about 3¢ to the blazar TXS0506+056 in active state. After this detection, archival analy-
ses of IceCube data prior to the IC-170922A event revealed a potential flare in neutrinos,
between September 2014 and March 2015, with statistical significance of 3.5¢ and indepen-
dent of the 2017 neutrino alert. IC-070922A, together with the association occurred just
one month earlier between the short-duration Gamma-Ray Burst (GRB) GRB 170817A and
the Gravitational Wave (GW) GW170817 (from the merger of two neutron stars) detected
by the LIGO and Virgo interferometers, marked the birth of the so-called multimessenger
astronomy at extragalactic scales.

Multimessenger astronomy is a novel field rapidly becoming a major avenue to explore
the Universe: a deeper understanding of the physical processes governing individual cos-
mic sources, can arise from the complementary information carried by <y rays, gravitational
waves, neutrinos, and CRs. Growing synergies between different instruments and satellites
currently operating are opening new frontiers that promise profound insights into several
astrophysical aspects (e.g., for the identification of the astrophysical sources responsible for
the cosmic diffuse neutrino flux, the definition of the physical mechanisms acting in such
sources, their particle composition, etc.). In these regards, it is also interesting to point out
that, from the comparison of the IceCube diffuse cosmic neutrino flux measurements with
the isotropic extragalactic y-ray background observed by Fermi and with UHECRs data
collected by the Pierre Auger Observatory, comparable energy densities result. This con-
sideration suggests that the three particle populations might be connected and originated
from the same source class.

Among several possibilities, GRBs have been proposed quite naturally as responsible for
the UHECR flux, hence for the secondary emission resulting from their interactions inside
the GRB jets. With an isotropic-equivalent energy of up to 10°* erg and powered by the
core-collapse of a very massive star or the merger of two compact objects, GRBs constitute
the brightest explosions known to date in the Universe. The broad-band non-thermal y-ray
spectrum likely results from a combination of leptonic and hadronic radiation mechanisms.
GRBs would be also sources of high-energy neutrinos and UHECRs. Their transient nature
additionally offers one of the most promising perspectives for the coincident detection
of cosmic neutrinos, allowing an almost background-free search. So far, neutrinos have
not been observed in coincidences with GRBs; however, for several years, searches for
v-GRB associations have focused primarily at TeV-PeV energies, limiting the results to a
partial class of hadronic models among the several ones proposed. I studied, in Chapter 3,

the possibility to investigate with current and future neutrino telescopes an alternative



SUMMARY AND CONCLUSIONS

scenario for the prompt origin and related neutrino emission from GRBs. In particular, I
considered GRB jets consisting of protons and neutrons, where a fraction of the outflow
kinetic energy is converted to thermal energy and radiation via inelastic nuclear collisions
occurring in the photosphere. In the photospheric scenario, a thermal spectrum is released
near the photosphere and this is then modified by a dissipation mechanism related to
the above mentioned pn collisions. Such collisionally heated GRBs could produce multi-
GeV neutrinos. The existence of complementary detectors of IceCube and KM3NeT, i.e.,
DeepCore and ORCA, respectively, that are optimised for GeV studies, allows to test this
scenario. In the interested energy range, the atmospheric neutrino background is very
strong, therefore, detecting these vs from GRBs is very challenging. However, as a result of
my investigation, I found that these detectors are able to explore the occurrence of inelastic
collisions in GRB jets by means of a stacking analysis of upgoing tracks with data collected
in coincidence with ~900 Long GRBs (LGRBs), i.e. with prompt y-ray emission lasting for
more than 2 seconds. As previous experimental studies conducted with neutrino data
indicate, it is likely that such a number of LGRBs are included in experimental analyses
after about 10 years of data taking; however, we expect that more sensitive future gamma-
ray facilities will provide the same statistics on shorter timescales. The search for upgoing
events requires detectors in different hemispheres to probe the entire population of GRBs,
as to guarantee full sky coverage. According to these results, short GRBs alone, namely
those with duration of the prompt y-ray emission shorter than 2 seconds, do not provide
enough signal. Concerning individual sources, only nearby and very energetic GRBs with
~-ray fluence F, > 102 erg cm 2 (rare events) appear to produce, according to this model,
at least one signal event in the available detectors. The key role of neutrinos in assessing
the origin of the prompt radiation emerging from GRBs demonstrates the importance
of dedicated searches in the multi-GeV domain, that are therefore encouraged to start,
by combining data collected both by low and high-energy detectors (DeepCore+IceCube
and KM3NeT/ORCA+KM3NeT/ARCA). A detection of such a neutrino emission would
allow to establish the baryonic nature of GRB jets, although within the context of a model
that does not directly involve particle acceleration. In fact, so far, the lack of a correlation
among 7-ray signals from GRBs and neutrinos did not allow to distinguish among the
leptonic or hadronic nature of radiation from GRB jets. Furthermore, the detection of multi-
GeV neutrinos in coincidence with GRBs would provide information on the occurrence of
photospheric dissipation, as well as on the jet composition.

The lack of association between GRBs and TeV-PeV neutrinos is furthermore critically
assessed in this thesis. Indeed, in Chapter 4, I discuss the analysis performed within the
ANTARES Collaboration, considering a standard model explaining the GRB observed ra-
diation through particles accelerated at internal shocks in the optically thin region of the
jet. Extending previous existing ANTARES studies, I used data from the end of 2007 to
2017. I performed a search for upward going muon neutrinos and anti-neutrinos in spatial
and temporal coincidence with 784 GRBs. Through a numerical computation, I estimated
the expected neutrino flux from each burst individually, in the context of the one-zone
internal shock model. A novel aspect of the search I present is the inclusion in the data
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analysis chain of the uncertainty that possible unknown parameters, related to the charac-
teristic activity of the central engine, can introduce in the neutrino flux evaluation. This
is crucial in order to correctly interpret the validity of model-dependent results, in terms
of upper limits set by non-detections of neutrinos in coincidence with GRBs. These pa-
rameters have been identified in the bulk Lorentz factor, variability timescale and source
redshift, all of which are affecting the so-called dissipation radius, where shell collisions
are realised. Among these parameters, the former was shown to impact the most GRB-v
flux predictions. At the same time, it is also possible to marginalise the uncertainty related
to it by including in the modelling its observed correlation with the source isotropic y-ray
luminosity. As a result of such procedure, I found that the minimum variability timescale
contributes more than redshift to the uncertainty of the neutrino flux predictions from
GRBs. Thanks to this investigation approach, the expected v-fluxes are provided for the
very first time with an uncertainty band. Analogously to previous ANTARES searches, I
performed Monte Carlo (MC) simulations of the predicted signal, while I estimated the re-
spective background directly from off-source data collected by ANTARES. I selected only
track-like events reconstructed within 10° in radius from the expected GRB position, and
in temporal correlation with the prompt y-ray emission. This analysis was optimised on
a burst-per-burst basis in order to maximise the discovery potential of the search, thus
enabling the identification of the most promising sample of GRBs for ANTARES. However,
because a negligible reduction of the model discovery potential would be obtained when
stacking the entire catalog, the Collaboration dediced for investigating the flux from the
whole sample of 784 GRBs. After unblinding ANTARES data occurred in space and time
correlation with GRBs, no event was found to pass the selection criteria, and so I derived
upper limits on the contribution of the detected GRB population to the cosmic neutrino
flux, ranging between 1.370 x 107 GeV ecm™2 s~ ! sr~! and 1.0702 x 1078 GeV cm 2 57!
sr~! in the energy range from ~ 60 TeV to ~ 10 PeV. In particular, within standard as-
sumptions of energy partition among accelerated hadrons, leptons and magnetic fields
(baryonic loading equal to 10), GRBs are found to not be the main sources of the astro-
physical neutrino flux, possibly contributing for less than 10% at energies around 100 TeV.
This result represents a further independent constraint with respect to the IceCube limits,
fully compatible with the latter.

Finally, in Chapter 5, the thesis focusses on the multimessenger frontier, within the
context of the KM3NeT Collaboration. The work is related to the high-energy detector
KM3NeT/ARCA, devoted to the detection of high-energy neutrinos (1 TeV-10 PeV) pro-
duced in astrophysical phenomena during CR acceleration. I contributed to the develop-
ment of the online pipeline that is currently in place to reconstruct both the direction and
energy of track-like events in real time. The software framework implemented for the re-
construction was already operative for processing real data in December 2020; from then
on, the real-time reconstruction of events has been continuously working and has been
adapted every once the detector size has increased. In the current 21-strings configuration
of KM3NeT/ARCA, we are able to collect each event from the data acquisition system of
the detector and reconstruct it, under the hypothesis of a track signature, within about
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on average 4 seconds, of which the reconstruction process takes just 160 ms. The average
properties of reconstructed events showed consistent results with offline algorithms, and a
correlation between the number of Cherenkov photons released into the detector volume
and the quality of the reconstruction was observed, as well as with the duration of the
whole reconstruction process. In addition to the data characterisation, the online pipeline
was validated through MC simulations of cosmic PeV neutrinos acquired by a fully funded
detector configuration (with a volume more than a factor 4 larger than the current one).
I found that, in case such energetic neutrinos will be detected through their interaction
products, we would be able to reconstruct such events, with the current online software
framework in place (direction and energy of a muon track), within 5 seconds on average.
This result proves that, just few seconds after the detection of a high-energy cosmic v,
KM3NeT would be ready to send an alert to the external multimessenger community. I
also contributed to the first quasi-real-time analysis performed with data reconstructed by
the online pipeline relatively to GRB 221009A, the brighest GRB to date. Following a fast
analysis aiming at looking for neutrinos emerging over the background level in a signal
region defined around the GRB and without any particular assumption on the neutrino
flux shape, no neutrino events were found in spatial and temporal association with GRB
221009A. However, this analysis can be considered for the KM3NeT detector as the start
of the intense real-time observational strategy activity that will be performed in the com-
ing future in the field of multimessenger astronomy. Indeed, KM3NeT is progressively
becoming fully integrated into the global multimessenger worldwide network.
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CALIBRATION OF DETECTOR STRINGS FOR THE
KM3NET/ARCA NEUTRINO TELESCOPE

In this appendix, I briefly summarise the activity related to calibration tests performed
on DUs of the KM3NeT/ARCA detector and carried out at the CAPACITY laboratory
(Campania AstroPArtiCle Infrastructure FacilitY), in Caserta (Italy). First, the CAPACITY
laboratory is described in Sect. A.1, as well as its purposes and goals. Then, after a brief de-
scription of the DU integration processes, the main elements of the calibration procedure
are discussed in Sec. A.2. Test results, in particular with respect to time calibration, acoustic
check, and led beacon runs, are presented in Sect. A.3, Sect. A4, and Sect. A.5, respectively.
The work here described is based on S. Mastroianni, W. Idrissi Ibnsalih and A. Zegarelli, " Cali-
bration Facility for Detector Strings for the KM3NeT/ARCA Neutrino Telescope at the CAPACITY
Laboratory,” in IEEE Transactions on Nuclear Science, doi: 10.1109/TNS.2023.3250483.

For a better understanding of the topics here treated, the reader is invited to look
through this appendix in association with Sect. 2.5.2, where the characteristics of the
KMB3NeT detector are presented, Sect. 2.6, which contains information about the proce-
dures adopted to calibrate underwater Cherenkov neutrino telescopes, and Sect. 5.1, fo-
cused on the KM3NeT DAQ system.

A.l THE CAPACITY LABORATORY

The realisation of the KM3NeT infrastructure is now proceeding toward the mass con-
struction of DUs. In particular, the building activities of the KM3NeT/ARCA detector
started in 2015 and has continued until leading to the current detector status, i.e. 21 DUs
in data taking. In the coming 3 years, 114 additional DUs (already funded) are planned
to be deployed. To sustain such an increase in the DU production rate, a collective ef-
fort is needed by the Collaboration. Several laboratories are involved in the construction
of the KM3NeT/ARCA detector and, among those, the CAPACITY laboratory in Caserta
(Italy) has quite recently started to actively participate. It has been fully operative since
September 2020 and its primary goal is to integrate, test, and calibrate the DUs for the
KM3NeT/ARCA detector before their deployment. To date, this laboratory has provided
a very important contribution to the DU construction and integration for the last successful
deployments during the sea campaigns in 2021 and 2022.

The facility mainly hosts several measurement instrumentations for photosensor charac-
terisation and qualification, a hyperbaric chamber for DOM tests, a small water pool for
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photodetector studies, a few dark boxes for photosensor measurements and calibration,
and finally also a test bench specifically dedicated to the DU data readout and online
server for data processing and checks. Here, starting from the following Sect. A.2, we
focus on the calibration activities performed on DUs in such a laboratory during the pre-
deployment phase.

A2 DU CALIBRATION IN DARK BOX

The construction and integration of DUs involve several challenging steps that take place
at different sites of the KM3NeT Collaboration. Once the DOMs of a DU are produced
and all the measurements and validation tests have been performed, the DU integration
process starts. Firstly, the DOMs are electrically and optically connected to the VEOC such
that each DOM has an assigned position within the DU. Then, the BM already integrated
and closed in a titanium base container is connected to the VEOC. At this point, the DU
is in principle in its final configuration, ready for the data taking. However, before contin-
uing with the last procedure, that consists of rolling the DU on the Launching vehicle of
Optical Modules (LOM)!, the string needs to be tested and calibrated in a dedicated dark
box. After the integration of the BM to the VEOC and a few days of darkening time, electri-
cal power measurements are performed according to a well-defined sequence of operating
conditions (DOM off/on/running) and various attached devices (hydrophone and beacon
connected and turned on). Measurements are carried out by a microcontroller housed on
the BM Central Logic Board (CLB), which reads the sensors on the power supply board.
Several functional tests are then needed to verify that the embedded modules/devices
work properly in each DOM, as, for example, the acoustic receives and LED becons, and
the correct data transfer for compasses/tilmeters. The detector operation and data readout
are managed by a testing station computer resource implementing all the hardware/soft-
ware components and the optical connections to the DOMs. A full DAQ chain, consisting
of on-shore/off-shore elements, network connection, and timing synchronisation compo-
nents, is used to validate the data readout and the monitor information of all the DOMs
under real conditions. The calibration operations take advantage of the use of the Control
Unit (CU), a flexible instrument that allows the control of each part of the detector and
triggering /processing programs. The CU is a gateway to access the central database of
the Collaboration both for reading the detector definition and operating parameters and
logging the readout parameters (i.e. temperature, humidity, compass, tiltmeter, current,
link signal strength etc.). A fast analysis and an online monitoring can be performed on
a subset of the selected data showing the status of the data taking (PMT and trigger rate,
calibration checks, etc.).

After a careful setup and configuration, the exact synchronisation of all the DU CLBs must
be strictly checked to guarantee the proper merging of the UTC time information with
the acquired data and, then, the correct resolution by the onshore data acquisition system.
Moreover, to provide subnanosecond synchronisation between the DOMs, the White Rab-

1 The string, during the deployment phase, after arrival at the seabed is unrolled to its full length.
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Figure A.1: Laser calibration system in the dark box for DU time measurements. 18 DOMs con-
nected to the VEOC are arranged on a metallic frame which can be easily handled.
This setup provides the inter-DOM calibration.

bit (WR) Precision Time Protocol (PTP) [411] is used in KM3NeT. Once the fast data are
sent to the online data queues, the detector monitor operation and the data quality check
can be run. After these data readout checks and preliminary measurements, the detector
fine-tuning can be performed according to the procedure described in the following.

The PMT data frame, constituted by the information left by hits on PMTs, includes the
arrival time and the ToT, which is the time the PMT signal is above a threshold of 0.3
p-e. During the pre-deployment calibration phase, the ToT distribution (typically peaked
around 25 ns) is produced and checked for each PMT of all the DOMs. The channels with
a unusual behaviour in this distribution are deeply investigated and eventually excluded
in the following steps of the calibration procedure. Additionally, a counting rate obtained
from the ToT distribution allows the exclusion of PMTs with extreme low and high count-
ing rates, i.e. <100 Hz or > 10 kHz, respectively

The High-Voltage (HV) tuning is defined by a desired gain of 3 x 10°, that corresponds
to a single detected photon ToT of about 26.4 ns. For each PMT of a DOM, all hits detected
during a given run are read. The tuning procedure can be accomplished with a 8V HV
scan ranging the interval between -56V and 56V centered around the vendor value (typi-
cally we take a few minutes run each step). By fitting multiple single photoelectron ToT
distributions taken at different HV settings as a function of the PMT gain, the HV value
that gives rise to a nominal gain can be estimated. More details can be found in [412] and
[413]. The final HV tuned value can be estimated from a linear behaviour of ToT values
versus HVs. The results of all the tests and measurements of DU calibration are stored in
the main database allowing the final in-situ detector operation.
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Figure A.2: Left: laser peaks for all the 18 DOMs of one of the ARCA DUs calibrated at the CAPAC-
ITY laboratory in Caserta. From right to left, the results from the first DOM (the closest
to the seabed) to the last one (at the top of the string) are shown. Right: the zoom in on
the laser peak observed on the first DOM of the DU is shown. The correction offset is
calculated by the mean value of the Gaussian fit to the first peak of the distribution.

A.3 TIME CALIBRATION

The time synchronisation between several thousands of optical modules in a sparse array
located in deep sea, such as KM3NeT, is mandatory to properly reconstruct the event sig-
nature and with this the event properties like direction and energy. The sub-nanosecond
time synchronisation among the DOMs is the main goal of the DU timing calibration. It is
obtained by a combination of several calibration procedures, consisting of the determina-
tion of the relative time offsets 1) between the PMTs in the DOM (intra-DOM); 2) between
DOMs in the DU (inter-DOM); 3) and between different DUs (inter-DU). The intra-DOM
offsets are mainly due to intrinsic time uncertainties of the individual PMTs (i.e., TTS).
It is typically calibrated with signal from radioactive potassium decay in sea water (see
Sect. 2.6), when the DU has already been deployed. The inter-DU offset depends on the
propagation of the clock signals from shore to the base of each DU. An accurate measure-
ment of the delay of the laser signal allows the evaluation of different contributions of
latencies and asymmetries in the WR technology and then to the final correction. In CA-
PACITY, our main interest is focused on the inter-DOM time calibration that is performed
in the dark box during the DU calibration. The details of the measurements are discussed
below.

A.3.1 Inter-DOM calibration in dark box

The time delays between DOMs of a single DU are mainly determined by the different
propagation time of the clock signal from the shore to the CLB boards. The DOMs are sep-
arated by a fiber length of about 36 m that corresponds to a time delay of about 180 ns, and
the lower DOM receives the signals earlier than the upper one. The measurements of the
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Figure A.3: Laser calibration result for one of the ARCA DUs calibrated at the CAPACITY labora-
tory in Caserta. The plot shows the time offsets for the reference PMTs as a function of
the DOM position, numbered from bottom to top. Note that the results for reference
PMT27 (bottom hemisphere) are slightly shifted with respect to the ones for PMT05
(top hemisphere) to allow to distinguish them.

time offset of each DOM in the string can be performed in the dark box by means of a laser
source and a light distribution system that provides laser pulses directly and simultane-
ously to two reference PMTs chosen for all the DOMs. These light pulses are timestamped
with respect to the reconstructed clock signal with the WRPTP, and the correction offset to
be added to each DOM (with respect to the DU BM) can be calculated. The laser calibra-
tion system for time measurements is shown in Fig. A.1. A 10kHz laser pulse generation
at a wavelength of 406 nm is synchronized with a pulse per second (PPS) signal from WR
broadcast and the output feeds fibers illuminating 18 PMTs through a 1/20 optical splitter,
one on each DOM. The resulting 18 laser peaks from the inter-DOM calibration, performed
on an ARCA DU at CAPACITY laboratory, are shown in Fig. A.2(a). In particular, while
the peak of the DOM closest to the seabed, namely DOMO1, corresponds to the biggest
values of the time axis, the one of the DOM at the top of the string, namely DOM18, has
the smallest values. As regards the negative time measurements, it is worth mentioning
that the CLB timeslice start signals synchronized with the WR master switch arrive later
than the laser pulses. Fig. A.2(b) shows the arrival time distribution of first hits on PMTs
in DOMO1. The main peak of the distribution corresponds to the PMT Transit Time (TT). A
Gaussian fit of the TT distribution provides the offset value (i.e. for DOM1, as shown in the
figure, the mean value of the first peak is -820.2 ns). Note that such PMT TT distributions
obtained during the calibration in the dark box are also used in Monte Carlo simulations
and modelling. As the DOM readout electronics are segmented into two hemispheres, 2
PMTs of each DOM (one located in the upper and the other one in the lower hemisphere)
are used for time calibration. These double-time measurements for each DOM allow an
essential redundancy in case of an issue of one PMT or readout electronics. The behaviour
of the time offsets (positive defined) for the two reference PMTs versus the DOM number
is displayed in Fig. A.3. The linear increase of the time offset values, that starts from the
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Figure A.4: Setup of the acoustic check validation. The BM is connected to the hydrophone and
LBL beacon under test. A waveform generator, synchronised with WR system, outputs
a sinusoidal wave to an acoustic amplifier to test the acoustic receiver functionality.

lower DOM to the one placed in the upper part of the string, is evident. When the time
offsets are compared between the upper and lower hemispheres of the DOM, a mean/me-
dian time offset difference of the order of a few ns is observed, and this is expected as the
PMTs have different TTs.

A4 ACOUSTIC CHECK VALIDATION

During the DU calibration, we fully check the functionality of all the acoustic devices
used for the positioning system. As previously explained, to determine the event recon-
struction with good accuracy, the position of detector elements needs to be known with
high accuracy (within 10 cm) and continuously monitored to overcome the effect of the
sea currents. To validate the acoustic devices in each string, several careful checks are per-
formed during the DU calibration. Firstly, communication tests and power consumption
measurements are done. Then, the acoustic receiver functionality of the hydrophone and
piezo-electric devices can be tested. For this purpose, the setup consists of a waveform gen-
erator, a sound amplifier-and-splitter (1/20) coupled with acoustic piezoelectric emitters
(positioned at about 10 cm from the DOM south pole, near the piezo receiver). A sinusoidal
wave emission at 30 kHz frequency and an amplitude of 2 V}, is set. The acoustic emis-
sion is synchronised with WR system, and the generation is triggered by PPS signal. The
acoustic data frames, thanks to a dedicated data filter on the online processing server, are
quickly available on the DB and the correct detection of acoustic signals is checked through
an analysis of ToA (Time of Arrival) of the emitters signals and their synchronicity with
respect to the DU master clock.
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A5 LED BEACON AND OTHER RUNS

A crosscheck of the inter-DOM time calibration performed in the dark box can be carried
out in-situ after the DU deployment through the Light Emission Diode beacon, also called
NanoBeacon (NB) [226], installed in the upper part of each DOM. A short light pulse at a
tixed wavelength of 470 nm with the possibility to configure the intensity and frequency of
flashing is controlled by the CLB logic. Measurements of time differences between pairs of

DOMs allow calibration of the surrounding DOMs with respect to the one emitting light.

The NB functionality tests are performed in the dark box by checking the hits released on
the PMTs closest to the emitting NB. Dedicated runs are taken with a bias voltage scan for
each DOM NB.

Another special run characterised by a long duration (several hours), with a trigger that
require at least 2 PMTs in coincidence on the same DOM, is collected to perform efficiency
studies and long-monitor checks.
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MONTE CARLO SIMULATIONS AND EVENT
RECONSTRUCTION CHAIN IN ANTARES AND
KM3NET/ARCA

In high-energy physics experiments, Monte Carlo (MC) simulations are typically used to
understand the behaviour of the detector and its physics potential. Here, the MC chain
developed for the ANTARES and KM3NeT/ARCA experiments (Sect. B.1) together with
the reconstruction algorithms (Sect. B.2) are presented. In this regard, the software tools
used within both experiments are briefly discussed. Some of the tools are common between
the two; others will be specified for each of them.

Both the ANTARES and KM3NeT/ARCA simulation and reconstruction chains were
used by the author of this thesis, within the context of works presented in Chapters 4 and

5, respectively.

B.l MONTE CARLO SIMULATIONS CHAIN

The MC simulation chain provides the following steps:
1. Event generation;
2. Particles and light propagation;
3. Detector response simulation.

Physical events induced by neutrinos and atmospheric muons and capable of leaving a sig-
nature in a neutrino telescope are generated in the proximity of the detector and then prop-
agated through the medium (i.e., for our detectors, in seawater); the emitted Cherenkov
light is reproduced and photons are propagated to the OMs, taking into account also the
PMT response. Finally, the data stream is simulated, also adding the optical background,
together with the DAQ electronics and triggers. Triggered events resulting from the MC
simulations are then reconstructed by specific algorithms as track- and/or shower-like
events, as further explained in Sect. B.2. The complete analysis chain, i.e., the MC sim-
ulation steps together with the reconstruction typically implemented in the ANTARES
and KM3NeT/ARCA detectors are summarised in Fig. B.1(a) and Fig. B.1(b), respectively.

More details about the software tools adopted are provided below.
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Figure B.1: Analysis simulation chain implemented in ANTARES (a) and KM3NeT/ARCA (b) neu-
trino telescopes.

B.1.1 Event generation

As first step of the MC simulation chain, neutrino and atmospheric muon interactions are
reproduced in seawater inside the so-called detector can, which is a cylinder representing
the active volume of the detector surrounding the instrumented one (see Eq. (2.13) for its
definition). Typically the can is built by enlarging the instrumented volume by a factor n
times the light absorption length (see Sect. 2.2.1)!, being 1 chosen in order to optimise the
detector performances”. In practise, the can represents the volume surrounding the detec-
tor in which interactions can produce detectable particles, taking into account the density
and composition of the media surrounding the detector: all events leading to Cherenkov
radiation in the can, i.e. events interacting inside the can or producing a signal reaching
the can surface, are included in the MC simulation chain.

For neutrinos, two different codes generating neutrino-induced events detectable in a
neutrino telescope are available within the ANTARES and KM3NeT Collaborations. These
are able to generate events induced by all neutrino flavours, considering topological dif-
ferences between track-type and shower-like events. Both codes can simulate neutrinos
coming from diffuse sources (e.g. atmospheric neutrinos) and from point-like or extended
astrophysical sources, according to several interacting neutrino spectra (a power law E~7

Except from below, where the instrumented volume is bounded by the seabed, from which Cherenkov light
cannot emerge.

For example, in KM3NeT/ARCA115 simulations used in Chapter 5, the effective volume, namely the detector
can, is enlarged of a factor of 350 m with respect to the instrumented volume.
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Figure B.2: Definition of the detector can. The instrumented volume (in blue) is surrounded by the
can (in yellow), whose dimension is # times the light absorption length L,. Credit image:
[414].

is chosen for the generation spectrum of neutrino interactions, with 7 as input of the

simulation). More details about these codes are provided below:

* GENHEN (GENerator of High Energy Neutrinos) [415]: package (written in FORTRAN)
developed inside the ANTARES Collaboration for MC neutrino simulations over the
full range of energy for neutrino studies in ANTARES; the majority of detected neu-
trinos are in a range of energies from tens of GeV, limited by the energy threshold
of muon detection at around 10 GeV, to multi-PeV, where the absorption of neutri-
nos in the Earth strongly attenuates the upward neutrino flux. Being not optimised
at energies below ~100 GeV, GENHEN cannot be used to simulate interactions below
10 GeV. This represents a clear limitation for studies at lower energies, i.e. those re-
garding atmospheric neutrino oscillation parameters. For this reason, the KM3NeT
Collaboration has developed another code (described below) well representing also
such low energies, these being of interest for the KM3NeT /ORCA detector, aiming
at measuring the neutrino mass hierarchy and studying neutrino oscillations;

e gSeaGen [414]: C++ code based on GENIE (Generates Events for Neutrino Interaction
Experiments) [416] and written within the KM3NeT Collaboration. Originally suited
for the simulation of neutrino interaction up to 5 TeV, the new versions of this code
are now able to cover the huge energy range from a few MeV to EeV, profiting from
recent GENIE extensions. For this reason, gSeaGen is currently considered the official
MC neutrino simulator for both the KM3NeT /ORCA and KM3NeT/ARCA detectors,
and it has been recently extended to some simulations for ANTARES analyses. The

last software release at the time of writing is available at [417].

Regarding the present thesis, GENHEN has been adopted for simulating neutrino events
inside the ANTARES detector in the context of the analysis discussed in Chapter 4 (in
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particular, see Sect. 4.4.1); gSeaGen, in turn, for MC simulations of neutrino-induced events
in KM3NeT/ARCA used to obtain the results discussed in Chapter 5 (Sect. 5.3.2).

For atmospheric muons, MUPAGE (MUon GEnerator from PArametric formulas) [418] is
used both in ANTARES and KM3NeT. This code was developed for the production of at-
mospheric muon bundles on underwater detector can surface and is based on the usage
of a parameterisation that describes the multiplicity of each muon bundle, the distance of
each muon from the shower axis, and the energy spectrum within each event [198]. This
has been built using a complete simulation, performed with the HEMAS software [419],
using the angular distribution and the energy spectrum of underground muon measure-
ments. MUPAGE allows the production of atmospheric muons between 0° and 85° in zenith

angle and covers the entire range of energies relevant for a neutrino telescope.

B.1.2 Particle and light propagation

All long-lived particles produced in neutrino interactions are tracked through the can vol-
ume; namely, after the generation they are followed during their propagation until they
interact or decay, inferring the Cherenkov radiation that is produced. Light is also prop-
agated until it is absorbed or detected by PMTs. The main codes used in ANTARES and
KM3NeT studies for particle and light propagation have been developed by the Collabora-

tions themselves and are described in the following:

e KM3: GEANT-based software simulating all particle propagation inside the can and
the light that reaches the OMs. All physical relevant processes such as energy losses,
hadronic interactions, light emission, and multiple scattering are considered (see
Sect. 2.1.3). The emission of Cherenkov light is performed on a statistical basis, i.e.
using the probability of a photon to produce a hit on a PMT. The computation of
such probability is taken from tables which include the probability distributions of
the number of hits and the arrival times of the hits for photons originating from
different positions and with different orientations with respect to the OM. The ef-
fect of the OM angular acceptance and efficiency is included. Note that KM3 uses
the multi-particle approximation, namely all particles that are not electrons or muons
are simulated as equivalent electrons with the appropriate light yield. This collec-
tive approximation of the hadronic cascade makes KM3 unsuited for the simulation
of low-energy neutrino events in KM3NeT/ORCA, where the individual hadronic
cascade topology plays a role in event reconstruction; the same approach is not prob-
lematic for KM3NeT/ARCA and ANTARES, given the larger spacing between OMs
and the higher energy threshold.

¢ JSirene: framework for the light propagation developed within the Jpp project, al-
ready presented in Chapter 5. It is analogous to the previous software, but, instead
of using tables as KM3, JSirene takes analytical PDFs that give the users the proba-
bility for a photon, produced at a certain distance with a given energy and a certain
angle with respect to the light sensor, to arrive to a PMT and to be converted into a
photoelectron. The distance and angle to generate the PDFs are computed from the
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interaction vertex for tracks and from the maximum of electron emission in the case

of a shower.

B.1.3  Detector response simulation and trigger

Estimating the trigger efficiency is a crucial step in each analysis. The detector response is
simulated in ANTARES and KM3NeT with two different programmes with the same func-
tionalities, called TriggerEfficiency (TE) and JTriggerEfficiency (JTE), respectively. These
simulate the PMT response including electronics and accounting for the individual PMT
efficiencies and the detector calibration. E.g., for the KM3NeT detector, JTE is responsible
for the application of triggers defined in Sect. 5.1.1. By default, only events that survive at
least one trigger are kept for physics data analysis.

After the simulation of light propagation, the Transit-Time Spread (TTS)® of the PMTs is
simulated. In the KM3NeT software, a Gaussian smearing is applied to the hit arrival times
to simulate the TTS. In ANTARES, it is simulated directly from its measured values. Coin-
cident hits on the same PMT are also merged into a single pulse with an increase in ToT. In
addition to the detector response to individual hits, the background due to environmental
conditions can also be directly simulated at this step, including the “°K contribution at
each multiplicity and the total baseline rates. However, note that the programme does not

provide the possibility of simulating time/space correlations from bioluminescence.

B.1.4 Run-by-run strategy

The MC simulation strategy provides the possibility to simulate the detector response in
a Run-By-Run (RBR) mode: for every physics run, a specific MC is produced through a
TE/]JTE option that takes information from data and uses it in processing the physics
output of the MC chain. This approach is used to take into account the variability of
conditions in a marine environment and their effect on data acquisition. In this way, a
temporary or permanent malfunction of a PMT is also considered. Finally, only the triggers
active during a specific data acquisition run considered in the simulation.

In this thesis, the RBR strategy was used in the stacking analysis aimed at looking for
v-GRB coincidences using ANTARES data and is described in Chapter 4. In particular, it
was used to simulate inside the ANTARES detector the expected neutrino signal coming
from a temporal and spatial window selected around each GRB of the used sample, taking
into account the specifics of the data acquisition run during which each burst occurred.

The TTS of a PMT refers to the transit time jitter of a single photoelectron output pulse generated by the
amplitude of the light pulse irradiating the photocathode surface, which is an important indicator to measure
the time characteristic of the PMT. Generally, the full width at half maximum of the statistically obtained
electron transit time spread is called the TTS.
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B.2 EVENT RECONSTRUCTION

The reconstruction of triggered events is a fundamental step in the analysis chain with neu-
trino telescopes, where an event is basically a set of triggered hits detected by the PMTs,
associated with a position, a time, and a charge related to the number of photoelectrons
that is detected. In this view, the patterns of the hit time, hit amplitude, and hit position
over the strings are used to trace back the trajectory of the particle inducing the Cherenkov
light, and hence to infer the interaction vertex, the direction of the outgoing lepton and
its energy, the latter quantities being a proxy of the parent neutrino energy and the direc-
tion of the parent interacting neutrino. Different approaches are followed according to the
detector configuration and the event topology (tracks and showers).

Algorithms that perform the event reconstruction for ANTARES and KM3NeT are de-
scribed below. Note that their performances, previously discussed in Sect. 2.5.3, depend
on the precision of reconstruction software, because they determine the detector capability
to infer the direction of incoming neutrinos through their interaction products (angular
resolution), as well as their energy (energy resolution).

B.2.1 Track reconstruction

In this thesis, two track event reconstruction algorithms have been used, one for ANTARES
(in Chapter 4) and the other for KM3NeT (in Chapter 5). A brief description of the two
and the quantities specifically used in this work are reported in the following.

B.2.1.1 ANTARES

DIRECTION RECONSTRUCTION  AAFit [420] is a high performance algorithm devel-
oped by the ANTARES Collaboration to reconstruct track-like events and used in the
present thesis for the analysis in Chapter 4. It is based on a likelihood fit, which is recur-
sively performed through several steps with an increasing sophistication, up to provide
the starting point for the last likelihood fit: a linear prefit (x> minimiser), a M-estimator fit
(also a minimiser) and a maximum likelihood fit with a simplified PDF. Based on causality
criteria, a pre-selection of hits is applied to feed the reconstruction algorithm and discard
pure-noise hits. After these three steps, a final maximum likelihood fit is performed, which
gives the direction of the reconstructed track. To this aim, a maximum likelihood function
L, which includes hits with small time residuals with respect to the PDF used in the first
step, is used. A final PDF of the observed hit time residuals as a function of track parame-
ters is thus obtained.
The quality of the track reconstruction A is estimated as
A= losl +0.1(Neomp — 1), (B.1)
Npor

where the number of Degrees Of Freedom (DOF) of the track is given by Npor = Npits — 5
and Ncomp represents the number of solutions found by the reconstruction algorithm com-
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patible with the preferred result. Neomp is also an indicator for rejection of misreconstructed
tracks: for badly reconstructed events, Neomp = 1 on average, and can reach values up to
9 for well-reconstructed events (i.e., all the solutions have resulted in the same track). So,
higher values of A, better quality of the track reconstruction.

Another important parameter returned by AAFit is the angular uncertainty § on the
reconstructed muon track:

p= \/0'4)2 Sinz(erec) + 0'32/ (B.2)

where 0y is the reconstructed zenith angle of the track, and ¢y and ¢y are the uncertainties
in the reconstructed zenith and azimuth angles, respectively.

Typically, event selection criteria based on A and p parameters, in Eq. (B.1) and Eq. (B.2),
respectively, are used to improve the signal-to-noise ratio, as also done in Chapter 4: to
ensure solid directional reconstruction of the selected neutrino candidates, p < 1° is re-
quired; additionally, selecting simulated tracks with high reconstruction quality, allows us
to reject most of the so-called misreconstructed events, namely atmospheric muons falsely
reconstructed as up-going.

Note that another direction reconstruction algorithm, called BBFit [421], was developed
for ANTARES. This constitutes an alternative strategy (x? based) mainly used in analyses
focused on sub-TeV energies (e.g., dark matter), for which the algorithm is optimised. For
TeV-PeV energies, the better performant AAFit algorithm is preferred. However, BBFit has
been also adopted by ANTARES in online triggering follow-up observations among other
multimessenger studies. Indeed, its performs much faster, improving the computation
time with respect to AAFit of a factor of ~ 10, and this is very important for a real-time
observational strategy, discussed in Sect. 1.6.2. In fact, BBFit considers only the time and
position information of the hits, resulting in a simplified geometry of the detector. Despite
the less accuracy, the software is however able to reconstruct the muon direction with
good efficiency: its reachable median angular resolution lies between ~ 1° and ~ 3° for

multi-line and single-line events, respectively.

ENERGY RECONSTRUCTION For energy reconstruction in ANTARES, several estima-
tors can be used, using various features of the muon energy loss processes, applying dif-
ferent statistical methods and reaching different levels of complexity. Some methods use
parameter fitting, such as the timing information of the number of hit repetitions per OM
and the charge deposited during the particle propagation; others, instead, are based on
PDFs (a machine learning technique and maximum likelihood method are available).
Among them, one of the most used is based on the total muon energy loss mechanism; it
is called dE/dx energy estimator and is parameterised as in Eq. (2.5). To determine the muon
energy loss, the dE/dx estimator uses the total number of photons created by the muon
and incident on the PMTs. The total energy loss can be approximated by the quantity p as

Nhit .
dE, o Y0 a

TP e (B3)

175



176

APPENDICES

where Nj;; is the number of hits used for the reconstruction of the track, a; denotes the
charge recorded by a given PMT i, L, is the length of the muon path in the detector,
and € is a correction factor for the detector efficiency (it is a function of the distances
between the active PMTs and the reconstructed muon track and takes into account the
angular acceptance of the OMs). The quantity in Eq. (B.3) is then converted to an energy
estimation through calibration tables created from MC simulations. For more details on all
the energy estimator methods, see [422].

B.2.1.2 KM3NeT/ARCA

In KM3NeT/ARCA, Jpp applications are used to perform event reconstruction as a muon
track, determining its direction and energy in a same simulation chain, as explained in
[423]. This is called JMuonChain and includes the steps described below. As a coordi-
nate system for the muon trajectory fit, the one shown in Fig. B.3 is considered: given an
assumed direction for the muon, it travels along the z-axis crossing the z = 0 plane at coor-
dinates (xo,y0) at time #(. In the absence of scattering and dispersion of light, the expected
arrival time of Cherenkov photons on a PMT i, can be expressed as

b=ty + Z? + tan(@c)%, (B.4)

where 6. is the characteristic Cherenkov angle, p; = +/(x; — x0)2 + (y; — y0)? is the mini-
mum distance of the muon from the PMT and z; is the distance from the PMT to the z =0
plane.

N
- pi@/
muon PMT i :
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1
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’ ¢
¢ ”
X0 X: X

Figure B.3: Coordinate system used in the muon trajectory fit. Credit image: [423].

1. JMuonPrefit: this step overcomes the difficulty in the directional reconstruction fit
arising from the fact that this is originally a nonlinear problem, the muon trajec-
tory being defined by its position and direction at each point in time, for a total of
five independent parameters. In fact, the prefit is used to provide a suitable set of
start values for the final trajectory fit. By considering all pairs of consecutive hits,
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the problem becomes solvable. At this level, hits caused by optical background and
strongly scattered photons are excluded by selecting a cluster of causally related
hits, on which a linear fit is applied. Possible outliers are removed as long as their
contribution to the total x? is greater than 3 standard deviations. This procedure is
repeated for a scan of assumed track directions within a specific angle (the default
value for KM3NeT/ARCA is 1°). The N best-fit solutions are stored and used in the
next reconstruction stage (N = 12 used as a default value at the time of writing). The
quality of the fit is quantified as*

2

Q = DOF — 0.25-X

56F (B.5)

2. JMuonSimplex: starting from the fit solutions of JMuonPrefit, it performs an interme-

diate x? fit improving the reconstruction accurancy and reducing time residuals.

3. JMuonGandalf: this code represents the main algorithm of JMuonChain. Starting from
the twelve best-fit directions in the prefit, a maximum-likelihood search is performed.

By adopting an iterative approach, the following quantity is minimised:

. h’lﬁ(dtl,dtz, ...dtM|H0)
"~ InL(dty,dto,..dty|Hy)'

(B.6)

that represents the ratio between the logarithm of the likelihoods that a cluster of
hits with relative detection times dt; (1 <i < M =total number of hits in the cluster)
was caused by background only (Hp) and a track particle (H;). The best track is the
one with the minimum A value, found through the Levenberg-Marquardt algorithm
[424, 425]. The quality of the fit is then returned by a quantity (called lik) which is
higher the better is the fit. In the likelihood function, the PMT response is described

by a set of PDFs as
oP
‘C = I—[ a (Pi/ eir ¢i1At)/ (B7)
PMT hits

where 6; and ¢; describe the orientation of the PMT (see Fig. B.3) and At is the
difference between the expected and measured arrival time of photons on PMTs.
PDFs include information about the PMT response as a function of the minimum
distance from the muon track to the PMT, the PMT orientation, and the time residual
of the hit. These are computed semi-analitically from simulations. In this regard, it
is worth mentioning that muon arrival time PDFs are found to be characterised by
a very sharp peak that exceeds the expected background rate by many orders of
magnitude [423]. This constitutes the key for achieving the optimal performances
expected in KM3NeT/ARCA, in particular the unprecedented angular resolution of
~ 0.1° at energies greater than 10 TeV (see Fig. 2.12).

4 Dividing by the number of degrees of freedom is done in order to weight the fit directions with small associ-
ated hit statistics with those fit directions with a large number of hits. The division by 4 is chosen to provide
sufficient separation between the qualities of the individual fits.
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4. JMuonStart: this reconstruction step defines the vertex, i.e. the start position, of the
muon trajectory. The first emission point along the track, under the Cherenkov angle,
exceeding the random background level, is selected as the start position.

5. JMuonEnergy: the last step of the chain determines the muon energy through the
maximisation of a likelihood that considers, as a function of the muon energy, the
spatial distribution of hits/no-hits on PMTs inside a cylindrical volume surrounding
the track hypothesis. The probability of a PMT being hit is obtained from the same
PDFs as those introduced for the JMuonGandalf step. All PMTs within a predefined
road width (200 m by default in KM3NeT/ARCA) around the muon trajectory are
used.

The reconstruction chain described above is important for this thesis, as it is adopted for
the real-time reconstruction of events in the KM3NeT/ARCA detector (see Chapter 5). In
particular, the Jpp modules for estimating the vertex and energy of online events (steps 3.
and 4.) have been developed for the first time in the context of the present thesis.

B.2.2 Shower reconstruction

TANTRA (Tino’s ANTARES shower Reconstruction Algorithm) [426] and AAshowerfit [423]
are the shower reconstruction algorithms developed in ANTARES and KM3NeT/ARCA,
respectively. While for tracks the vertex position is reconstructed, in the case of showers
the algorithms fit the position of the maximum of the shower development. In addition,
since tracks can start outside the instrumented volume, meanwhile showers are contained
events in the detector, in the latter case it is easier to infer the energy, by estimating the
energy deposited in the detector. Both TANTRA and AAshowerfit are based on an initial
fit of the vertex position followed by a cascade direction fit. A likelihood maximisation
is performed, the likelihood being built considering the distribution of PMTs being hit or
not.

Since for the purposes of the present thesis these algorithms are not used’, their de-
tails are not provided here. The interested reader can refer to the references previously
indicated for a detailed description of all reconstruction steps.

5 At the time of writing, the implementation of real-time shower reconstruction for events detected by the
KM3NeT/ARCA detector is under development and test. To this aim, we are adapting AAshowerfit to online
purposes, taking DAQ events as input of the algorithm, analogously to the online track reconstruction.



RECONSTRUCTED ENERGY CORRECTION FOR
KM3NET/ARCA6 MC PRODUCTION

In this appendix, I present a correction derived for reconstructed energies of events de-
tected by the 6 strings configuration for the ARCA detector (KM3NeT/ARCAS®6). Both neu-
trinos and muons resulting from dedicated MC simulations (the MC production chain for
KM3NeT is described in Appendix B), can be gone through a reconstruction chain able to
estimate the direction and the energy of the incoming neutrino and/or muon generating
the detected signal with a quality defined by a parameter called [ik.

By comparing the event direction and energy at generation level and the same quan-
tities returned at the end of the reconstruction chain, it is possible to evaluate the level
of accuracy in characterising each event; namely, the angular resolution with which the
direction of the original event is reconstructed and the energy resolution, both already
discussed during this thesis (in Sect. 2.4.1 and Sect. 2.4.2, respectively). As regards the
energy, one should take into account that the reconstruction software returns a value that
need to be revised through a specific correction, that is MC dependent; in other words, for
a proper evaluation of each event energy, the original reconstructed value is recalculated
thanks to a correction derived by comparing the generated and the reconstructed energy
values. Note that each correction can be used only for the specific MC production from
which it has been derived, namely it refers on a specific detector configuration and MC
software version. In addition, different energy corrections need to be applied on neutrinos
and atmospheric muons, being these generated in the MC production chain by different
software.

In the following Sect. C.1, the characteristics of the KM3NeT detector configuration with
6 strings, for which the energy correction has been derived, are presented. This correction
is provided in Sect. C.2, together with the neutrino MC production that has been used
to derive it, and is finally applied in an analysis, performed by KM3NeT, searching for
neutrinos in association with the blazar PKS 0735+17 in Sect. C.3.

c.l KM3NET/ARCA6 DETECTOR CONFIGURATION
For deriving the energy correction here discussed, a specific MC simulation for

KM3NeT/ARCA at 6 strings was used, that refers to an ideal detector which is not tuned to
the exact settings of the true calibrated detector in the seawater. This MC production was,
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Figure C.1: Footprint of the KM3NeT/ARCAG®6 ideal detector used for the MC simulation. The 6
strings are shown as blue points, overlayed to the KM3NeT/ARCA115 footprint (black
points). The can considered in the simulation is indicated as a red circle (whose center
is given as a red dot).

indeed, produced to test the performances of KM3NeT/ARCAG®6 before its deployment (it
will be called in the following ARCAG6 test production).

The footprint of KM3NeT/ARCAG6 is shown (in blue) in Fig. C.1, where it is compared
with the future detector configuration KM3NeT/ARCA115 (in black). The effective volume
(introduced in Eq. (2.13)), within which the detector is supposed to be able to trigger events,
is indicated in red.

C.2 NEUTRINO MC PRODUCTION AND ENERGY CORRECTION

To derive the energy correction for neutrino events in the KM3NeT/ARCA®6 detector, 200
MC simulations files were used both for v,-CC and 7,-CC events, generated between 100
GeV and 100 PeV according to an E~14 power law'. In Fig. C.2, a 2D histogram compar-
ing the simulated MC energy (mc_trks[0].E) and its corresponding reconstructed value
for the track with the highest value of lik parameter (best_t.fitinf[4]) is shown. In
Fig. C.3, the distribution of all (best_t.fitinf[4]) values from entire sample of MC files
is reported.

For the estimation of the energy correction, only events with number of triggered hits
Nhits > 20, lik > 60 and angular uncertainty By < 1° are considered, as they allow to par-

tially discard noise and badly reconstructed events and obtain a more detailed evaluation

It is worth noting that in the used MC files the muon energy is at can level. In principle, for this reason, a first
correction that evaluates the fitted muon energy at the enter point into the can has to be applied. However, as
this effect is expected to be small, it is here discarded.



Ejc (me_trks[0).E) [GeV]

10

Log

wn
IIII|II\I|IIII|IIII|IIII|IIII

hist2d_emc_erecfitinf

hist2d_emc_erecfitini

663622 P

2 4.82
d 5.626

Std Devx 0.8942
SidDevy 1.193

IR R B R 0

8 7 8
Logw E,oco (best_Lfitinf[4]) [GeV]

APPENDICES

Figure C.2: Logarithm of the true MC energy as a function of the logarithm of the uncorrected
reconstructed energy for v, + v, in ARCA®6 test production. The blue solid line shows
the bisector, where both distributions should peak if the reconstructed energies were as

simulated ones.
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Figure C.3: Logarithm distribution of the uncorrected reconstructed energy for v, + 7, in ARCA6
test production (a) without any cut, and (b) with cuts Ny;s > 20, lik > 60 and Sy < 1°.

of the energy correction. From Fig. C.2, it is clear that the reconstruction chain tends to

underestimate the real energy of the detected tracks induced by v, and 7, CC interac-

tions in KM3NeT. This demonstrates the importance of evaluating and applying an energy

correction for events at the end of the reconstruction procedure.

The method adopted to correct energy values as directly returned by the reconstruction

software is:

1. The median of each bin in the 2D-histogram of Eyjc Vs Ereco as in Fig. C.2 is evaluated;

2. A fit of those median values as a function of the reconstructed energies is performed;

3. The best-fit found in the previous step is then used as correction of the reconstructed

energy.
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The results of steps 1. and 2. are shown in Fig. C.4. The median values of the MC versus
reconstructed energies for each bin of Fig. C.2 are represented by the grey crosses. The red
solid lines show the fits performed on these points for two different energy ranges, namely
Ereco between 1 TeV and 1 PeV, and E;eco >1 PeV. The fit in the energy region between 100
GeV and 1 TeV is discarded, because of the low statistics available with the set of MC

simulations used.

v, + UV, Ereco correction, 200 MC files, ARCA6 test production
871 Niits > 20, lik > 60, Bo <1°

~

logio(mc_trks[O].E)
& bl @
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¥ Median values for each bin (2D hist Emc vs Ereco)

3 4 5 6 7 8
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Figure C.4: Median values of log1o(Emc) vs 10g10(Ereco), where Ereco is stored in fitinf[4].

The functional form of the fitting function shown in Fig. C.4 for Ee., between 1 TeV and
1 PeV is given by the following polynomial (goodness of fit: x* ~ 0.01):

1081, (Etrue) = 0.320148 + 1.135019 108, (Ereco) — 0.011443 1og, o (Ereco)?, (C.1)
while for E;eco > 1 PeV (goodness of fit: X% ~0.002)

1080 (Etrue) = 316.930828 — 180.943643 10g,(Ereco) + 38.962374 10g, o (Ereco) >+

(C.2)
—3.674432 10g,(Ereco)® + 0.128467 10g,(Ereco)*

By applying the corrections in Egs. (C.1) and (C.2) to the energy values returned by the
reconstruction chain in the MC neutrino production, the results in Fig. C.5 are obtained,
where the true MC energies and the corrected ones are compared. Such plot demonstrates
the validity of the correction found on the ARCA6 MC test production (produced in the
energy range 100 GeV - 100 PeV) by applying the cuts Nyjs > 20, lik > 60 and By < 1°.
Note that this correction has been derived by using MC neutrino files where the spec-
tral index at generation level is equal to 1.4. However, neutrino spectra usually consid-
ered in analyses searching for neutrinos produced in astrophysical sources, usually con-
sider a spectrum ¢, E—2. For this reason, how the difference in neutrino spectrum
could affect the energy correction was investigated. Indeed, in Fig. C.6 a 2D histogram of
10810 (Ereco,corr / Emc) Vs logioEmc reweighted by considering the neutrino spectrum with a
shape « E ~2 is shown (for the explanation of the computation of event weights, the reader
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Figure C.5: True MC energy as a function of the corrected reconstructed energy for v, + 7, in

ARCAG6 test production.
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Figure C.6: Comparison among reconstructed and MC neutrino (v, + 7,) energies in ARCAG6 test
production by weighting the neutrino spectrum for a signal energy spectrum of o« E~2.

can refer to [414]). It appears that the corrections found in Eq. (C.1) and (C.2) describe well
also the spectra weighted with a hard spectrum: after correctly weighting the neutrino
spectra, on average Erecocorr = 1.2 Epmc.

Note that, in turn, atmospheric muons show an opposite behaviour with respect to
neutrinos, namely the reconstructed energies generally overestimate the real (simulated)
muon energy values. As an example, Fig. C.7 and Fig. C.8 show this behaviour for the
most energetic muon of the bundle and for the entire muon bundle (the energies of each
muon are summed up), respectively. Such results were obtained through 50 MC files of
the ARCAG test production, each containinf the result of a simulation of 107 atmospheric

muons.
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Figure C.7: Logarithm of the true MC energy as a function of the logarithm of the uncorrected
reconstructed energy for the most energetic simulated muon among all the muons
of each bundle in ARCA6 test production (MUPAGE simulations). The blue solid line
shows the bisector, where both distributions should peak if the reconstructed energies
represent the real ones.

hist2d_emc_erecfitinf

—_ 7 hlStEdiemC erecfitinf
s L Entrieg—" 1337009 [)C
O mx 3.641
T s Mean y 3.231
¢ L StdDevx 04476 PC
s F ;- _|StdDevy 04984
Q -
£ 5S¢ 100¢
T r-
— ==
I oglE
g 45 800
[TV
=
o
ki 600
400
200
D | | | | | | | | | | I | ‘ I I | | | | | | | | | | | | | ‘ I D

2 2.5 3 3.5 4 4.5 6.5 7

5 5.5 6
Logw E,eco (beSt_Lfitinf[4]) [GeV]

Figure C.8: Logarithm of the true MC energy as a function of the logarithm of the uncorrected
reconstructed energy for the simulated muon bundle (the energies of each muon of
the bundle are summed up) in ARCAG6 test production (MUPAGE simulations). The blue
solid line shows the bisector, where both distributions should peak if the reconstructed
energies represent the real ones.
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C.3 ASTROPHYSICAL APPLICATION: SEARCH FOR NEUTRINOS IN ASSOCIATION
WITH THE BLAZAR PKS 0735+17

The energy correction here investigated has been applied, for the KM3NeT/ARCA detec-
tor, in a specific analysis performed by the KM3NeT Collaboration, whose results can be
found in [427].

The 8th of December 2021, the IceCube Collaboration detected a track-like event char-
acterised by a moderate probability of being of astrophysical origin [428], alerting the
worldwide multimessenger community and encouraging follow-up by other instruments
to help identify a possible astrophysical source for the candidate neutrino. This event was
associated with a strong flare of the blazar PKS 0735+17 in v rays, X rays and radio and,
interestingly, also the Baikal-GVD Collaboation reported an observation of a high-energy
cascade neutrino in coincidence with this flaring blazar and the IceCube event (IC 211208A)
[429]. At that time, the automatic analysis pipeline described in Chapter 5 was not active
and it was not possible follow-up KM3NeT data in real-time. However, motivated by the
interesting scientific case, in the subsequent weeks KM3NeT looked at data to search for
a potential correlation with IC 211208A and the flare of PKS 0735+17, the latter covering
the full month of December 2021. During a 1 day time-window centered on the IceCube
event time, no up-going muon neutrino candidate was recorded by the ARCA detector
within an MDP optimized search cone of 1.4° radius centered on the blazar coordinates.
During this time window, the source remains 42.3% visible. An additional search over an
extended time window covering the full month of December 2021 has yielded one up-
going muon neutrino candidate in coincidence in ARCA at Dec 08h51’31.6 from the blazar
direction (RA=113.5°, DEC=17.6°, Error (50%) = 1.8°). The energy of this event, under the
hypothesis to be induced by a neutrino, was estimated to be ~18 TeV. This evaluation was
possible thanks to the energy correction in Eq. (C.1), since the KM3NeT/ARCA detector
was taking data at that time with a configuration similar to the one described in Sect. C.1.
The p-value of this association is 0.14. The 5-95% neutrino energy range where this search
is sensitive is 9 TeV-11 PeV.
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