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Abstract

The breakthrough discovery of an astrophysical flux of neutrinos between TeV and PeV en-
ergies with the IceCube experiment in the year 2013 is a milestone in multi-messenger astro-
physics. ldentifying the sources of this cosmic flux remains to date a challenge. Traditional
time-integrated searches for point-like sources of neutrinos showed evidence of cumulative
excess of events with respect to the expected atmospheric neutrino background in corre-
spondence of four known sources, in order of importance NGC 1068, TXS 0506+056, PKS
1424+240 and GB6 J1542+6129. However, the significance of such excesses, 3.3s, is still too
low to announce the discovery of a source of astrophysical neutrinos.

Several astrophysical scenarios are considered good as candidate neutrino emitters and,
among those, a good fraction exhibits large variations in their non-thermal electromagnetic
emission. This suggests that neutrino signals shall likely be variable in time as well.

The IceCube Neutrino Observatory features the capability to observe the entire sky with
a full-duty cycle. This opportunity enables to continuously search for transient neutrino
emissions and alert the astrophysical community with the lowest possible latency in case of
detection of potential astrophysical neutrinos. To ensure good efficiency in collecting possi-
ble neutrino flares, IceCube implemented an infrastructure that generates alerts whenever a
flare is detected above a predefined significance threshold.

In September 2017, the IceCube neutrino alert produced by the IC170922A event triggered
follow-up observations over a wide range of frequencies, from radio to gamma-ray ener-
gies, which found the neutrino event to be coincident with the known blazar TXS 0506+056,
observed to be in a flaring state. The chance coincidence of these events is statistically dis-
favoured at the level of 3s, meaning that TXS 0506+056 is a candidate source of neutrinos.
Additionally, this observation demonstrated the potentialities of real-time multi-messenger
studies.

To increase the coverage of electromagnetic data during potential neutrino flares, the alerts
are being distributed to the astrophysical community with a relatively low threshold on the
significance. As a consequence, the majority of the alerts are expected to be due to statistical
fluctuations of the background.

This thesis focuses on the development of new strategies for a follow-up analysis of real-
time IceCube alerts to single out a possible sample of pure astrophysical neutrino flares.
The main challenge will be represented by mitigating the consequent loss in signal collection
efficiency.

First of all, a detailed study of the performances of the core algorithm and of the typical
characteristics of the alerts are performed. Then, new strategies to increase the signal-to-
noise ratio of the alerts are considered, focusing, in particular, on the conditions the neutrino
events need to fulfil to trigger the analysis. Different tests are performed and the effects
on the performance of the algorithm and on the characteristics of the neutrino alerts are
discussed.
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Chapter 1

Introduction

The discovery of cosmic rays by Victor Hess in 1912 [1] marked the beginning of a new
branch of physics, astroparticle physics, which focuses on the study of high energy particles
produced in astrophysical sources.

Despite the discovery of this radiation dates back to more than a century ago, its origin
is yet to be fully understood, especially for what concerns extreme high energy signals,
that are expected to be produced in cosmic accelerators, following some of the most abrupt
phenomena in the Universe.

Not only charged particles are produced in such environments, but also photons and neutri-
nos have been proven to contribute to the non-thermal radiation coming from astrophysical
sources. All of these particles are known as cosmic messengers, and the branch of astro-
physics that studies the combined information obtained from different messengers is called
multi-messenger astrophysics.

Among all, neutrinos are the messenger whose signature provides the most interesting in-
formation about the origin of high energy cosmic radiation. In fact, they are produced after
the interaction of cosmic rays with a dense target, and, being very weakly interacting, they
can travel enormous distances without being deflected, thus they represent a direct probe of
high energy processes in astrophysical sources.

The detection of astrophysical neutrinos is particularly challenging because of the high back-
ground and low fluxes, and combining the information coming from different messengers
could help increase the significance of signal excesses.

The discovery of astrophysical neutrinos is quite recent, it was announced by IceCube ex-
periment in 2013 [2]. Up to now, the search for astrophysical sources of neutrinos didn’t
lead to any conclusive result, but some objects are starting to emerge as candidate neutrino
sources [3].

IceCube features the capability of observing the full sky with an almost 100% uptime, con-
tinuously searching for transient neutrino emissions. In order to enhance the probability of
multi-messenger, an alert infrastructure was implemented to notify the astrophysical com-
munity whenever a significant neutrino event is detected [4].

In September 2017, a neutrino alert allowed the multi-messenger observation of a high en-
ergy neutrino in coincidence with the flaring blazar TXS 0506+056. Thanks to this observa-
tion, which proved the potentialities of real-time multi-messenger studies, blazars are now
considered candidate sources of astrophysical neutrinos [5].
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1. INTRODUCTION

In order to favour similar detections, IceCube Neutrino Observatory is currently involved in
the Gamma-ray Follow-Ugprogram, which aims at identifying neutrino ares coming from
known gamma-ray emitters in real-time and notify signi cant detections to Imaging Air
Cerenkov Telescopes (IACTs) with the smallest possible latency sending the so-called GFU
neutrino alertsfor follow-up observations. However, to increase the coverage of electromag-
netic data, these alerts are released with a relatively low threshold on their signi cance, thus
the majority of them are due to background uctuations.

This work focuses on the development of new approaches to increase the signal-to-noise
background of IceCube neutrino alerts, with the purpose of outlining a sample of astro-
physical pure neutrino ares. This will be done by acting on the conditions that the events
need to ful | in order to trigger the analysis that produces the GFU alerts.

This thesis is structured as follows: in Chapter 2 an overview of Multi-Messenger astro-
physics, the cosmic messengers, and the principal detection techniques will be given, in
Chapter 3 the IceCube detector will be presented, Chapter 4 is dedicated to IceCube real-
time infrastructure, with a particular focus on the Gamma-ray Follow-Up (GFU) analysis,
in Chapter 5 we will report the results of the test of the performances of the GFU analysis
and the reproduction of the last GFU results, Chapter 6 is dedicated to the new approaches
to increase the signal-to-background ratio of the neutrino alerts and, nally, in Chapter 7 we
will draw our conclusions and discuss the future perspectives of neutrino astrophysics at
IceCube.



Chapter 2

Multi-messenger Astrophysics

Cosmic rays are high energy charged particles that propagate through space for long dis-

tances before interacting in the Earth atmosphere producing a shower of secondary patrticles.

Their discovery dates back to 1912, when Victor Hess measured the rate of ionising radia-

tion at different altitudes while being on a balloon. The results showed that the ionisation

rate increased with increasing altitude and, after ruling out the possibility of this radiation

to be caused by the Sun, he concluded that"The results of the observations seem most likely to

be explained by the assumption that radiation of very high penetrating power enters from above into
our atmosphere[1]

The discovery of cosmic rays marked the beginning of a new branch of physics: astroparticle
physics, which focuses on the study of radiation of astrophysical origin and its relation with
astrophysics and cosmology.

Cosmic rays are not the only extra-terrestrial kind of radiation that can be studied. There are
four different messengers that provide insights about the nature of astrophysical phenom-
ena. These are:

e cOsSMic rays

» photons

* neutrinos

* gravitational waves.

The information provided by two or more different messengers coming from the same astro-
physical environment can be combined allowing for a more comprehensive understanding
of the phenomena. This approach is the so-called multi-messenger approach

During the past years, some of the most relevant results of multi-messenger astrophysics
were achieved. In August 2017, the detection of the gravitational wave event GW170817
observed by LIGO interferometer [6] and the independent observation of a gamma-ray burst
from the same direction performed by the Fermi-LAT satellite [7] allowed to observe the
merger of two neutron stars and gave proof that gamma-ray bursts can be powered by this
kind of events [8]. In 2017, instead, the detection of a high energy neutrino, IceCube event
IC170822A, in coincidence with the observation of the aring blazar TXS 0506+056 allowed
to identify blazars as candidate neutrino sources [5].

In this cgrhapter, the most relevant characteristics of all the messengers will be introduced,
with a focus on their role from a multi-messenger perspective.

3



2.1. COSMIC RAYS

Figure 2.1: Graphic representation of possible detection techniques of different cosmic messengers.
In particular, surface array detectors for cosmic rays detection, neutrino telescopes, and Air Imaging
Cerenkov telescopes and satellites for high-energy are shown. (Image credit: https://iihe.ac.be/
icecube)

2.1 Cosmic Rays

Cosmic rays are charged particles produced both in our galaxy and in extra-galactic envi-
ronments that cover a wide range of energies, from the GeV scale up to hundreds of EeV,
several orders of magnitude greater than the energies achievable in man-made particle ac-
celerators. As it can be easily observed in Figure 2.2, their energy spectrum is characterised
by steeping falling uxes. So, the detection of these particles becomes more and more dif-
cult at increasing energies. The cosmic rays spectrum can be modelled by an unbroken
power law:

df E ¢

— = f — 2.1

gE-T0 (2.1)
where f g and Eg are normalisation constants and g is the spectral index.

Some of the unsolved questions about cosmic rays regard the changes in the spectra: the so-

called kneeand ankle The knee corresponds to the region of the spectra around 3 PeV energy

where a change of the spectral index from 2.7t0 3.1 is observed. Itis believed to be

the region where extra-galactic cosmic rays take over the galactic component. The nature of

the ankle, the region of the spectra around 5 EeV energy, where the spectral index becomes
2.5, is still debated.

There are different satellites and ground-based experiments dedicated to the study of cos-
mic rays. In the GeV and TeV energy range, where the expected rate of particles is
1particle/m 2s, satellite experiments, as, for example, AMS-02, managed to characterise prop-
erly the cosmic rays spectrum. At increasing energies, and exponentially decreasing rates,
surface array detectors, such as Auger, which covers an area of 3000 knf, are necessary to
explore the properties of those particles.

Cosmic rays having energies above 1 EeV are known asUltra High Energy Cosmic Rays
(UHECR). They are particularly relevant because, thanks to their extremely high energy,
their trajectory is not bent while travelling through extra-galactic and galactic magnetic
elds. So, these particles are able to carry information about the sources in which they

4



2.1. COSMIC RAYS

Figure 2.2: Cosmic Rays energy spectrum. Data coming from different experiments are shown. The
grey shaded areas represent the expected detection rates. In this plot also the results for the leptonic
component of cosmic rays, antiprotons, gamma-rays and neutrinos are shown. (Image credit: https:
/ltinyurl.com/68nuppwt )

are produced, which is one of the long-standing puzzles about cosmic rays. Above 100 EeV
energies, a strong suppression of the ux is observed. Its origin is an other open question re-
garding cosmic rays. It may be due to the fact that cosmic rays accelerators, whose function-
ing is yet to be understood, can not exceed this energy or to the so-called Greisen-Zatespin-
Kizmin (GZK) cut-off [9], which consists in the interaction of UHECRs with a photon from
the Cosmic Microwave Background (CMB) producinga D™ resonance that suddenly decays
in two possible channels, causing this suppression. The processes are the following:

(
o P+p°

+ I
PT dcvme n+p*

(2.2)

The needed proton energy for this process to happenis5 10'° eV, and this kind of interaction
Is supposed to be happening for any proton that has energy exceeding this threshold.

Charged particles produced in astrophysical environments that strike onto our planet are
known as primary cosmic rays. Primary cosmic rays are mainly composed of hadrons (98%)
and, only for a small fraction (2%), of leptons. The hadronic component is primarily made of
protons (88%), a particles are also a relevant component (11%), and the remaining fraction
is made of heavier nuclei (Z> 2) and a small fraction of anti-protons.

Primary particles are very likely to interact with heavy nuclei in the atmosphere. The inter-
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