TIME-VARIABILITY AND PRIMORDIAL BLACK HOLE EVAPORATION:
ASTROPHYSICAL NEUTRINO STUDIES

A Dissertation
Presented to
The Academic Faculty

Pranav Mayank Dave

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
School of Physics

Georgia Institute of Technology

May 2023

Copyright © Pranav Mayank Dave 2023



TIME-VARIABILITY AND PRIMORDIAL BLACK HOLE EVAPORATION:

ASTROPHYSICAL NEUTRINO STUDIES

Thesis committee:

Dr. Ignacio Taboada
School of Physics
Georgia Institute of Technology

Dr. David Ballantyne
School of Physics
Georgia Institute of Technology

Dr. John Wise
School of Physics
Georgia Institute of Technology

Dr. Nepomuk Otte
School of Physics
Georgia Institute of Technology

Dr. Carlos Argiielles-Delgado
Department of Physics
Harvard University

Date Approved: April 18, 2023



There is stardust in your veins. We are literally, ultimately children of the stars.
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SUMMARY

Our current understanding of the universe stems from observations across the electro-
magnetic spectrum as well as additional messengers, such as gravitational waves, cosmic
rays, and neutrinos. Notably, in 2013, the data collected by the IceCube detector at the
geographic South Pole revealed a diffuse astrophysical ux of high-energy neutrinos [1].
After more than 12 years of operation, the class of sources that contribute to this diffuse
neutrino ux is not known, mainly due to the signi cant challenges associated with re-
constructing neutrino arrival directions and limited statistics. However, most recently in
2022, IceCube reported evidence of neutrino emission from NGC 1068, a nearby AGN and
Seyfert Il galaxy, using 8.7 years of observational data [2]. This time-integrated excess of
79'% neutrino events coincide spatially with NGC 1068 and are energetic and abundant
enough to be identi ed over the expected background, provides a unique opportunity to
ask: Is NGC 1068 a time-variable neutrino source? In this dissertatRdNTON a new
method to test for the time-variability of candidate neutrino sources is presented. As a
non-parametric methodAUNTONstablishes if neutrino data are consistent with a steady
time hypothesis. By applyindAUNTONbN this 8.7-year sample, we can conclude that
if NGC 1068 is a real neutrino source, lceCube data best describes it as a steady source.
This method supplements IceCube's existing are search methods that utilize a smaller
background to identify a neutrino are.

Hawking radiation elegantly uni es general relativity, quantum eld theory, and ther-
modynamics. Primordial Black Holes (PBHs) formed due to density uctuations in the
early universe can offer a direct test of Hawking radiation. As the hole loses maigk;dt /
1=M?, over the age of the universe and evaporates, it can produce an observable burst in
neutrinos and -rays among other elementary particles. Currently, there is no evidence of
Hawking radiation or PBHs. In this dissertation, a search for evaporating PBHs is pre-

sented using high-energy neutrino data collected by IceCube for the rst time. As no
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signi cant emission was found, upper limits were placed on the local PBH abundance
at 170,342 pc 3yr ! for a search window o®:43 days. For reference, the strongest limit

on the local PBH burst rate density from any existing electromagnetic measurement is by
the HAWC collaboration a8; 400 pc 3yr ! at 99%con dence for a search window df
second. These high-energy multi-messenger searches for emission from individual PBH

bursts, at thd 0 2 pc scale, complement existing efforts to con rm Hawking radiation.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

For centuries, astronomers have relied on electromagnetic radiation to observe the cosmos.
From visible and infrared light to X-rays andrays, these forms of radiation have given
us extraordinary insight into the present and past thermal and non-thermal universe. The
thermal universe, referred to by observations of light from objects with a temperature, in-
cludes the observation of stars, galaxies, and the cosmic microwave background radiation
that forms the afterglow of the Big Bang sorti&38 billion years ago. The non-thermal
universe is dominated by other processes, such as the acceleration of high-energy particles
by strong magnetic elds or shock waves. For instance, high-energy electrons spiraling
around magnetic eld lines emit synchrotron radiation that can be detected in radio up to
X-ray wavelengths. This emission depends on the magnetic eld strength and the energy
of the electron and has been used to study a nearby supernova remnant. X-rayagnd
telescopes can detect radiation emitted by particles that have been accelerated to extremely
high energies, such as in supernova explosions or near black holes. This includes observa-
tions of extremely luminous regions in the centers of galaxies, powered by accretion onto
supermassive black holes called Active Galactic Nuclei (AGNs). By studying the non-
thermal universe, we can explore the most violent cosmic events in extreme environments
to understand and validate a wide range of elds in physics, including particle physics, gen-
eral relativity, and cosmology, that are impossible to recreate in a laboratory environment
on Earth.

In addition to traditional astronomy, we can also observe the non-thermal universe
through the detection of high-energy particles such as cosmic rays, neutrinos, as well as
gravitational waves. Cosmic rays are high-energy atomic nuclei and subatomic particles

that originate from outside our solar system, but their exact origins have remained a mys-



tery. These cosmic rays have been observed for over a century since con rmation by bal-
loon ight experiments. In 2017, a large-scale anisotropy was reported in their arrival
directions abové EeV = 1:28 Jenergy indicating that the highest-energy cosmic rays
are of extra-galactic origin [3]. Neutrinos, which are produced in the same astrophysical
processes as cosmic rays, can travel vast distances without being absorbed or de ected by
magnetic elds. Gravitational waves, which are tests of general relativity, have a similar
property of being observable through intervening material. While cosmic rays suffer from
this absorption and de ection, neutrinos and gravitational waves do not; modern technol-
ogy and recent breakthroughs have now allowed for the detection of astrophysical neutrinos
and gravitational waves. For instance, on 14th September 2015, the rst direct detection
of gravitational waves from the merger of two black holes of ma8&ll and 30 M

by the LIGO and Virgo collaborations tested general relativity in the strong- eld regime
[4]. On August 17, 2017, a binary neutrino star merger was observed in gravitational
waves (GW170817) along with a prompt burst ifrays (GRB 170817A) [5]. We now
enter the era of multi-messenger astronomy that allows us to add to our knowledge of the
non-thermal universe.

A breakthrough in 2013 con rmed a novel approach to astronomy that relies on neu-
trinos to observe the non-thermal universe. Despite the challenges of conducting scienti ¢
research in such a remote and hostile environment at the geographic South Pole, IceCube
has detected high-enerdy TeV neutrinos of extra-terrestrial origin [1], referred to as the
diffuse astrophysical neutrino ux. Neutrinos are extremely lighteV, subatomic par-
ticles that interact weakly with matter so tkm® size of the IceCube detector allows for
detection of these elusive particles at high-enerdie§eV. In fact, on 23rd February
1987, a galactic supernova SN 1987A 5kpk away provided the rst con rmation of
an extra-terrestrial neutrino source. These neutrinos were detected by several experiments

around the world, including the Kamiokande Il detector in Japan [6] and the IMB (Irvine-

1Equivalent to the kinetic energy attained by tossing a tennis ball



Michigan-Brookhaven) detector in the United States [7]. This is becaus@® neutrinos

with a total energy ofl(®3 erg are expected to be produced in a few seconds following a
supernova explosion. This burst eV neutrinos was observed approximately 2-3 hours
before the visible light from the supernova reached Earth, and althougH ®mnigutrinos

(out of 108 that passed through the Earth) were observed during the event, it was a
signi cant increase over the expected background. This landmark event has shaped our
current understanding of core-collapse supernovae as this provided us with the rst (and
only so far) direct evidence of a supernova driven by the collapsing core of a dying star [8]
[9]. The detection implied that there had been a proto-neutron star in existence for at least
10 seconds and declared the dawn of neutrino astronomy.

One of the many possibilities with neutrino astronomy is its potential to solve the long-
standing mystery of the exact origins of cosmic rays. On 22nd September 2017, a highly en-
ergetic neutrino ( 290 TeV) was detected by the IceCube experiment (dubbed IC170922A
[10]), indicating its probable origin to be astrophysical in nature. Due to IceCube's auto-
mated alert systems that noti ed numerous telescopes across the globe within minutes, it
was discovered that the blazar TXS 0506+054 pillion light-years away) exhibited in-
creased emission in high and very high energy gamma rays. This detection of a neutrino
coincident with a gamma-ray emitting blazar, while it was in an active phase, implied that
blazars could potentially be a source of high-energy neutrinos. A time-dependent archival
search in this direction with IceCube data reveald®a 5 neutrino excess over a 110-day
period, prior to IC170922A, in 2014-2015 [11]. However, it was found that the diffuse
astrophysical ux observed by IceCube can be accommodated by a sub-class of?blazars
like TXS 0506+056 only up to 5%[12]. This suggests that identifying the sources that
produce this diffuse ux will be challenging and we do not yet know much about the class
of sources that produces this diffuse ux.

Most recently in 2022, IceCube reported direct evidencdef neutrino emission

2That episodically produce neutrinos with the luminosity of the 2014 are



from the nearby AGN, NGC 1068 [2]. Thistime-integratedexcess of79"% neutrinos
was observed using 8.7 years of data recorded from 2011-2020, in part by re ning the data
calibration and processing techniques, as well as improvements to the point-source search
method used by IceCube. Interestingly, the inferred neutrino ux exceeds the potential
-ray ux by at least one order of magnitude. Because the connection between neutrinos
and -rays depends on the astrophysical environment, this suggeststisngt are heavily
obscured around this AGN's core. The supermassive black hole located at the center of
NGC 1068 enables the acceleration of high-energy particles that can produce neutrinos.
In addition, X-ray photons are generated through a process called photon Comptonization
from the accretion disk's hot plasma located above the disk, which is also known as the
corona [13, 14, 15, 16]. This corona provides the necessary conditions for the production
of neutrinos. However, at the same time, the plasma can be optically densayts leading
to suppression in their ux. Even though NGC 1068 is one of the closest and most well-
studied galaxies across the electromagnetic spectrum, the observed neutrino emission has
opened up new avenues in our understanding of AGNs, speci cally NGC 1068 .

A natural follow-up question to the NGC 1068 neutrino emission arises: Is this emis-
sion time-variable or is NGC 1068 a steady source? Now that IceCube has two candidate
neutrino sources, it is not obvious how to answer this question as there is some evidence for
both, aring and steady emission. In this dissertation, | present a new metAaNTON
that helps characterize current and future neutrino sources observed by IceCube. This
characterization of the time-variability of neutrino sources using IceCube data is detailed
in Chapter 6. By applying this method to the same 8.7-year data sample that identi ed evi-
dence from NGC 1068TAUNTONoncludes that the neutrino emission from NGC 1068 is
consistent with a steady source. Other than the Sun in our solar system, this method es-
tablishes NGC 1068 as the rst extra-terrestrial neutrino point source that can be expected

to produce more observable neutrinos in the future. Additionally, this method supplements
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the are-search methods employed by IceCube as it gathers more data and identi es other
objects in our universe as neutrino sources.

While IceCube has just begun to identify sources that contribute to the observed as-
trophysical diffuse ux, in this dissertation, | use high-energy neutrino data collected by
IceCube to consider Stephen Hawking's proposal in 1974 that black holes (BHs) can ra-
diate, lose mass, and eventuakyaporate[17]. Hawking radiation allows for the pro-
duction of every patrticle in the standard model of particle physics in the vicinity of the
BH, depending on its temperature or mass. This radiation causes an accelerating mass
loss, dM=dt/ 1=M2, and can be observable as the BH evaporates. A consequence of
this mass loss is that black holes formed in the early universe, commonly referred to as
primordial black holes (PBHs), can evaporate over the age of the universe. There is no cur-
rent evidence to support the existence of Hawking radiation or PBHs. Additionally, dark
matter (DM), estimated to constitu85% of the matter in our universe, has been another
long-standing mystery of modern astrophysics and PBHs have been previously consid-
ered to be DM candidates [18]. Various searches for Hawking radiation from PBHs have
signi cantly constrained the fraction of DM that can be explained PBHSs in our local uni-
verse. Alternatively, searches for nearby evaporating PBHs or individual PBHs have also
been conducted usingray telescopes. In particular, the High-Altitude Water Cherenkov
(HAWC) observatory, has the strongest upper limit on the evaporating PBH abundance
in our local universe:3400 pc3yr ' at 99 con dence for a 1-second search window
[19]. In this dissertation, | present a search for nearby evaporating PBHSs in the northern
celestial sky, > 5, where IceCube's sensitivity to point sources is optimal. By pre-
de ning null-detection in this search, this method constrains the local PBH abundance to
17Q 342 péyr ! at99%con dence for a 0.43 day search window.

This dissertation is organized as follows. In Ch. 2, | provide a brief overview of particle
astrophysics that is relevant to neutrino astronomy. In Ch. 3, | detail Hawking radiation

from evaporating PBHs and how it can allow for a time-and-energy dependent neutrino



ux at Earth. In Ch. 4, | review neutrino physics and the detection principles of current and
future neutrino detectors that can contribute to neutrino astronomy. In Ch. 5, | provide an
overview of the IceCube detector as well as the methods used to create and analyze high-
purity data samples used in this dissertation. In Ch. 6, | introduce the time-variability
test, TAUNTONMalong with its performance for generic time-variability and present the
results of applying this test to select sources in two data samples collected by IceCube,
including NGC 1068. In Ch.7, | detail the time-dependent search for evaporating PBHs
using the calculations in Ch. 3 on another sample collected by IceCube along with the
results and discussion about the limits. In Ch.8, | conclude and present an outlook for

neutrino astronomy.



CHAPTER 2
PARTICLE ASTROPHYSICS

2.1 Cosmic-rays

2.1.1 Introduction

lonizing radiation observed on the Earth's surface was originally believed to come from
radioactive -radiation in the planet's crust until Victor Hess showed the increasing levels
of radiation with altitude aboard an atmospheric balloon in 1912 [20]. A 100 years after this
legendary experiment was carried out, we know that cosmic rays are high-energy particles
coming from outside the solar system with energies ranging from GeV - 100 EeV. While
the composition of cosmic rays (CR) varies with energy, they are mainly dominated by
hydrogen and helium nuclei.

There are several interesting and challenging questions that remain to be answered re-
garding cosmic rays: What is their spatial distribution in the sky? What are their sources?
Which astrophysical environments allow them to accelerate to such a wide range of ener-
gies? How are these environments different or similar to other cosmic messengers (neutri-
nos, gravitational waves, photons)? How do they interact with the intergalactic magnetic
elds and background radiation? What is the composition of cosmic rays at the highest en-
ergies? In order to address these questions, we rst need to look at the cosmic-ray spectrum

and the physical mechanisms which allow the production of high-energy cosmic rays.

2.1.2 Spectrum& PossibleSources

The energy spectra for several messengers are shown in Fig. 2.1, as measured by a va-
riety of instruments, and the all-particle CR spectrum has some interesting features. The

most dominant species are protons 90%9 and heavier nuclei, and the shape of its spec-



Figure 2.1: Energy spectrurg?dN=dE, of various cosmic messengers by a variety of in-
struments, including air-shower experiments as well as observatories deployed in space
as described in the legend. This includes measurements of the isotropic diffage
background by Fermi and astrophysical neutrino ux by IceCube. Reference rates of
EdN=dE =1m 2s ! 1km 2s 1 1km 2yr ! are displayed as diagonal lines using a
multiplicative factor:E2dNdE=4 . This gure was created using an online repository of
measurements and code [21].



trum has been of particular interest and the different features are under active investigation.
Above a few GeV, the energy spectrum follows a power-law of the ferm, such that

the differential spectral index,, lies betweer2:7 and3:3. Suppression at the highest ener-
gies & 50EeV) is attributed to either attenuation from the cosmic-microwave background
(CMB) photons via pion photoproductiopt ! ") or a limit to the maximum energy

at particle acceleration sites. The' then decays intp+ °orn+ * and the resulting

p or n lose energy as the pions decay further inttays, muons, and neutrinos. As shown

in Fig. 2.1, two changes to this slope occur aroun® PeV (knee) and 5 EeV (ankle)
across the wide range of energies.

Our current understanding of the knee in the CR spectrum is that perhaps protons can-
not be accelerated to higher energies bey&n8 PeV by galactic accelerators, since for
instance a supernova remnant can only accelerate a proton upto a PeV [22]. That is given
that a galactic accelerator can accelerate a proton up to maximum eBgggy.then for
iron Z = 26 that would be26 E,.x SO more energetic comic-rays have to be heavier nu-
clei. This prediction can be checked by measuring the composition as a function of energy
near the knee. The spectral hardening before the ankle is attributed to extragalactic sources
since the radius of curvature for charged particles in our galaxy would be smaller than the

distance to the galactic center:

R. E=1EeV
' 2.1
lkpc B=1B (2.1)

Without going into the details of the acceleration mechanism, we can ask the question:
What kind of sources can suf ciently contain and accelerate a cosmic ray LpOtBeV?
In order to effectively accelerate a charged patrticle, the size of the acceleratidn sitgst

be at least of the order of its Larmor radiug;

pc
ZeBc

L r. = (22)



This relation is called the Hillas criterion since it places an upper bound on the maximum
attainable energy of a cosmic ray, given the typical radius and magnetic eld of the acceler-
ation site. For instance, a supernova remnant (SNR) with a typical magnetic 80 &

and size ofl pc, can maximally accelerate a cosmic-ray up@d’eV since more energetic
cosmic rays cannot be contained within the acceleration site. This is demonstrated for a
range of astrophysical environments in Fig. 2.2. Note that besides containment, a valid
acceleration site must have an effective acceleration mechanism which allows acceleration

for the observed cosmic ray energies.

2.1.3 AccelerationMechanism

Accelerating charged particles to ultra-relativistic energies poses an interesting theoretical
challenge. In order to explain the CR spectrum, this acceleration mechanism must allow

for the following features:
» A power-law energy spectrum of the fordN(E) / E dE,where2. . 3
» Acceleration of cosmic rays to 100 EeV energies

» Consistent with cosmic ray chemical abundance given the cosmic abundance of ele-

ments

In 1949, Enrico Fermi proposed a stochastic mechanism whereby a charged particle gains
energy by repeated re ections from magnetic interstellar clouds [24]. This results in a
2nd order average energy gained per coIIisioré I (v=0 2, wherev andc are the

speed of the cloud and particle respectively. While the resultant energy spectrum does
follow a power-law, the mechanism is too slow in low density clouds and fails to satisfy
the observed cosmic-ray spectrum [25, 26, 27]. Finally, in 1978, A. R. Bell formulated this
diffusive shock acceleration mechanism which utilized the Fermi mechanism in rst order

[28, 29].
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Figure 2.2: The 'Hillas' plot which constrains the maximum acceleration energy of a cos-
micray byEnax /| sZBL, where s is the effeciencyl. the size, and® the magnetic eld

of the acceleration sit& is the absolute value of the charge of the particle. The solid and
dashed line correspond to maximum acceleration upto 100 EeV of a proton for a perfectly
efcient ( s = 1) and typical ef ciency of ¢ = 1=30Q Larger, lowB acceleration or

a compact, higlB accelerator can satisfy this constraint as demonstrated. This gure is
taken from [23].
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A shock is a discontinuity in temperature and mass density, either due to mass-energy

interaction (de agration or detonation) or high-speed collision between ejecta and the am-

bient medium. In the presence of strong shocks, a charged particle can gain energy to the

rst order by crossing the shock front. This type of acceleration mechanism is called rst-

order Fermi acceleration. In order to describe this procesE, ktE, * be the energy of

a charged particle aftércollisions and® be the probability that the particle remains in the

acceleration zone after one collision, such that the number of particle& aiddisions are

N = NoPk. Note that > 1 for positive energy gain anfd < 1 to allow for the possibility

of the charged particle escaping. Eliminatkgve get:

N _ E In P=In
No Eq
Then
N E ) dN ~ E
No  Eq dE E,
. 1 P
since = InP=In ' ——; =

(2.3)

(2.4)

(2.5)

For a supersonic shock in monoatomic gass predicted to bd by the kinetic theory of

gases. Consequently, the differential energy spectruran be found to b2. However, the

detected energy spectrum at Earth is steeper since the probability that the particle escapes

is higher at higher energies:

dN / dN E
dE dE

Earth source

(2.6)

This escape parametet,can be estimated using measured ratios of primary to secondary

cosmic rays to b€:3 0:6. Therefore, rst order Fermi acceleration explains the general

characteristics of the observed cosmic ray spectrum.
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2.2 Neutrino and Gamma-ray Production

Neutrinos and gamma-rays point back to their source for identi cation, unlike cosmic-rays,
and they can all have an overlap of sources which is valuable in this era of multimessenger
astronomy. While photons cannot be directly accelerated, high-energy photons can be pro-
duced in radiative or collisional processes of high-energy charged particles. Consequently,
high-energy photons can be produced by purely leptonic models (synchrotron, inverse
compton) of production and as secondary products of hadronic interappom(). This
section will cover the hadronic interaction models for high-energy neutrino and gamma-ray

production.

2.2.1 Proton-nucleortollisions(ppinteraction)

In this beam dump process, let's assume a beam of protons collides with a molecular cloud
or interstellar material at energies much higher than the pion mass. The particles interact
with each other or undergo decay repeatedly until their energy levels fall below the thresh-
old for further interactions, leaving decay as the only possible outcome. Consequently, a
particle shower develops that produces pions and kaons, among other particles [30]. For
pions, due to isospin symmetry, about the same numbet;of* ; are produced. Each

0 decays into 2 gamma-rays, whereas the charged pions decay into a neutrino and muon,
which further decays into a neutrino, antineutrino, and an electron. This results in 3 neutri-

nos per charged pion, or 3 neutrinos for every gamma-ray.

p+p! N(%+ "+ )+ X (2.7)
°or 4 (2.8)

L R U (2.9)

! + 1 e + .+ + (2.10)
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This suggests a source avorratiodf, : N : N =1:2: 0, but this could be
suppressed for the electron neutrino avor if the muon emits via synchrotron before it
decays as on average it lasts longer than a pion [31]. Additionally, each neutrino on average
has1=4 the energy of the pions as opposed @ for the photons [23]. More importantly,
high-energy neutrinos can be accompanied by very high-energy (VHEYs from such

sites, only if the site is not opaque to these VHIEays.

2.2.2 Photoproductiorfp ) interaction

For environments where the target photon density and cross-section are much higher than
the matter density, this interaction becomes more important for a beam of protons. This
happens mainly via the resonance:

T

p+ | p+ © (2.11)

p+ ! Tl n+ 7 (2.12)
The cross-sections for the two processes are approxintatelyn favor of thep ° channel.

As we saw in th@gp-channel, neutral pions decay to 2 gamma-rays and charged pions decay
to 3 neutrinos. Additionally, this process occurs only beyond the threshold for producing a
*,4E, & m?, where is the energy of the target photons. Approximately, the energy

of the gamma-rays producedbs E,=10 and the energy of the resultant neutrinos is
E Ep=20. This relates the resultant neutrino to photon luminositiessL 3-8
since3=4 of the * energy is deposited in neutrinos atw? of the °© energy is deposited
in gamma rays.

If the site of production is optically thick or has dense material along the line of sight
to Earth, neutrinos might not be accompanied by gamma rays. More interestingly, if the

proton energy spectrum can be described by a power-law, an approximate relation can be
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derived [23] between the neutrino and gamma-ray uxes:

dN 3 dN
227 > 227 .
ESE(E)  JKE’=(E); (2.13)

whereK = 2 for pp-interaction andK = 1=2for p -interaction.

2.3 Atmospheric Neutrinos

Cosmic-ray interactions in the atmosphere produce atmospheric neutrinos and muons. This
collision of energetic protons and nuclei with the air molecules creates a cascade of sec-
ondary particles, which further interact, decay, or reach the ground. The atmospheric
neutrino production below 100GeV is dominated by the charged pion decay: !

T+ I e+ o+ + . Athigherenergies, upto 100TeV, the contribution from
kaon decay increases. At GeV energies, atmospheric neutrinos more or less follow the par-
entE 27 cosmic ray spectrum. This is demonstrated in Fig. 2.3 for various experiments.

At the TeV energy, however, it has softenedBo 3’ due to pion energy losses in
the atmosphere. For kaon-induced neutrinos, the spectrum is similafel energy. The

avor ratios for the conventional component favor thechannel heavily in energy range

100TeV[32]:N . :N :N =1:19:0. The energy spectra for this component are
also a function of the zenith angle since the mesons in more inclined showers tend to decay
rather than interact.

At energies& 10° GeV, kaons are known to signi cantly attenuate and the decay from
short-lived mesondY%; D ;Ds; ) dominates the channel for atmospheric neutrinos [33].
The avor ratios in this prompt channeligN , : N : N =12 : 12 : 1 Since
the composition of cosmic-rays and smalCD processes are relatively unknown, this
semi-leptonic decay of charmed particles into prompt leptons involve large uncertainties in
comparison to the conventional channel. These prompt neutrinos (or muons) have not been

observed yet and is an active area of research in IceCube [34].
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Figure 2.3: Atmospheric neutrino ux measured by various experiments as described in the
legend. This gure is taken from [35].
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2.4 Neutrino Sources and Outlook

Neutrinos as cosmic messengers provide a unique insight into the high-energy universe,
providing the ability to point back to their source unlike cosmic rays, and providing in-
formation about the optically thick environments at cosmic accelerators. Additionally, not
only are neutrinos produced in thermonuclear reactions that burn hydrogen to helium but
also provide a way for the interior of a star to cool by transporting energy away from the

core. We know neutrinos can be produced at the following sites:

1. Stars which generate thermonuclear energy, such as the Sun [36]
2. Neutron stars to provide cooling of astrophysical objects [37, 38]

3. Most violent phenomena including the Big Bang, supernovae, and Active Galactic

Nuclei (AGNSs) [39, 40, 41]

4. By-product of cosmic ray collisions either at the site of production or while propa-

gating [41, 42]

5. Annihilation of dark matter particles or Hawking radiation from black holes [43, 17]

While IceCube is most sensitive to neutrinos in the TeV range, neutrino sources can
emit over a wide range of energies; from cosmic background neutrinosldx 2 eV to
solar neutrinos upto a MeV, atmospheric neutrinos from cosmic ray air showers in the
GeV - TeV range, to a blazar producing a 300 TeV neutrino [10]. More recently, neutrino
production from Active Galactic Nuclei (AGNs) has been of interest due to evidence of
time-integrated emission from NGC 1068 [2]. Due to the relevance of these studies to this
dissertation, | shall brie y discuss AGNs in the context of neutrino sources to conclude this
chapter, however AGNs themselves are an extremely rich and diverse set of objects. This
diversity is commonly referred to as the AGN zoo. See [44] for a recent review of AGNs

across the electromagnetic spectrum.
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2.4.1 Active GalacticNuclei (AGNSs)

It is believed that supermassive black holes (SMBH&§,M . Mgy . 10°M , ex-

ist at the centers of most large galaxies including the Milky Way. The centers of these
galaxies that are extremely luminolis,,,  10*® erg=s, are called Active Galactic Nuclei
(AGNSs). The accretion of matter onto SMBHs produces activity across the electromagnetic
spectrum. Particularly, the Eddington limit provides the maximum luminosity of a star to

balance the inward gravitational pull with the outward radiation pressure:

Mgy

Legg = 1:38 10% N

erg=s (2.14)

The accretion of matter onto the SMBH has dif culty losing angular momentum and
consequently forms an accretion disk. In10%of AGNSs, this accretion process leads to
the formation of collimated out ows of gas and radiation known as jets, which can extend
for hundreds of thousands of light-years. The formation of these jets, perpendicular to the
accretion disk, is believed to be due to the interaction between the accretion disk and a
strong magnetic eld. AGNs can be broadly classi ed based on their radiative ef ciency
L=L ¢qq and relativistic jet strength, along with identifying speci c features in their spectral
energy distributions (SED)[44]. In particular, the subset of AGNs where the jet is directly
pointed towards Earth are callédazars While this jet can provide the aforementioned
beam dump to produce neutrinos, the disk can also provide a site for CR acceleration. In
particular, for the disk-corona model for an AGN, the accretion disk itself is surrounded
by a corona of hot, magnetized plasma. This corona can be the site of the cosmic-ray
acceleration, that can produce neutrinos. The corona is believed to be responsible for the
hard X-ray component of the AGN spectrum that is produced through a process known
as Comptonization via upscattering of low-energy photons. Intense neutrino emission has

been expected to be produced in AGN coronae once hadrons are accelerated together, as
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Figure 2.4: A schematic diagram of the disk-corona model for AGNSs that allows for intense
neutrino production in the vicinity of the disk. This gure is taken from [46].

shown as a schematic in Fig. 2.4. See [45] [46] for recent models that address neutrino

production from the disk-corona model.
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CHAPTER 3
NEUTRINOS FROM PRIMORDIAL BLACK HOLES

3.1 Introduction

The no-hair theorem postulates that black holes (BHs) can be described solely by their
charge, angular momentum, and mass. In other words, a BH contains no information
on how it reached a physically allowable charge, angular momentum, or mass. Stellar
evolution allows the creation of BHs if the stellar remnant has a &&3s 3M [40, 47].
Furthermore, we know supermassive BHs1(® 10°M ) exist at the centers of massive
galaxies [48] and their formation and evolution are active areas of research. BHs, across a
wide range of masses, have been of considerable interest over the past century. Notably, in
1916, Karl Schwarzschild provided a spherically symmetric solution to the Einstein eld
equations describing the gravitational eld of a point mass. This solution, referred to as a
Schwarzschild BH, is a black hole that has neither electric charge nor angular momentum
(spin). The Schwarzschild radius that de nes the event horizon (containing the region of

space that cannot affect any observer) is given by:

re= —— (3.1)

In 1974, Stephen Hawking proposed that thermal radiation due to quantum gravitational
effects near the event horizon of a BH would cause it to lose mass [17]. The black hole
temperature, which determines the instantaneous spectrum of Hawking radiation, and the
remaining lifetime of the black hole are a function of the black hole's mass. Furthermore,
the temperature of the black hole increases rapidly towards the end of the life of the black

hole, leading to a burst in radiation. Consequently, black holes of initial ma$6* g
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would completely evaporate over the age of the universe. Fluctuations in the early universe
could form such small black holes. Over the last decade, primordial black holes (PBHSs)
have been considered to be dark matter candidates. Assuming a narrow initial mass dis-
tribution, black holes can only be consistent with a dark matter hypothesis if they are in
the ranged0'®* 10' g (asteroid mass scaled? 10** g (sublunar mass scale) and

10 10°M (intermediate-mass black hole or IMBH) [18]. The latter mass range has re-
cently received a lot of interest due to the unexpected detection of tens of solar mass black
hole mergers by LIGO/VIRGO [4]. PBHs that have already evaporated have cosmological
consequences, however, they do not contribute directly to currently existing dark matter.
For broad initial mass distributions, PBHs with initial mass ofl0'® g, that are currently
evaporating, remain of interest [18]. Particularly, searches for emissionsiriciwndual

PBH evaporation have been carried out by various experiments.

A recent study by Fermi-LAT [49] searched for GeV gamma rays from PBHs over
their remaining months to a few years of existence when their mass had been reduced to
6 10'g. Because Fermi-LAT is sensitive to PBHSs at a distance @03pc, the study
took into account the proper motion of PBHs. Fermi LAT sets the local density rate for
evaporating PBHs at< 7:2  10° pc 3yr ! for a search duration df:26 1 seconds.

More recently, HAWC [19] placed the best limit ak 3:4 10° pc 2 yr ! for a burst

in > TeV photons lasting 10 seconds. Milagro, the predecessor of HAWC, placed [50]
an upper bound of 4 10*pc 3yr ! on the same time scale and energy as HAWC.
Imaging Air Cherenkov Telescopes VERITAS [51] and H.E.S.S. [52] that operate in the
> 100 GeVrange have also conducted searches and placed limits2at 10* pc 3yr *?

and 3 10*pc 3yr ! for the 30-second duration respectively.

3.2 Hawking Radiation

According to Hawking, the instantaneous rate of particle production, pefsypon helicity

state, in the energy rangg; E + dE) is given by [17, 53, 54]:
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( 1% (3.2)

where ; ; are the angular momentum, electric potential, and the surface gravity of
the BH respectively, while ands are the absorption probability and spin of the emitted
species. It has been shown that a BH would lose its spin and charge well before the re-
mainder of the mass ( M;=10) evaporates [55, 56] so we shall consider the chargeless,
spinlesscase €0 ; =0). The surface gravity of the hole is simply= GM=r2, where
rs is the Schwarzschild radius. Additionally, a temperature for the BH can be de ned as
kT = ~c®=8 GM . Using these relations for a non-spinning chargeless BH, we can rewrite
Eg. 3.2 as:

d®N E !

exp = ( > (3.3)

dEdt ~ 2 ~

Due to the inverse relation between the mass and temperature, the BH loses mass and
accelerates its temperature rise, and one can use the emission rate to calculate the tempera-
ture of the BH as a function of the time remaining to evaporatiorfhis is demonstrated
in Fig. 3.1 usingBlackHawk , which is a public Hawking radiation code [57, 58]. There

are two relations of interest in this accelerating mass-loss mechanism:

14 10¢g

kT =7:5 TeV (3.4)

M 3
- T4 10g (3-5)

In other words, a non-spinning, chargeless PBH of nlags 10 g evaporates in
one second and has a temperatur&:6fTeV, while another PBH with 10 times the mass
would evaporate in 1000 seconds and have a temperature of 750 GeV. While the Hawking

radiation spectrum is not a delta function, the temperature of the BH does dictate the order
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Figure 3.1: Instantaneous rate of Hawking radiation from two BHs with mak8es

10° and2:1 10° g demonstrated for select elementary particle species: neutrinos (top),
muons andW ; Z° bosons (bottom). This type of emission is referred to in the text
asdirect particle production as opposed to by-products of decay and hadronization from
unstable species. This calculation is performe@tackHawk which is a public Hawking
radiation code [57] [58]. | created this plot using tihatplotlib package irPYTHON
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of magnitude of the peak in emission ux and is therefore an important factor in searching
for PBHs. This form of emission described by Eq. 3.3 and shown in Fig. 3.1 delinest
neutrino production from a PBH. Additional neutrinos are produced by hadronization and

decays, which de ne thandirect neutrino production from a PBH.

3.2.1 IndirectNeutrinoProduction

Direct quarks and gluons from Hawking radiation can hadronize, which can further decay
into neutrinos. For instance, a charged pion can decay into 3 neutrinos as we saw in §2.2.1.
| use the public dark matter decay cotfhMSpectra [59] to compute the nal indirect
neutrino emission rate after calculating the direct emission rate BtaokHawk . A
popular particle physics codBYTHIA lacks full electroweak corrections above 500 GeV
primary (direct) so | compared HDMSpectra with PYTHIA to nd consistent results below
this energy range.

The decays are calculated using the fragmentation function mdtiadSpectra.FF ),
given the initial and nal particle species and the initial energy. Another important param-
eter in calculating decay spectra wiDMSpectra is the range of allowable nal particle
energies. This is addressed by conveniently labeling the ratio of nal to initial enengy as
The minimum possible value foris a parameter aptly nameg,, in HDMSpectra.FF
and the allowable minimum &0 6, thatisHDMSpectra calculates the decay/annihilation
spectrumdN=dx, upto a maximum of 6 orders of magnitude in energy below the primary
(initial) energy. However, we do not have experimental data to con dently calodiNetelx
to such low secondary energies, so a lowgk is more inaccurate [59].

The convolution of the decay spectra with the primary (initial particle) instantaneous

Hawking radiation gives us the indirect instantaneous Hawking radiation rate:

Z

dE; dt

max(E ;) dZNi dNi! f
—— (Ei; M ——— dE;
min(En) dE|dt( i BH) dE| i

(Ef;Mpgp) = (3.6)
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Figure 3.2: Per avor, neutrino and anti-neutrino indirect Hawking spectrum rate from
two PBHs, including contributions froi®; g; W ; andZ?° that are indicated by the
four colors in the legend. The solid and dashed lines correspond to different PBHs with
massed:3 10 gand2:1 1C g respectively while each panel corresponds to a nal
neutrino avor as labeled. | calculated this usiBackHawk andHDMSpectra [57]

[58] [59]. | created this plot using thmatplotlib package ilPYTHON
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Figure 3.3: Total all- avor instantaneous neutrino + anti-neutrino-rate spectrum rate of
Hawking radiation from a BH with maszs1 10° g and temperaturgé 10* GeV. This in-
cludes indirect + from all elementary particle species, including quarks (green), charged
leptons (pink), and bosons (blue). While the direct component is competitive at energies
greater than the temperature of the BH, the indirect component largely affects emission
below the BH temperature. | calculated this usBlgckHawk andHDMSpectra [57]

[58] [59]. | created this plot using thmatplotlib package ilrPYTHON

Since we are only interested in neutrinos from Hawking radiation, we have six possible
nal particle speciesf 2 f ¢, ¢ ; ; ; @, while the initial particle species can be
other elementary particles which can produce neutrinos namely quadkgrged leptons,
*, or bosond (along with their anti-particles): 2 f q; ; g. Additionally, min(E;); max(E;)
are ideally 0 and. respectively, but you typically have some limitations computationally.
In this particular case, the upper bound is giverxRy sincex = E; =E;. The lower bound
is set by the minimum energy of an emitted particle BémckHawk atl1 GeV. These in-
dividual contributions to the indirect, instantaneous neutrino rate can be compared across
avors, as shown in Fig. 3.2 for select primary/direct species like Higgs boson, gluons, and
Z%=W bosons for two BH masses #f3 10°gand2:1 1C°g.

Aninteresting feature of Fig. 3.2 is that the indirect component from each primary/direct
elementary particle rises below the black hole temperature. This is mainly due to the multi-

plicity of neutrinos from those speci ¢ primary species. However, due to limitations in our
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knowledge of the decay rates, extremely oy, < 10 ° are prohibited bydDMSpectra .
To generate these plots, | use the recommendgd = 10 4, which means the spectra
would fall off approximately 4 orders of magnitude below the temperature of the black
hole.

Finally, we can sum up the individual contributions to the total indirect neutrino + anti-
neutrino spectrum rate:

N . X X Ny
dEdt dE; dt

(3.7)
indirect f2f ; gi2f q;lbg

The different components are demonstrated fb@fag BH in Fig. 3.3.

3.3 Time-Integrated Emission

In this section, we consider integrating the direct and indirect neutrino emission from a
nearby evaporating PBH in time-bins, as well as oscillating all neutrino avors.t@€on-

sider a non-spinning, evaporating PBH as its mass decreases and the temperature rises.
Each "snapshot” in this process can be considered independently, that is a PBH with tem-
perature, sayl®® GeV will emit neutrinos directly and indirectly regardless of what its
temperature was a day ago. In order to calculate the time-integrated emission, the total
neutrino emission is calculated for each of these snapshots. In order to sample this evap-
oration properly, the snapshots are sampled in log-space of time to evaporation as per Eq.
3.5. We create 1000 snapshots of an evaporating PBH in log space of time to evaporation
from a maximum ofL(® seconds to a minimum df0 *? seconds. Each snapshot contains
per-avor ( = ¢ ; ) spectrum rate of neutrinos and anti-neutrinos, and can be
labeled asi?N '=dEdt for thei-th snapshot. The time-integrated, per- avor, neutrino

spectrum would then be:
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aN LN

dE. = dEdt

dt (3.8)

Each pair of ; and s forms the aforementioned time-bins and is coarsely binned in
comparison to the snapshots themselves to ensure that multiple snapshots are integrated in
a single time-bins. For a point-source PBH search, we use 29 time-bins log-spaced from
10 8 to 1P seconds, with the longest bin of up to 11.57 days. This is because typically
we expect to be sensitive to a PBH burst up t@:001pcor 3 10 km. Assuming a
typical proper velocity at that distance toe= 300 km/s, one can deduce that the angular
displacement of a PBH at that distance over a timescaletof 15 days is0:7 ( =
Vg t=d). This angular displacement becomes larger than the typical angular resolution of
a muon-neutrino in IceCube for longer timescalesZ weeks) and therefore breaks the
point-source assumption.

For each pair of time-bin( i; ), we can oscillate the per- avor neutrino spectrum
to at Earth. This is done by using the most recent ts for PMNS matrix parameters
(Nu t 5.1) for normal-ordering (NO) with Super-Kamiokande atmospheric data [60]. This

oscillation is carried out by performing the following matrix multiplication:

= U 70 2 O 39)
Earth ref  —gi=1 PBH
where; 2fe;; gandU, areelements of the PMNS matrix whil is the dis-
tance between Earth and the PBH. This is performed for muon neutrinos and anti-neutrinos
in Fig. 3.4 by taking an reference distance from Earth to PBHd,gf= 0:01 pc as per
Eg. 3.9. The interesting feature for this spectrum is the change in shape dGuGeV.
Before this change, the sprectrum is fairly hatd £ °#8), while it is softer ( E %) af-

ter the change. The spectral "break” has been explored in the caserays as well and
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Figure 3.4: Total time-integrated muon neutrino and anti-neutrino spectrum at Earth from
an evaporating PBI:01 pc away, using NuFit 5.1 normal-ordering best- t parameters as
per [60]. Each color represents a time-window corresponding to the time to evaporation i.e.
longer time windows are inclusive of shorter time windows. The effe¢iDMSpectra
paramete i, is demonstrated for values @D 4(solid) and10 ?(dashed). The under-

lying direct and indirect spectrum rates across the evaporation stages are calculated us-
ing BlackHawk andHDMSpectra respectively [57] [58] [59]. | created this plot us-

ing thematplotlib package irPYTHON
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Figure 3.5: The total number of muon neutrinos expected in IceQuge,from a PBH
evaporation event occurringg01 pc away at = 32 . This is calculated by integrating

the muon neutrino ux from PBH at Earth with the effective area of IceCube. The vertical
dashed line indicates tH#% containment and the corresponding time to evaporation is
316seconds. The chosen declination is for demonstrative purposes and this containment
is robust up to an order of magnitude at other northern celestial sky declinations. | cre-
ated this plot using thmatplotlib package irPYTHON

typically this shape is parameterized for use in searches for PBH bursts [19, 49, 50, 52].
This ux can be integrated with the effective area of a neutrino detector, such as IceCube,
to calculaten,¢s as a function of time to evaporation. For instance, 90% of events in Ice-
Cube can be expected to be observed &t seconds for a PBH evaporatifig01l pc

away at declination = 32 . This time, translated to the temperature by Eq. 3.5, yields a
PBH temperature dl:1 TeV. For a 10TeV indirect neutrino from a muon, via muon decay

( ! + ¢+ e ), the direct muon would have a Lorentz factor of 3 1(P, that trans-

lates to a muon decay time in the lab frameddd seconds. Essentially, for the purposes

of detecting neutrinos in IceCube from PBH evaporation @® days, these muons can

be assumed to instantaneously decay. All other standard model particles considered here

decay faster than the muon so this assumption is valitMor 2% H?; ; etc:
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CHAPTER 4
NEUTRINO PHYSICS AND DETECTION

Neutrinos are weakly-interacting fermions, named to suggest they are small, electrically
neutral particles. In fact, they are the lightest of all the non-zero rest mass elementary
particles, travel very close to the speed of light, and are the most peculiar particles in the
Standard Model. The traditional picture is that they have three avors, corresponding to
each charged lepton (electron, muon, tau lepton) and have an anti-particle for each avor
totaling to six types of neutrinos{;  ; ; ; ). This chapter will summarize

the discovery of neutrinos as a new patrticle in 84.1, while neutrino oscillations are brie y
explained in 84.2. Neutrino interactions with matter are covered in 84.3 which involve
the basis of current large-scale neutrino detectors, and nally these detection methods are

explored for various current and future large-scale neutrino detectors in 84.5.

4.1 Discovery

In the early 1930's there was quite a bit of interest in the process of beta decay, particularly
to explain the observed continuous beta energy spectrum. If an electron is the only product
of beta decay as the atomic numb@r) (of the atomic nucleus is increased by one, the
beta energy spectrum should have a well-de ned value. Additionally, the atomic mass
number A) is unchanged during beta decay, that is the nuclear spin remains unchanged.
However, the exiting beta particle (electron) carries one-half spin so angular momentum is
not conserved. Wolfgang Pauli proposed a resolution to this conundrum by suggesting a
light, neutral particle named "neutron” resided in the nucleus and accompanied the electron
during a beta decay [61]. Pauli's "neutron” was subsequently renamed "neutrino” by Enrico
Fermi but was only con rmed experimentally 25 years later since it became clear that

the small cross-section of neutrino interaction with matter meant this detection would be
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notoriously dif cult.

In 1956, Clyde Cowan and Frederick Reines experimentally con rmed the existence of
neutrinos [62]. The basis for this experiment was observing the inverse beta deeay:
p! n+ e wherein the exiting anti-electron annihilates with a nearby electron to produce
two observable photons, while the neutron is detected by getting captured by a nuclei and
observing the resultant photon. A large ux of anti-electron neutrino would be needed to
overcome the small interaction cross-section, estimated at the time tolfe 4> cm 2,
which a nearby nuclear reactor would be able to provide. After moving the experiment to
the Savannah River Plant in South Carolina in 1955, they were able to con rm this decay

channel and provide the rst experimental evidence of neutrinos.

4.2 Oscillations

In 1961, Danby et. al. performed an experiment by striking aluminum targets with ener-
getic neutrinos to show that the neutrinos accompanying muons in pion dekay, +

were different that the ones from beta decay [63]. This second discovery of neutrino is
now called muon neutrinos , whereas the ones from beta decay were (anti)-electron neu-
trinos .. This led to the notion of describing neutrinos by their leptonic counterpart as
"avors”. In the late 1960s, the solar neutrino ux was measured by R. Davis et. al. due
to nuclear reactions in the Sun [64]. A number of experiments followed suit with different
energy thresholds and concluded that the solar neutrino ux was signi cantly less than the
predicted amount [65]. This is known as the solar neutrino problem and was resolved by
understanding neutrino avor oscillations.

Neutrino oscillation is a quantum mechanical phenomenon, by which a neutrino can
spontaneously change it's avor. Each observable avor of neutrinos can then be consid-
ered a superposition of its (mass) eigenstates of the propagation operator, and vice-versa.
For the simplistic 2- avor case, say we have two avor eigenstates ( ) and two mass

eigenstates ; ,), we can assume a mixing angle4) to demonstrate the transformation
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between the eigenstates:

0O 1 O 10 1
cos sin
% eg - %} 12 12& %} 1& (4.1)
sin 1,  COS 12 2
The oscillation probability ( ! ) for this 2- avor case would then be:

(M m)L [GeV]

P, =sin?2 ;, sit 1.27
e 12 4E [eV2] [km]

(4.2)

For this 2- avor case, we additionally have the probability of a neutrino to retain its avor,
P, =1 P, .. Itisimportantto note thatin Eq. 4.2, the mixing angset 2 1,)
determines the amplitude of the oscillation, whilen? in uences the oscillation length
given a xed distance traveled per enerdyzE . Additionally, in 1989 the observation

of the energy distribution oZ ° resonance in the Large Electron-Positron Collider (LEP)
and Stanford Linear Accelerator Center (SLAC) experiments determined that there were 3
standard neutrino avors [66]. This established that there were 3 generations of fermion
families.

We will now consider the standard picture of neutrino oscillations with 3 avors, wherein
we have ¢ , D e ; , . In 1997, the Super-Kamiokande (Super-K) group
reported the rst clear evidence of this oscillation. Note that, just like the 2- avor case, a
non-zero, nite m? is required for neutrinos to oscillate and this study by Super-K indi-
cated that neutrinos need to have non-zero mass [67]. The 3- avor oscillation is described
by the 3x3 lepton mixing matrix, or the Pontecorvo—Maki—Nakagawa—Sakata (PMNS) ma-

trix [60]:
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1 0 O C;z O size'! Ciz Si2 O
U= %0 Co3 Szgg %} 0 1 0 g %} S12 Ci2 OE ; (43)
0 Soz Cp3 S;|_3€i 0 Ci3 0 0 1

wheres; =sin j, ¢ =cos j,and isthe CP violating parameter. This matrix is then

used in a way similar to the 2- avor case:

x3
o= Uiy (4.4)
i=1

where i are the row and column elementdbf respectively. Additionally, the oscillation

probability is similar:

P, =jh (L)j ij? U Ue 'z (4.5)

While the neutrino cross-section is extremely small, a weak potential in dense medium
(Earth, Sun) can affect neutrino oscillations by coherent forward scattering of ultra-relativistic
electron neutrinos. This matter effect, known as the Mikheyev—Smirnov—Wolfenstein (MSW)
effect, produces effective mass and it may seem those massless neutrinos could gain mass
in the matter but it can be shown that massless neutrinos cannot even oscillate in matter
[68]. Thatis, .; e caninteractwitre viaW exchange while no other neutrino can. This
creates an effective potential of with respect to other neutrino avors when propagating
through matter.

Currently, all three mixing angles;, two m?, and the CP violation phase,are
known from global-t results such aBluFIT [60]. While can have non-zero best-t
values, CP violations have not yet been observed in neutrino oscillations. Additionally,

there are two non-equivalent orderings possible:
* m; << m , <m3which is referred to as Normal Ordering (NO)
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* m3 << m ; <m, which is referred to as Inverted Ordering (10),

with the latest studies favoring NO slightly. The latest constraint to the electron neutrino
mass is< 0:8 eV/c? as per the KATRIN experiment [69] by measuring beta decay from
tritium, so this is an active area of research as well. In addition to these three standard neu-
trino avors, the possibility for a fourth avor of neutrino, called a sterile neutrino, exists.

A sterile neutrino is a type of neutral lepton that does not undergo ordinary weak inter-
actions, except for those that are induced by mixing which is referred to as 3+1 neutrino
mixing in literature. This type of neutrino is present in most extensions of the standard
model, and in principle can have any mass. This possibility is currently being investigated

[70, 71] and there is no evidence yet to support its existence.

4.3 Neutrino-Matter Interactions

Neutrinos only interact via weak interaction and gravity with matter. In order to understand
the detection of neutrinos, we need to rst look at how neutrinos interact with nucleons via
the weak interaction. Additional emphasis will be made on how these interactions can be
detected in a medium such as water or ice and how they can aid neutrino astrophysics.
In this section, | will give an overview of the main channels of neutrino interaction with a
nucleon. This classi cation is made by the charge of the mediating ba&ongr Z°) in the
interaction. Atincoming neutrino energies®f20GeV, the neutrino interacts with a quark
instead of the whole nucleon, breaks apart the nucleon, and causes a hadronic shower. This
type of interaction is called Deep Inelastic Scattering (DIS) and also follows the previously
mentioned classi cation depending on the charge of the mediating boson. Additionally, |

will discuss the (e resonance &:3 PeV, also known as Glashow resonance [72].

4.3.1 NeutralCurrent(NC)

As shown in Fig. 4.1a, when a neutrino of avbR f e; ; ginteracts with a nucleon via

a mediatingZ°® boson, it produces a hadronic shower along with another neutrino (of the
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(a) Neutral Current (NC) interaction (b) Charged Current (CC) interaction

Figure 4.1: Example Feynman diagrams of a neutrino interaction with a quark. This gure
was made using an online tool for creating Feynman diagrams.

same avor as the incoming neutrino) as follows:

|+ N ! |+ X (46)

In this type of interaction, a fraction of the energy of the incoming neutrino is used in
the interaction, and the outgoing neutrino escapes with the rest of the energy. For DIS NC
interactions, the nucleon is broken apart, and a single hadronic shower follows. As we shall

see in the next section, 84.4, this can be observed in water/ice via Cherenkov radiation.

4.3.2 ChargedCurrent(CC)

As shown in Fig. 4.1b, when a neutrino of avb@ f e; ; ginteracts with a nucleon via
a mediatingV boson, it produces a hadronic shower and an outgoing charged lepton (of

the same avor as the incoming neutrino) as follows:

AN+ X (4.7)
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The charged lepton produced in a CC interaction carri€9%of the energy. In the case
of an energetic = interacting with a nucleon\, the outgoing can travel several
kilometers inside a medium (water/ice) before decaying. As we shall see in the next sec-
tion, 84.4, this muon emits Cherenkov radiation in water/ice which can be detected. More
interestingly, at very high energies this muon is almost collinear with the incoming muon
neutrino, and the angle between them can be parameterized®y (E =TeV)%®. This
is particularly useful to provide good angular resolution for large-scale neutrino detectors.
Additionally, for a DIS CC interaction producing a , X is the hadronic shower so in
order to "reconstruct” this type of interaction in water/ice, both the charged lepton and a
hadronic shower need to be accounted for.

Similarly, when = . interact with a nucleon via the CC channel, an electron/positron
is produced. In a medium, this generates an electromagnetic shower and the outgoing
electron/positron does not travel very far. In the case of a DIS CC interaction producing an
e , a hadronic shower is also produced along with an electromagnetic shower, which can
be dif cult to differentiate from NC interactions in water/ice. Finally, a lepton can also
be produced in a CC interaction which varies in decay length based on its ebérgy (
for 1 PeV,500m for 10 PeV). In the case of a DIS CC interaction producing athe tau
decay can produce a hadronic or leptonic shower, so two hadronic showers some distance

apart in water/ice can be an identifying signature for tau neutrinos.

4.3.3 Glashowresonance

In 1960, Sheldon Glashow proposed a resonant formation \0f aboson when &:3
PeV (anti) electron-neutrino interacts with an electron [72]. In 2021, the IceCube neutrino
detector reported a shower of high-energy particles with an astrophysical origin and energy

of 6:05 0:72PeV. This provided the rst evidence of this resonant effect [73]. Since the
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Figure 4.2: An example Feynman diagram for
Glashow resonance, where tW¢ produces sec-
ondary particles such as quarks. This gure was made
using an online tool for creating Feynman diagrams.

W has various branching decay modes, this interaction can be generally described as:

e I W I X (4.8)

whereX can be a pair of quarks as shown in Fig. 4.2. The standard model cross-section
of this process is maximized f@cg = M3 =(2m,), whereM,, = 80:38GeV is the rest

mass of th&V andme = 0:511MeV is the rest mass of the electron. Identifying Glashow
resonance interaction events can be extremely useful for neutrino astrophysics since they
have to be produced by ag, and therefore can be used as a discriminating tool betpeen
andp interactions (see 82.2.1, 82.2.2). Since it is extremely dif cult for water/ice-based
neutrino detectors to separate neutrinos from anti-neutrinos, Glashow resonance interaction

events can provide a ux as well as verify the energy calibration of a detector.

4.4 Cherenkov Radiation

A charged patrticle traveling in a dielectric medium faster than the phase velocity of light in
that medium emits radiation, which is called Cherenkov Radiation. This phenomenon was
discovered by physicist Pavel Cherenkov in 1934. A popular analogy is a sonic boom for
traveling faster than the speed of sound. This occurs because the charged particle asymmet-

rically polarizes the dielectric medium, causing a change in the electric eld. The electric
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Figure 4.3: An illustration of Cherenkov radiation emitted by a charged particle moving
in a dielectric medium with refractive indexat speed/, = c¢. Note that the radiation

is conical and this illustration is a 2D slice. Figure from wikimedia commons, under the
Creative Commons Attribution-Share Alike 2.5 Generic license.

eld then drives the emission of light waves, which radiate away from the particle in a
cone-shaped pattern.

Say, we have a charged particle moving through a dielectric medium at a gpeed
c=n, wherecis the speed of light in vacuum amnds the index of refraction in the dielectric

medium. In this situation, the charged particle would emit Cherenkov radiation at an angle

given by trigonometry:

1
= CoS —— =CO0Ss Y ; (4.9)

where = vp=cas illustrated in Fig. 4.3. We can consider the limiting case where
the charged particle is moving at the speed of light in the medium to calculate the energy

threshold. This special case is satis ed when= 1=n, and the threshold enerdy,, , of
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the charged particle is:

s
1
Eyx = mc?= mc? i (4.10)
1 ¢
n
Ev = MPp—— (4.11)
nz 1

In a medium such as waten (= 1:33) or ice (0 = 1:31), the typical threshold energy is
1:52 or 1:55times the rest mass of the particle. On the other end of the energy spectrum,
there exists a maximum angle for an ultra-relativistic particle 1. For instance, in water,
this maximum angle is 43 . Additionally, the intensity of Cherenkov radiation, that is
the number of photons per unit length of particle path and per unit of radiation wavelength,
is given by the Frank-Tamm formula:

d°N 4 %z%¢? 1

dxd  hc 2 1 nZ 2z (4.12)

where the charge of the particleds= ze. In a medium of ice and ! 1, this intensity

is  200photons/cm. Note that the intensity is inversely proportional’tovhich means
Cherenkov radiation prefers shorter wavelengths. Typically, the emitted radiation has a
range of ultraviolet to visible light wavelengths, with the exact range depending on the
refractive index of the medium and the velocity of the particle. For example, in water,
the Cherenkov radiation emitted by high energy electrons has a wavelength range of about
200-600 nm, which is in the ultraviolet to blue light range. In air, the wavelength range is
slightly longer, from about 300-800 nm, encompassing ultraviolet to violet light.

This unique phenomenon allows the prospect to detect neutrinos since neutrino-matter
interactions produce charged particles as we saw in 84.3. Typically, an array of light
detectors (photomultipliers tubes or PMTSs) is deployed in ice/water, optimized to detect
Cherenkov radiation from neutrino-matter interactions. The arrival time and the number of

Cherenkov photons from different PMTs allow for the reconstruction of the original neu-
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trino direction and energy. However, neutrinos are not the only source of charged particles
on Earth. We know that cosmic rays produce a shower of particles when they interact with
the upper atmosphere (see §2.3). For instance, cosmic rays can produce energetic muons
that travel to the surface (thanks to time dilation) before decaying. This atmospheric muon
would also be detected by Cherenkov radiation and would constitute as "background” for a
neutrino detector (array of PMTSs) hoping to detect astrophysical or atmospheric neutrinos
deployed near the surface. In order to suppress this background of atmospheric muons,
most neutrino detectors are deployed deep underground. Additionally, understanding the
optical properties of the medium (absorption, scattering) in which a neutrino detector is
deployed is extremely useful, as this directly affects the arrival time of Cherenkov photons

in the PMTs.

4.5 Current & Future Detection Methods

As we saw in the previous section, a neutrino detector can reduce atmospheric muon
contamination by being deployed underground as well as detect neutrinos by detecting
Cherenkov photons in a dielectric medium (ice/water) via PMTs. For this dielectric medium
of ice/water, in the optical band, scattering and absorption of Cherenkov photons are mainly
dominated by impurities. In this section, | shall brie y summarize the optical properties of
ice to detect neutrinos (for IceCube) before moving on to the detection principles of current
and future detectors.

The refractive index of ice is 1.31, which is slightly lower than that of water (1.33),
which means that light travels slightly faster in ice than in water. Secondly, ice is largely
transparent to visible light, with minimal absorption in the visible spectrum. However, it
does absorb some ultraviolet (UV) and infrared (IR) light. Additionally, ice scatters light to
a certain extent and the amount of scattering depends on the size, shape, and arrangement
of the ice crystals. Ice also has a property known as birefringence, which splits light into

two separate polarized rays that travel at different speeds through the material. This can
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cause light to be partially or completely re ected, leading to the phenomenon of ice halos.
Finally, antarctic ice is generally optically clear, with minimal cloudiness or impurities.

However, the clarity can be affected by the presence of air bubbles, which scatter light and
cause the ice to appear cloudy. All of these properties combine to affect neutrino event

reconstruction in IceCube, as we shall see in the next chapter.

4.5.1 Super-Kamiokande

Super-Kamiokande (Super-K) is a large underground neutrino detector located in Japan.
It is designed to detect neutrinos through Cherenkov radiation emitted by charged particles
produced when neutrinos interact with water. The detector consists of a cylindrical tank of
puri ed water surrounded by photo-multiplier tubes (PMTs) which detect Cherenkov pho-
tons. Super-K has helped to make signi cant contributions to our understanding of neutri-
nos, including the discovery of neutrino oscillation (resolving the solar neutrino problem)
and the measurement of the atmospheric neutrino oscillation parameters [67]. Super-K has
also placed constraints on the possible existence of proton decay and searched for signals
of dark matter. While Super-K's sensitivity diminishes at high-energy to perform neutrino

astronomy, it will be able to detect a galactic supernova [74].

4.5.2 AMANDA

TheAntarcticMuonand NeutrinoDetectorArray (AMANDA) project served as a precur-

sor to IceCube Neutrino Observatory at the South Pole. Its goal was to attempt to search
for astrophysical neutrinos, by spreading out the photomultiplier tubes (PMTSs) in a larger
detector volume deep in the ice (depth of 1.5 - 2 km below the surface) and thereby being
able to detect higher energy neutrinos than Super-K. At 400 nm wavelength (for a typical
Chereknov photon), they reported the absorption and scattering length in iceL id® bre
and20m respectively [75]. However, the optical ice properties vary with depth, due to hor-

izontal "sheets” of ice that accumulated due to climate variations cause an increase in dust
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concentration. Some of the reconstruction and analysis methods developed for AMANDA
are used by IceCube today and it proved that the antarctic ice is a possible medium to detect

neutrinos.

4.5.3 ANTARES

The ANTARES neutrino telescope nished deploying in the Mediterranean Sea in 2008
and is the rst operational undersea neutrino telescope [76]. It consists of 900 PMTs,
deployed in 12 lines to form a grid. Each line contains 25 storeys, which in turn contains
3 PMTs. The detector volume covers 10 Megaton of water, whidh@4 km3. Due to its
geographic location, it provided the best sensitivity to neutrino sources (below hundreds of
TeV) in the southern hemisphere. After 16 years of operation, it was decommissioned in
February of 2022 as the focus shifted towards a larger network of neutrino detectors in the

Mediterranean Sea.

4.5.4 KM3NeT

KM3Net is a planned cubic-kilometer neutrino telescope in the Mediterranean Sea. It
has two components: ARCA near Sicily, Italy and ORCA near Toulon, France. ARCA,
or AstroparticleResearch wititCosmics in theAbyss, targets high-energy neutrino astro-
physics with sensitivity in the range of GeV to PeV. Currently, in its rst phase of deploy-
ment, ARCA is a0:1 km? detector that is already taking data with the next phase planned
to reachl km?® detectable volume. Thanks to its geographic location in the northern hemi-
sphere and sensitivity, it will be able to see the galactic plane in neutrinos and neutrino
point sources in our galaxy in the future. If theay emissions from galactic point sources

are purely of hadronic origin, KM3NeT will be able to detect them within a few years of
observation. These sources include Vela X (a nearby Pulsar Wind Nebula), Vela Jr and RX
J1713.7-3946 (young shell-type Supernova Remnants) and the galactic center [77]. ORCA,

or OscillationResearch witfCosmics in theAbyss, will focus on oscillation studies of at-
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mospheric neutrinos in the GeV range.

4.5.5 Baikal-GVD

Baikal-GVD is an under-constructigdigatonVolumeDetector in Lake Baikal, Russia that

will be another cubic-kilometer deep underwater Cherenkov detector. It has begun taking
data and reache@4 km? detector volume [78]. Its aim is to search for high-energy incom-
ing neutrinos between several TeV and tens of PeV. At Cherenkov photon wavelengths of
480-500 nm, the effective absorption length i22m and the effective scattering length is

70m. In late 2022, they reported an observation of the diffuse cosmic neutrino ux [79].

4.5.6 P-ONE

ThePaci ¢ OceanNeutrinoExplorer is a proposed segmented and scalable neutrino detec-
tor to be installed at Cascadia Basin at a depth of 2660 meters as a part of Ocean Networks
Canada (ONC). ONC forms one of the world's largest and most advanced cabled ocean
observatory [80], thereby making it a promising site for a cubic-kilometer scale neutrino
telescope. The site is currently being investigated for its optical properties by deploying

path nder missions.
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CHAPTER 5
ICECUBE

Situated at the geographic South Pole, IceCube is a cubic kilometer of antarctic ice that
serves as a high-energy neutrino detector via the deployment of numerous PMTs (photo-
multiplier tubes) in an array. The detection principle of neutrinos in the ice is via Cherenkov
radiation of relativistic, charged by-products of neutrino interaction with matter. Full de-
ployment of the detector nished in 2010/2011. IceCube consists of three sub-detectors,
namely the In-Ice Array (85.1.1), DeepCore (85.1.2), and IceTop (85.1.3). In this chapter,
| will provide an overview of the detector and how different high-level data samples used

for point-source analyses are processed.

5.1 Detector Con guration

The basic detection unit of the IceCube detector is a digital optical module (DOM). It
contains a 10” PMT and other circuitry that helps digitize the PMT signal [81]. These
DOMs are deployed in the antarctic ice, at a depth of 1.45-2.45 km below the surface, via
86 vertical strings in a hexagonal array. The IceCube detector also includes a denser core
(DeepCore) optimized for lower neutrino energies as well as a surface array (IceTop) used

to veto downgoing particles as shown in Fig. 5.1.

5.1.1 In-IceArray

The primary in-ice array consists of 78 strings, each containing 60 DOMs, with a verti-
cal separation of 17 m and a horizontal separation is 125 m. This design was chosen to
optimize the detector for TeV-PeV neutrinos since that is the energy range where the at-
mospheric background contamination falls off in comparison to the astrophysical (signal).

Additionally, the motivation for the horizontal string spacing is the absorption length of
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Figure 5.1: A schematic layout of the IceCube Neutrino Observatory at the South Pole.
This gure, provided by the IceCube collaboration, was taken from [81].

Season Code IceCube| DeepCore IceTop | Total
Name strings | strings stations| DOMs
2004/05| IC1 1 0 4 76
2005/06| IC9 8 0 12 528
2006/07| 1C22 13 0 10 820
2007/08| 1C40 18 0 14 1136
2008/09| IC59 18 1 18 1212
2009/10| IC79 15 5 15 1260
2010/11| 1C86-2011| 5 2 8 452
] Total \ \ 78 \ 8 \ 81 \ 5484 \

Table 5.1: Deployment schedule of the IceCube detector along with seasonal code names
indicating the detector con gurations. All seasons after the full 86-string deployment in
2011 have I1C86-20XX as their code names.
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