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ABSTRACT

Ultra-high energy (UHE) neutrinos (E > 10 eV) are important messenger
particles that can carry information about the most intense processes in the Universe,
far beyond any experiment that human beings can do on Earth. They rarely interact
with other particles, thus are not de ected or attenuated during propagation. Together
with cosmic rays, gamma rays, and gravitational waves, an exciting new eld of multi-
messenger astronomy is growing.

The Askaryan Radio Array (ARA) is an ultra-high energy (UHE) neutrino de-
tector at the South Pole. ARA aims to utilize radio signals detected from UHE neutrino
interactions in the glacial ice to infer properties about the interaction vertex as well
as the incident neutrino. To retrieve these properties from data, the rst step is to
extract timing, amplitude, and frequency information from waveforms of di erent an-
tennas buried in the deep ice. These features can then be utilized to reconstruct the
neutrino interaction vertex position, incoming neutrino direction, and shower energy.
So far, a vertex can be reconstructed through an interferometry technique while neu-
trino direction reconstruction is still under investigation.

In this dissertation, | will present a reconstruction method based on multi-task
deep neural networks which can perform reconstruction of both vertex and incoming
neutrino direction with reasonable precision. It can achieve a comparable performance
compared to a classic interferometric technique in vertex direction reconstruction, but
can also reconstruct vertex distance and neutrino direction that are not achievable
with an interferometric technique. After training, this solution is capable of rapid
reconstructions (e.g. 0.1 ms/event compared to 10000 ms/event in a conventional in-
terferometric routine) useful for trigger and Iter decisions and can be easily generalized

to di erent station con gurations for both design and analysis purposes. The model
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has also be tested on the 2018 deep pulser data set and 2018 SpiceCore data set for its

applicability to experimental data.
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Chapter 1
INTRODUCTION

The eld of astroparticle physics studies elementary particles of astronomical ori-
gin. Itis an inter-discipline of particle physics, astronomy, and astrophysics. Astropar-
ticle physics began with the discovery of cosmic rays in 1911 by Austrian-American
physicist Victor Franz Hess [27]. He measured ionizing radiation in the atmosphere and
discovered that the level of radiation increased with altitude as shown in Figure 1.1.
He made ten ights to measure ionizing radiation levels from 1911 to 1913. His mea-
surement shows that the ionizing levels rst decrease with altitude before increasing
sharply above some height. This observation indicates that the source comes from
outer space instead of the Earth. Later, in 1925, an American physicist, Robert Mil-
likan, con rmed Hess's ndings [28]. This source turned out to be di erent particles
called cosmic rays, which in turn can provide information about a variety of phenom-
ena in the Universe such as black holes, supernovae, and active galactic nuclei. With
the discovery of cosmic rays, Hess was awarded the Nobel Prize in Physics in 1936.

Before the discovery of cosmic rays, the only way to observe the Universe was
through optical light, which has a history of thousands of years. With the development
of telescopes in a wide range of wavelengths through the electromagnetic spectrum, as-
tronomers can see a bigger world through radio, infrared, X-rays, and gamma-rays.
However, the high energy part of the universe is impenetrable to photons, thus can-
not be explored through electromagnetic waves. Neutrinos were rst postulated by an
Austrian physicist, Wolfgang Pauli, in 1930 [29] and con rmed by the Cowan-Reines
neutrino experiment in 1956 [30]. Gravitational waves were predicted by Albert Ein-

stein in 1916 and rst directly detected in 2015 [31]. With neutrino and gravitational



Figure 1.1: A diagram showing the increase of the ionizing radiation level with height
as measured by Hess in 1912 (left) and by Kolherster in 1913 and 1914 (right). Figure
from Alessandro De Angelis.

wave detectors added in, the emerging eld of multi-messenger astronomy became es-
tablished. This new eld aims at detecting and observing di erent physical processes
through various messenger channels and forming a complete picture of the Universe.
A schematic diagram of multi-messenger astronomy is shown in Figure 1.2.

Neutrinos as standard model particles o er some speci ¢ advantages over other
messengers. They are electrically neutral and interact weakly, thus will neither inter-
act with the magnetic eld nor be absorbed. These features make them perfect cosmic
messenger particles as they can go through the Universe in a straight line without in-
teracting with other particles. If we know the direction of a neutrino arriving on Earth,
we can point back towards its source. While, on the other hand, cosmic rays bend in
magnetic elds and interact with other particles such as photons during their propaga-
tion. Gamma rays are also absorbed while traveling between galaxies. However, every
coin has two sides; these properties make the detection of neutrinos a di cult task,
especially for ultra-high energy (UHE) neutrinos which have energies greater than 10

PeV as well as an extremely low ux on the Earth.



Figure 1.2: A schematic diagram of multi-messenger astronomy. The high energy part
of the universe is opaque to photons, thus cannot be explored through electromagnetic
waves. Figure from [1].

Many experiments have been designed to detect neutrinos, among which there
are two main techniques, detecting through optical signals and detecting through radio
signals. The IceCube Neutrino Observatory (IceCube) is one of the experiments mak-
ing use of optical Cherenkov radiation to measure neutrinos with energies up to 10 PeV.
While the Askaryan Radio Array (ARA) is applying the radio Cherenkov technique
to detect neutrinos with energies above 10 EeV. This dissertation includes my contri-
butions to ARA, which include, but are not limited to, developing and maintaining a
sqlite3 database of calibration and con guration data with 5 tables, 17 attributions,
and 20k+ records; preprocessing daily data including format conversion and data clean-
ing; helping develop an open-source Monte Carlo simulation tool for UHE neutrinos;
designing and implementing several algorithms to analyze both simulation and exper-
imental data for di erent purposes; maintaining a data collection monitoring website
and leading weekly monitoring and operations meetings.

With the developments on the experimental side, more e cient and exible

analysis techniques become imperative, especially in terms of reconstruction. A classic



reconstruction method applying interferometry that relies on table lookup to nd the
best- t neutrino vertex costs around 1000 ms per event is much slower than a neural
network reconstruction method that achieves 0.1 ms per event once trained with similar
if not better accuracy. As machine learning becomes more and more popular in a variety
of research elds, a lot of machine learning-based reconstruction methods start to play
a more important role in the eld of UHE neutrino experiments. Inspired by a neural
network-based reconstruction method from IceCube [32], | develop a convolutional
neural network to reconstruct neutrino vertex and direction for the ARA experiment.
Although the two experiments are based on completely di erent detection techniques
and detector con gurations, the universality of machine learning algorithms builds a
bridge between the two.

In this thesis, | discuss the eld of UHE neutrino physics, including theories,
simulations, and experiments. | also discuss the state-of-the-art data analysis tech-
niques based on machine learning algorithms.

Chapter 1 gives an introduction to the eld of astroparticle physics as well as
the structure of the thesis.

Chapter 2 starts from the standard model, then moves on to the motivation of
studying cosmic rays, candidate sources of them, and their spectrum. We then move
forward to UHE cosmic rays and the GZK cuto. A description of UHE neutrinos
follows, which can give us a specic and clear view of the sources of UHE cosmic rays.
| then summarize the GZK mechanism and the Askaryan e ect, which together forms
the theory part of this dissertation.

Chapter 3 begins with introducing the evolution of UHE neutrino experiments
from Radio Ice Cherenkov Experiment (RICE) to the Antarctic Impulsive Transient
Antenna (ANITA), the Askaryan Radio Array (ARA), and the Antarctic Ross Ice
Shelf Antenna Neutrino Array (ARIANNA), then to the Radio Neutrino Observatory
in Greenland (RNO-G) and the IceCube Neutrino Observatory Gen2 (IceCube-Gen2).
Then | discuss both the software and hardware of ARA and its status.

In chapter 4, the status of UHE neutrino simulation tools is described, which



covers lceMC, AraSim, NuRadioMC, and Python package for Radio Experiments
(PYREX). Two of them, NuRadioMC and AraSim are discussed in more detail with an
example of detector optimization in NuRadioMC and an example of e ective volume
calculation in AraSim.

Chapter 5 gives an overview of machine learning and arti cial neural networks.
It starts from general machine learning concepts, towards components of arti cial neu-
ral networks as well as training, validating, and interpreting a neural network. It
concludes with an introduction of a few popular software frameworks.

In chapter 6, a neural network-based UHE neutrino reconstruction method for
the Askaryan Radio Array is explained. It contains a detailed discussion of the data,
method, and results.

In chapter 7, 2018 deep pulser data and 2018 SPICEcore data from ARA are an-
alyzed through a neural network. It consists of how to prepare the input for the neural
network and the reconstruction results for each dataset. A phenomenological correc-
tion of the ice model is proposed and tested with the deep pulser and the SPICEcore
data.

Chapter 8 concludes the dissertation and looks into the future of the eld of

UHE neutrinos.



Chapter 2
ULTRA HIGH ENERGY PARTICLES

In this chapter, | will introduce some background knowledge about the Standard
Model, cosmic rays, and UHE neutrinos.

| start with an introduction of the Standard Model and then discuss cosmic
rays, their spectrum, candidate sources, and how they propagate through the universe.
We then switch the topic to UHE neutrinos, describing their sources and the way to

detect them.

2.1 Standard Model

Understanding of the structure of matter improved with Rutherford's discovery
that atoms are not the most fundamental particles. Instead, we now know that atoms
are made of positively charged nuclei and negatively charged electroes)( Further-
more, nuclei consist of positively charged protons (p) and electrically neutral neutrons
(n). With the Standard Model, we know that even protons and neutrons are made up
of other more fundamental particles called quarks, although those quarks can never
exist on their own, e.g. a proton is composed of two up quarks and one down quark,
and gluons mediate the strong interaction to combine these quarks.

During the 1950s to 1970s, the Standard Model was developed to describe those
elementary particles and fundamental interactions. There are four fundamental inter-
actions: electromagnetic, weak, strong, and gravitational, the rst three of which are
included in the Standard Model. They are mediated with gauge bosons; W and
Z°, gluons respectively. These gauge bosons all have a spin of one. There is also a

Higgs boson with spin-zero. Concerning bosons, there are twelve fermions with spin



Figure 2.1: The standard Model.

one half including six quarks and six leptons. A summary of the Standard Model is
shown in Figure 2.1.

The six quarks have six avors: up, down, charm, strange, top, and bottom.
They carry electric charges, color charges, and weak isospin, so they can interact
through all three forces in the Standard Model. The six leptons also have six dif-
ferent avors. Among them, only electrons, muons, and tauons carry electric charges,
while all of them can interact weakly. Each quark and lepton have antiparticles that
carry opposite physical charges but with the same mass.

In addition to these elementary particles described in the Standard Model, other
particles are made up of them, e.g. hadrons. Hadrons can be divided into baryons,

consisting of an odd number of quarks, and mesons, formed by a quark-antiquark pair.



A proton is a typical example of a baryon made up of two up quarks and one down
guark (uud). An important meson in this dissertation is the positive pion (*) with a
structure of ud.

However, the Standard Model can not explain all the fundamental physics prob-
lems, e.g. what is dark matter. The study of astroparticle physics can lead to new
physics beyond the Stand Model (BSM physics) [33]. The interesting topics include

neutrino cross sections at high energies above 10 PeV, dark matter searches, etc.

2.2 Cosmic Rays

Cosmic rays are energetic particles coming from the Universe. After their dis-
covery by Victor Franz Hess from 1911 to 1913 [27] and measurement through air
showers by Auger and his group from 1938 to 1939 [34][35], cosmic rays have been an
important research topic over the past 100 years. Some important unknown questions

are:

Where do the extremely high energy cosmic rays come from?
How are they accelerated to energies above'i@Vv?

What is their chemical composition?

With the development of the emerging eld of multi-messenger astronomy, quick

progress about these questions is urgent.

2.2.1 Cosmic Ray Spectrum

The cosmic ray spectrum measured by a variety of experiments is shown in
Figure 2.2. It follows a power law o, with = 2:7 below 3 PeV and = 3 from
3 PeV to 5 EeV and then drops o dramatically [3]. The 3 PeV point is called the
knee, while the 5 EeV point is known as the ankle. This feature can be explained
with di erent origins of the cosmic rays. Those cosmic rays with energies below the
knee have a galactic origin, and those above the ankle are extragalactic. The energy

range in between the knee and the ankle is considered as the transition region between



Figure 2.2: The cosmic ray spectrum between ¥0eV and 13° eV as measured by a
variety of experiments. The spectrum is multiplied byE %® to better present features.
Three features are denoted as the knee at 3 PeV, the second knee at 300 PeV, and the
ankle at 5 EeV. Figure from [2].

the galactic and extragalactic sources. The drop o of ux above the "knee" can be
explained by interactions between those cosmic rays and the 2.7 K cosmic microwave
background (CMB), which was rst proposed by Greisen, Zatsepin, and Kuzmin and
thus called the GZK e ect [36][37]. In a simple case of a proton interacting with the
CMB,

p+ cws ! ! p+ O (2.1)

p+ cvws !  T! n+ T (2.2)

The cross section is about 250 mb, which leads to an attenuation length of about
50 Mpc. This means that there is a theoretical upper limit on the energy of charged

cosmic rays coming from sources with distances greater than 50 Mpc.



2.2.2 Cosmic Ray Sources

As we discussed before, cosmic rays with energies below the \knee" are believed
to originate within our galaxy. One galactic accelerator is supernova remnants (SNR),
which have a strong magnetic eld to constrain and thus accelerate nuclei to high
energies. The mechanism is referred to as di usive shock acceleration, which can
naturally result in a power-law spectrum with the index = 2 [3]. We de ne a constant
P as the probability that the particle remains within the region of acceleration after
one round trip through the shock front and a constant sothatE = E g is the average
energy of the particle after one round trip through the shock front. Then, after k round
trips, we are left with N = NP particles with an average energ§ = E, X. Joining
the two conditions by eliminating k gives

Ing- In&

— Eo .
= __Eto. 2.
InP In (2:3)

After simpli cation, this results in a power law

NO InP
N=_—En; 2.4
Eo 1 ( )
or just
N/ En 1 (2.5)

To calculate the value for the index, we need to work out both the escape
probability P and energy gain factor . A schema is shown in Figure 2.3. According
to a Lorentz transformation, the particle's energy after it goes through the shock wave
to the downstream region is

E°= (E+pV); (2.6)

where we set the x-axis in the direction of the shock wave. Suppose the shock wave

velocity V¢ and the particles are relativistic, we have

=1, (2.7)

o|m

; (2.8)
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Figure 2.3: A schema showing high energy particles accelerated in a shock wave. (a)
A shock wave propagating at a speed of U from interstellar gas with pressupe,
temperature T,, density , to gas with pressurep,, temperature T,, density ; in the

lab frame. (b) The same situation in the shock wave frame where the ratio of upstream
and downstream velocity isx—; = ;11 In the case of a fully ionised plasma\‘;—; =4. (¢)

The same situation in the upstream frame. (d) The same situation in the downstream
frame. Figure from [3].

E
Px = ~ CoS: (2.9)
Therefor we can derive
.Y COS: (2.10)
E - C . .
Then the average gain in energy is
YA =2
< _E >= — 2cog sind = &: (2.11)
E C o C

Since this is after one crossing of the shock wave, after a round trip the average energy

gain is
E 4\
< _—>=_"". 2.12
E C’ ( )
and thus
E 4V U
= —=1+ — =1+ — 2.13
Eo 3c c ( )

according to Figure 2.3.
To get the escape probability P, we realize that the number of particles going

through the shock wave is%, where N is the number density of particles. From

11



Figure 2.3b, we know that particles leave the region at a rate (Sﬁi. Thus the fraction
of the escaping particles i % =Y andP =1{ Y.

Now with both P and ready, as well as the assumption that! ¢, we nally
get

InP

N/ En '=E % (2.14)

Although the index of 2 is di erent from a measured value of 2.7, the di usive shock
acceleration mechanism sheds light upon the power-law nature of the cosmic ray spec-
trum.

One important component of the morden di usive shock acceleration mechanism
is its strong nonlinearity, which comes from the interaction between the cosmic rays and
the magnetic elds. According to [38], the constrained particles amplify the magnetic
eld, which, in turn, constrains the particles more strongly. As a result, the signi cantly
ampli ed magnetic eld can accelerate cosmic rays particles up to observed galactic
values.

It is still not clear how cosmic rays are accelerated above the knee, but some
likely sources of cosmic rays are active galactic nuclei (AGNs), gamma-ray bursts
(GRBs), and star-forming galaxies (SFGs). AGNs and their relativistic jets are be-
lieved to be sources of cosmic rays and neutrinos [39]. With IceCube's detection of
a high energy neutrino event from the direction of a blazar, TXS 0506+056, which
is a class of AGNSs, there is strong evidence that cosmic rays are accelerated in AGN
jets [1]. GRBs are another potential cosmic ray sources, although no coincident neu-
trino emission has been detected [40].

A Hillas plot [41] like Figure 2.4 is often used to depict a relationship among
the magnetic eld, the size of the source, and the upper limit of the energy that the
source can accelerate the cosmic rays towards. The size of the source can be measured

by the gyroradius of the particles in the magnetic eld of the source

mv
R=——; 2.15
>aB’ (2.15)
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Figure 2.4: A Hillas plot shows a relationship between the magnetic eld, the size of
the source, and the upper limit of the energy that the source can accelerate the cosmic
rays towards. The blue line represents the limit of accelerating protons to %0eV,
while the red line represents the limit of accelerating iron to #0 eV. Figure from [4].
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where mv is the relativistic momentum of the particles, Ze is the charge and B is the
magnetic eld of the source. Thus the upper limit of the energy that cosmic rays can
be accelerated to is

Emax = ZeBRc: (2.16)

As can be seen in Figure 2.4, both GRBs and AGNs can accelerate protons up to
10?* eV. UHE cosmic rays cannot originate within our galaxy considering that our

galaxy has a magnetic eld of 10® G and a radius of 18° km.

2.2.3 Cosmic Ray Propagation
The cosmic ray spectrum shown in Figure 2.2 would have a di erent shape and
composition at the sources. Cosmic rays go through a lot of interactions with the
interstellar medium (ISM) before being detected. The general cosmic ray propagation
equation can be written as
D = QE)+ SRENE]+ —N(E)
+ cnp( INW(E)+ 5 i Nj(E))+ Di5%N;(E)

(2.17)

where N;(E) is the number density of nuclei of species i with energy E);(E) is the
source term,@@E[b(E)Ni(E)] is the energy gain term that can represent both gain and
loss, ; ; is the Lorentz dilated lifetime for unstable nuclei so %Ni(E) denotes the
decay process,cny( iNi(E)+ 5 jiN;(E)) is the spallation term with the ISM
density ny and cross section , and D; is the di usion coe cient. As cosmic rays can
interact with magnetic elds, it is hard to simulate and study the di usion term, which
is where gamma rays and neutrinos can help. When interacting with the ISM;",

0 K*, K , KO etc. can be produced, and these pions and kaons can further decay
to produce neutrinos and gamma rays. As these neutrinos and gamma rays can travel
a long distance towards Earth without interaction and de ection, they can provide the

location and features of the cosmic rays.
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2.3 UHE Neutrinos

As one of the elementary particles in the Standard Model, neutrinos are leptons
with three avors. They have a tiny mass, no electric charge, spié and can interact
through weak and gravitational force. UHE neutrinos are those neutrinos with energies
greater than 10 PeV. They are one of the multi-messenger particles that can inform on
UHE universe. Compared to cosmic rays, neutrinos don't interact with the CMB and
de ect in the magnetic elds. Compared with gamma rays, they don't pair annihilate
with either CMB or Extragalactic Background Light (EBL) and can go through the
ISM. These features advantage neutrinos over other multi-messenger particles in that
neutrinos can directly point back to their sources and have a similar spectrum at the

Earth as at their origin.

2.3.1 Neutrino Sources

Neutrinos can come from di erent sources. The sun can produce solar neutrinos

through nuclear fusion, e.g.
p+p! d+e + o (2.18)

These solar neutrinos are with relatively low energies, from keV to MeV, and the
number of them reaching Earth can be calculated with the Standard Model. However,
the observed number was onlg of the calculation [42]. This "solar neutrino problem"
was later solved by introducing the idea of neutrino oscillation, which states that a
neutrino with one of the three avors (; ; ) can later turn to have a di erent avor

as it propagates through space. The fundamental reason is that the avor eigenstates

are di erent from the mass eigenstates (; »; 3), and the relationship between them

can be written as 0O 1 O 10 1
e Uel Ue2 Ue3 1
% § = %U . U, U 3§ %} 2; (2.19)
U 1 U 2 U 3 3
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Figure 2.5: A schematic diagram of a cosmic ray air shower with a proton as the
primary particle.

where the matrix U; is known as the Pontecorvo{Maki{Nakagawa{Sakata (PMNS)
matrix [43]. This phenomenon of neutrino oscillation was con rmed by Sudbury Neu-
trino Observatory (SNO) in 2001 [44].

Neutrinos can also be generated in air showers when cosmic rays interact with
the Earth's atmosphere. A schematic diagram of a cosmic ray air shower is shown in
Figure 2.5. In the case of a hadronic cascade initiated by a primary proton, pions are
produced. The neutral pions can contribute to the electromagnetic cascades

=+ (2.20)

which then produce electrons and photons

Il e +e; (2.21)

e ! e +: (2.22)
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Figure 2.6: The astrophysical neutrino spectrum was measured in a combined anal-
ysis of all detection channels by the Icecube Neutrino Observatory. The red region
denotes the best t with a power-law hypothesis, while the green region represents a
measurement from 6-year through-going muons. Figure from [5].

While charged pions can produce neutrinos through pion decay and its charged conju-

gate:
+ ! + +
(2.23)
TLoet+ T+
These atmospheric neutrinos can have energies from GeV to TeV.

Astrophysical neutrinos are generated inside astrophysical sources through charged
pions decay as shown in Equation 2.23 and its charged conjugate. Meanwhile, gamma
rays are generated from neutral pions through Equation 2.20. Those pions are pro-
duced by accelerated protons or heavy nuclei's interaction with the particles inside the
astrophysical sources through

p+ ! p+ © (2.24)

and
p+ ! n+ *: (2.25)

17



By studying these neutrinos that point back towards the astrophysical sources, we
can learn the nature of the cosmic ray sources. Neutrino direction reconstruction
is interesting in this case, as it can lead to astrophysical sources. An astrophysical
neutrino ux observed by the IceCube Neutrino Observatory is shown in Figure 2.6.

In September 2017, IceCube detected a high energy muon neutrino event IceCube-
170922A, which had an energy of TeV scale [45]. A search of the region later showed
that it was coincident with a blazar, TXS 0506+056. The blazar is about 5.7 billion
light-years from Earth and was also found in the photon channel by Fermi-Lat, VER-
ITAS, and others. This association of the astrophysical object through both neutrino
and photon channels is an early milestone of multi-messenger astronomy as it provides
evidence for a neutrino source for the rst time. Since there is a strong connection
between neutrino and gamma-ray spectrum due to the same neutral and charged pion
decay in Equation 2.20 and Equation 2.23, joint measurements in the two channels can
cross-validate the nature of the neutrino sources and provide unprecedented informa-
tion about the cosmic ray sources.

UHE cosmic rays can produce so-called cosmogenic neutrinos through inter-
acting with CMB photons. The interaction process can be found in Equation 2.1,
Equation 2.2, and Equation 2.23. It is this interaction that is responsible for the GZK
e ect at the UHE end of the cosmic ray spectrum. The GZK e ect on the cosmic ray
spectrum is shown in Figure 2.7. However, Auger data suggest that the suppression
may also be due to the maximum energy reachable by the sources in addition to the
GZK e ect during propagation [46]. By detecting cosmogenic neutrinos, we can shed
light on the cosmic ray sources, maximum acceleration energies [47][48], and chemical
composition [49][50], because the neutrino ux depends on and thus can re ect these
properties.

Potential cosmic ray sources that are responsible for cosmogenic neutrinos in-
clude gamma-ray bursts (GRBs) and active galactic nuclei (AGNs). Short (lasting
2 s) GRBs are associated with the merger of compact astrophysical objects while long

ones with core-collapse supernovae. Both short and long GRBs develop relativistic
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jets and are potential sources of UHECRs and UHE neutrinos [51]. Due to IceCube's
nding no coincident neutrino emission from the 1172 relatively high-luminosity GRBs
initially detected by satellites, low-luminosity GRBs tend to be UHECRs and UHE
neutrino sources [1]. AGNs are bright nuclei at the center of galaxies that display
relativistic jets. A blazar is an AGN with a jet pointed toward the Earth. AGNs are
promising sources of UHECRs and UHE neutrinos supported by IceCube's detection
of neutrinos coincident with TXS 0506+056 [45].

Since neutrinos only carry about 5% of the energy from their parent cosmic
rays, studying EeV neutrinos can bring us some information about 20 EeV cosmic rays
where the ux depends less on the maximum energy reachable by the sources and the
source spectral index. Figure 2.8 shows a neutrino ux model from di erent interaction
components under the assumption of pure proton composition. The expected number
of these cosmogenic neutrinos arriving at Earth is about 1€&km?=yr=sr. Considering
the tiny cross-section of 10%® m? and ice density of 900 kgm®, an interaction rate
of 10 2 km3=yr=sr can be derived, which requires a detector with e ective volumes of
10° km?® to e ciently detect them.

Although the current best neutrino measurement comes from IceCube as shown
in Figure 2.9, its optical detection nature makes it hard to cover such a large e ec-
tive volume for cosmogenic neutrino detection. With the km scale attenuation length,
the radio frequency signal becomes a better candidate, because a radio detection ex-
periment such as those at the high energy end in Figure 2.9, ARIANNA, ARA, and
ANITA, can cover a large area with a relatively small number of detectors compared
to an optical detection experiment. The core of the radio detection technique is the

Askaryan e ect.

2.3.2 Askaryan E ect
To detect UHE neutrinos, scientists usually detect secondary particles or radi-

ation produced in cascades. Figure 2.10 shows the Feynman diagrams for the charged
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Figure 2.7: The GZK cuto of the cosmic ray spectrum measured by Auger [6] and
Telescope Array [7]. The turning point at 165 eV is the "ankle". The cuto at
10'%° eV is the GZK cuto . Figure from [2].

Figure 2.8: Cosmogenic neutrino ux assuming di erent compositions of protons, he-
lium, nitrogen, silicon, and iron for UHECRs above 4 10'® eV. Dashed lines represent
the cases without source evolution. Solid lines represent the cases assuming source
evolution according to the star formation rate. Figure from [8].
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Figure 2.9: The projected IceCube-Gen2 radio array limit with uncertainties in com-
parison to the limits from other neutrino experiments. Figure from [1].

current interaction, through exchangingW , and the neutral current interaction, me-

diated with Z°.

(@) (b)

Figure 2.10: A Feynman diagram of (a) the charged current interaction and (b) the
neutral current interaction.

Speci cally, when neutrinos interact with dense media, positrons, electrons, and
photons are generated through pair production and Bremsstrahlung emission. These
positrons interact with electrons from the medium and are annihilated, which results

in a 20% negative charge excess in the development of the cascade. The relativistic
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moving net negative charges can then radiate with a wavelength of the same size as
the longitudinal size of the shower. This e ect was rst proposed and calculated by
Askaryan [52] [53], and later measured and veri ed at the Stanford Linear Accelerator
(SLAC) in sand [54], rock salt [55] and ice [56].

Although no Askaryan signal from a natural process has been con rmed so far,
the radio emission from air showers has been measured by the cosmic-ray detection
array with logarithmic electro-magnetic antennas (CODALEMA), low frequency array
(LOFAR), and Auger engineering radio array (AERA) [57]. These experiments have
shown that the radio detection technique based on the Askaryan e ect can compete
with other techniques in studying UHECRs and UHE neutrinos.

When a single particle is propagating in a medium at a relativistic speed, the
electric and magnetic eld can be calculated by applying the Lienard-Wiechert retarded

potential to be

. Ze, R n Zerl-‘é((l-‘éﬁ)'—) _

E(t x)= 4, 21 nlf\)! )3R2]ret+4 OC[ a nIQ! )R lret;  (2.26)
| r |
HE x)= 2R T E( x); (2.27)

r 0

whereZe is the charge of the particle, ;; o; r; o are the permeability and permittivity

|
of the medium respectivelyn is the index of refraction, :!% is the patrticle velocity
relative to the speed of light, = p% is the Lorentz factor, R is the unit vector

pointing from the particle to the observation point, R is the distance between the
particle at the emission time and the observer. The subscript ret means the quantities
should be evaluated at the retarded timé,.;. With the far eld regimes approximation
in the case of measuring radio frequency from UHE neutrinos, the rst term can be
safely eliminated.

To calculate the electric eld in the frequency domain, Fourier transform it to
e ! | 1 Z o+ y I -

"E()y x)= p? CE(t; x)€E" dt: (2.28)

to
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Considering the identity
!

d R (R ! ) | )
? n -
—(————+—) = t ; 2.29

assumingR stays approximately constant and integrate by parts, we can get the electric
eld to be
I | gl ")t 1

! Ze . . [
E( x)= p—oo ™ _jle kKR K v)thy, i : 2.30
G0 P o STImY (2:50)

wher(!a k = % is the wave vecto'r,v » is the particle velocity component perpendicular
to the direction of radiation R, t, is the start time of a particle track segment andt
is its duration.

When ! ! k'v =0, orequivalently 1 n cos =0, & V) pecomes
1, meaning all contributions to the radiation add coherently in the direction of ; =
arccosni as shown in Figure 2.11. This phenomenon can only happen when the speed
of the particle in the medium is greater than the speed of light in the medium, or
v > =. This index of refraction dependent angle is called the Cherenkov angle. In this
case, the radiation electric eld is proportional to the length of the particle trackv, t
and radiation frequency! . Figure 2.12 shows the electric eld spectrum at di erent
viewing angles for a 1 EeV hadronic shower in ice.

The electric eld in the time domain can be model as

! . t °Ro(1 t
D e L
4 2R 1 n cos (2.31)
t ™ (@ n cos )tz)]_ '
1 n cos ’

wheret,; andt, are the start and end time of the track. The pulse has a bipolar feature
and is sharp at the Cherenkov angle. As it is deviating from the Cherenkov angle, the
pulse becomes wider in time and smaller in amplitude. The Askaryan signal in the
time domain at di erent viewing angles is shown in Figure 2.13.

The Askaryan signal has an attenuation length of hundreds of meters in ice [58],
which makes it possible to have a relatively small number of detectors to cover a

reasonably large e ective volume for UHE neutrino detection.
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Figure 2.11: An illustration of the Cherenkov radiation. v is the speed of the patrticle
in the medium, c is the speed of light in a vacuum and n is the index of refraction.
Cc

When v < =, the moving charged particle generates a spherical wave. Whers 2,

the moving charged particle generates an electromagnetic radiation.

Figure 2.12: A frequency-domain spectrum of Askaryan radiation from a ¥0eV
hadronic shower 1 km from the interaction vertex. The blue, orange, and green lines
are for 1, 2, and 4 o the Cherenkov angle.
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Figure 2.13: A time-domain spectrum of Askaryan radiation from a 20 eV hadronic
shower 1 km from the interaction vertex. The blue, orange, and green lines are for 1
2 ,and 4 o the Cherenkov angle.

2.3.3 The Landau-Pomeranchuk-Migdal (LPM) E ect

The LPM e ect strongly reduces the cross sections for Bremsstrahlung and pair
production at high energies or in dense material [59][60]. In the case of neutrino inter-
actions in ice, the threshold energy for the e ect has been calculated to be 2 PeV [61].
The consequence of the LPM e ect is to have an elongated shower above the threshold

energy.

In a normally distributed electric eld around the Cherenkov angle .

E(FR; )= E(fR; c);': e A5, (2.32)

c

the LPM e ect only a ects the angular width term in the way of

8

R27L E, %% Eo 1PeV
= (2.33)
) 27;—0(014%)03, Eo > 1PeV

Eo+ELpm

where is reduced above the threshold energy for the LPM e edE py .
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Chapter 3
ULTRA HIGH ENERGY NEUTRINO EXPERIMENTS

In this chapter, | rst describe the status of UHE neutrino experiments, from
Radio Ice Cherenkov Experiment (RICE) to the Antarctic Impulsive Transient Antenna
(ANITA), the Askaryan Radio Array (ARA), and the Antarctic Ross Ice-Shelf Antenna
Neutrino Array (ARIANNA), then to the Radio Neutrino Observatory in Greenland
(RNO-G), the Payload for Ultrahigh Energy Observations (PUEO), the Giant Radio
Array for Neutrino Detection (GRAND), and the IceCube Neutrino Observatory Gen2
(IceCube-Gen2). In addition, some experiments making use of the Moon as dense
media are mentioned as well. In the following section, | emphasize ARA, an UHE
neutrino detector at the South Pole, and discuss both the software and hardware of

ARA as well as its status.

3.1 Status of UHE neutrino experiments
Building UHE neutrino experiments to do neutrino and multi-messenger astron-
omy can potentially lead to solutions to a set of fundamental science problems. Among

others, the two important goals of UHE neutrino experiments are:

Do astrophysical and cosmogenic neutrinos exist?

What and where are the sources of UHE neutrinos?

To do a diuse neutrino search, background ground noise should be carefully
separated from true neutrino events. In the case of ARA di use neutrino search, more
than 99% of ARA's recorded data correspond to events triggered by thermal noise
uctuations. In addition, there can be a variety of events from other noisy sources

such as weather balloons, calibration pulsers, etc. In order to remove these background
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Figure 3.1: A sky map of UHE neutrino events detected by IceCube. The reconstructed
neutrino directions are denoted by for upgoing track events in 8 years of operation,

for the high-energy starting track events in 6 years of operation, for the high-energy
starting cascade events in 6 years of operation, andfor additional alert track events
since 2016. Figure from [1].

events, various cuts are designed by analyzing both simulation and experimental data.
One important tool in the analysis is reconstruction, especially vertex reconstruction,
which can be applied to determine the source of the radio signals. Take calibration
pulser cut as an example, if an event is reconstructed to come from a known calibration
pulser location, it is background noise and will be removed from the analysis. A vertex
resolution of 1 is good enough to give only 13° leaked event for the four years A2
A3 calibration pulser events according to [62].

In the case of a point-source neutrino search, the same set of cuts is implemented
to Iter out background events. For the remaining neutrino candidates, a reconstruc-
tion of the neutrino propagating direction is applied to point to potential astrophysical
neutrino sources. Figure 3.1 shows A sky map of UHE neutrino events detected by Ice-
Cube. Based on the analysis of the IC-170922A event from the blazar TXS 0506+056,
a neutrino direction resolution of less than 1lis ideal for source identi cation.

There are numerous UHE neutrino experiments going on or being planned, the
current cosmogenic neutrino ux limits from some of which are shown in Figure 3.2.
Experiments applying the optical detection technique dominate the lower energy range,

below 13% eV, while those applying the radio detection technique produce the best limit
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Figure 3.2: Current measured neutrino limits on the cosmogenic neutrino ux. The
data corresponds to the measured astrophysical neutrino ux from lceCube [9], and
the limits are from IceCube [10], Auger [11], ANITA [12], ARA [13] [14], and ARI-

ANNA [15]. Figure from [14].

at energies above 10 eV. Here | give a brief introduction to those radio detection

technique-based experiments.

3.1.1 RICE

The RICE experiment [16] is designed to detect UHE neutrinos through the
Cherenkov radiation emitted due to the interaction between neutrinos and the South
Pole ice. The RICE experiment was initiated in 1999 as a rst-generation UHE neutrino
experiment. After a twelve-year data taking from 1999 to 2010, no convincing neutrino
candidates are found, which is consistent with theoretical expectation. In addition,
the studies of radiofrequency ice properties demonstrate that neither birefringence nor

internal layer RF scattering causes signi cant loss of ARA neutrino sensitivity, and
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Figure 3.3: The detector geometry of RICE. Figure from [16].

verify the decrease in attenuation length with depth in the South Pole ice. The RICE
experimental hardware was transferred to its successor experiment, ARA, that will be
discussed in detail in the following section.

Figure 3.3 shows the detector geometry of RICE. It consists of 16 dipole radio
receivers deployed within a 200 m by 200 m by 200 m cube at a depth at 100-300 m. The
10 cm wide dipole antennas at the end of each string have a peak response at 250 MHz.
The trigger mechanism requires four channels to be above a common threshold within
a 1.2 s window. The threshold is set to allow monitoring of backgrounds without

reducing live time signi cantly.

3.1.2 ANITA

ANITA [63][64][65][66] is a balloon-borne UHE neutrino experiment that ies
around Antarctica. It detects impulsive radio signals from neutrino interaction in the
ice. Unlike a ground-based detector such as IceCube which enjoys the advantage of
long live time, ANITA can have only about 30 days of observation time for every ight.

However, ANITA can cover an e ective area of millions kri compared to a few km
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| Year | Name | Days |
2006 | ANITA-I 35 Days
2008 | ANITA-II 30 Days
2014 | ANITA-III | 22 Days
2016 | ANITA-IV | 28 Days

Table 3.1: A summary of ANITA ights.

for lceCube. ANITA can measure neutrinos with energies above #®V. A summary
of ANITA ights so far is shown in Table 3.1.

The most recent ight, ANITA-IV, has a payload of 4526 Ibs allowing it to
reach an altitude of more than 40 km for the rst time during part of the ight. The
payload contains 3 rings of 16 antennas with the top ring consisting of two staggered
rings each having 8 antennas. The antennas in the top rings are spaced by #5
azimuth while those in the middle and bottom rings are spaced by Z. The two
staggered rings on the top are o set by 28 . All the antennas point downward by
10 in zenith for better sensitivity to detect radio signals from the ice. A single phi
sector contains three antennas with one from each of the rings. In between the top
ring and the middle ring, the NASA Science Instrument Package (SIP) is responsible
for ight control and communication among the payload, the Iridium satellites, and
the Tracking and Data Satellite System (TDRSS). The whole payload is solar powered
by two sets of photovoltaic panels on top of the top ring and below the bottom ring

respectively. A picture of the ANITA-IV payload is shown in Figure 3.4.

3.1.3 ARIANNA

The ARIANNA experiment [18] is another experiment targeting detecting neu-
trinos with an energy range between 10 to 10*° eV. It consists of 200 autonomous
stations 1 km apart in a uniform triangular mesh at Moore's Bay on the surface of
the Ross Ice Shelf in Antarctica. Its performance and reliability were demonstrated by
the ARIANNA testbed array of 7 ARIANNA stations and 3 R&D stations that was

operational from December 2014 to November 2019.
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