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ABSTRACT

Ultrahigh-energy (UHE) neutrinos, with energies in the EeV (10'® eV) range, are a promising new
probe of astrophysical and particle physics phenomena. In a Universe where opacity and magnetic
fields hinder the passage of high-energy cosmic rays and gamma rays, UHE neutrinos provide an
unobstructed view of the most energetic and distant astrophysical phenomena. Nevertheless, UHE
neutrinos remain undiscovered so far due to their very low expected flux. This thesis explores
the transformative potential of UHE neutrinos in the fields of astrophysics and particle physics,
motivated by the upcoming availability of UHE neutrino telescopes with sensitivities that hold the
potential of finally discovering EeV neutrinos in the near future.

The research employs advanced simulations, detailed theoretical modelings, and statistical
analyses to assess the prospects of discovering UHE neutrinos in the energy range of 10'® eV
to 101 eV. Comprehensive investigations consider factors such as experimental designs, energy
and angular resolution, neutrino absorption inside the Earth, and background contamination to
determine the discovery potential of future UHE neutrino telescopes.

The first part of this thesis presents a broad overview of neutrinos, from their proposal as the
solution to the anomalies observed in the beta decay energy spectrum, to their role in the latest
developments of multimessenger astronomy. The origin of UHE neutrinos from the interaction of
ultra-high-energy cosmic rays with background radiation and the involved kinematics is discussed.
Next, a brief review of the experimental landscape in the context of astrophysical neutrinos is
presented. This shows the status of current and future neutrino telescopes with sensitivity in the
UHE range, as well as their corresponding detection techniques. Finally, the research opportunities
with UHE neutrinos explored in this thesis are discussed.

The second and third part of the thesis, present the results from the research projects concluded
during the doctoral studies of the PhD candidate. The second part focuses on the potential of
UHE neutrino telescopes to discover the diffuse flux of UHE neutrinos and to provide the first

measurement of the neutrino-nucleon cross section at ultra-high energies. This part of the thesis
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introduces a framework for computing the number of UHE neutrino events in radio-based UHE
neutrino telescopes. This framework encompasses neutrino propagation within Earth, state-of-the-
art predictions of the neutrino-nucleon cross section, radio signal generation in ice, and detector
response. In combination with advanced numerical methods for performing statistical inference on
complex parameter spaces, this framework underpins a series of investigations aimed at revealing
the full potential of UHE neutrinos. The second part of the thesis shows that a detector like the radio
component of IceCube-Gen?2 can unveil benchmark models of the diffuse UHE neutrino within a
decade of exposure. Furthermore, it is also possible to simultaneously infer the neutrino-nucleon
cross section at the highest energies.

The third part of the thesis explores the physics opportunities that the discovery of EeV neutrino
can bring. In particular, it studies the cases of identifying point sources of UHE neutrinos and the
use of UHE neutrino telescopes for dark matter detection. The point source study uses multiplet-
based searches to set constraints on the properties of populations of UHE neutrino sources and
possibly unveil the origin of the most energetic particles in Nature, ultra-high-energy cosmic rays.
The dark matter study reveals the feasibility of detecting signatures of heavy dark matter decay
into neutrinos against a non-dark matter neutrino background.

In closing, the research presented in this thesis is relevant to the upcoming availability of UHE
neutrino telescopes. The findings of this thesis reveal the exciting possibilities that UHE neutrinos
offer for advancing our understanding of astrophysics and particle physics. UHE neutrinos can
provide a unique window into the most energetic and distant astrophysical phenomena, such as the
sources of ultra-high-energy cosmic rays and the early Universe. Additionally, UHE neutrinos can
be used to contrast our understanding of the Standard Model and probe new theories of physics
beyond the Standard Model. The discovery of UHE neutrinos would be a major breakthrough
in astroparticle physics. It would open up a new era of discovery and allow us to explore the

Universe from a new perspective.
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ABSTRAKT

Ultra-hej-energi (UHE) neutrinoer, med energier omkring EeV (10'® eV), udger en lovende ny
mdde at undersoge astrofysiske og partikelfysiske feenomener pa. I et univers hvor opacitet og
magnetfelter hindrer passage af hej-energi kosmiske straler og gammastraler, giver UHE neutrinoer
en uvhindret udsigt til de mest energiske og fjerne astrofysiske begivenheder. Ikke desto mindre
forbliver UHE neutrinoer hidtil uopdagede pa grund af deres meget lave forventede flux. Denne
PhD-afhandling udforsker det transformative potentiale af UHE neutrinoer inden for astrofysik
og partikelfysik, motiveret af den forestdende tilgeengelighed af UHE neutrinoteleskoper med en
sensitivitet, der har potentiale til endelig at opdage EeV neutrinoer i den neermeste fremtid.

Forskningen anvender avancerede simuleringer, detaljerede teoretiske modelleringer og statis-
tiske analyser for at vurdere udsigterne til at opdage UHE neutrinoer i energiomréadet fra 10'¢ eV
til 10! eV. Omfattende undersogelser tager hensyn til faktorer som eksperimentelt design, energi-
og vinkeloplesning, neutrinoabsorption i Jorden og baggrundskontaminering for at bestemme
opdagelsespotentialet for fremtidige UHE neutrinoteleskoper.

Den forste del af denne afhandling praesenterer et bredt overblik over neutrinoer, fra deres
forslag som lesningen pa de anomalier der er observeret i energispektret for beta-henfald, til deres
rolle i de seneste udviklinger inden for multimessenger-astronomi. Oprindelsen af UHE neutri-
noer fra interaktionen mellem ultra-hgj-energiske kosmiske straler og baggrundsstraling samt de
involverede kinematikker diskuteres. Derefter praesenteres en kort gennemgang af det eksperi-
mentelle landskab inden for astrofysiske neutrinoer, der viser status for nuveerende og kommende
neutrinoteleskoper med sensitivitet i UHE-omrddet samt tilherende detektionsteknikker. Endelig
diskuteres de forskningsmuligheder for UHE neutrinoer, der udforskes i denne athandling.

Den anden og tredje del af afhandlingen praesenterer resultaterne fra de publikationer, der
blev afsluttet under doktorandens ph.d.-studier.Anden del fokuserer pd potentialet for UHE
neutrinoteleskoper til at opdage den diffuse flux af UHE neutrinoer og give den ferste maling

af neutrino-nukleon tveaersnittet ved ultra-hgje energier. Denne del af athandlingen introducerer



rammebetingelser for beregning af antallet af UHE neutrinoheendelser i radio-baserede UHE
neutrinoteleskoper. Disse rammebetingelser omfatter neutrino-propagation inden i Jorden, state-
of-the-art forudsigelser af neutrino-nukleon tvaersnittet, generering af radiosignaler i is og detektor-
respons. Dette kombineres med avancerede numeriske metoder til udferelse af statistiske inferenser
i komplekse parameteromrader. Denne opseaetning udger grundlaget for en raekke undersogelser,
der har til formél at afslere UHE neutrinoernes fulde potentiale. Denne del af athandlingen viser,
at en detektor som radio-komponenten af IceCube-Gen2 kan afslere benchmark-modeller for den
diffuse UHE neutrino flux inden for et arti af eksponering. Desuden er det ogsa muligt samtidigt
at udlede neutrino-nukleon tveersnittet ved de hgjeste energier.

Den tredje del af athandlingen udforsker de fysiske muligheder, som opdagelsen af EeV neutri-
noer kan bringe. Iseer studerer den tilfeeldene af at identificere punktkilder til UHE neutrinoer og
bruge UHE neutrinoteleskoper til observationer af merkt stof. Studiet af punktkilder anvender
multiplet-baserede sogninger for at fastleegge begraensninger pa egenskaberne hos populationer
af UHE neutrino-kilder og muligvis afslere oprindelsen af de mest energiske partikler i naturen,
ultra-hej-energi kosmiske straler. Undersogelsen af meorkt stof afslerer muligheden for at opdage
signaturer af tungt merkt stof, der henfalder til neutrinoer, mod en baggrund af ikke-merkt stof
neutrinoer.

Afslutningsvis er den forskning, der praesenteres i denne afhandling, relevant i lyset af den
kommende tilgeengelighed af UHE neutrinoteleskoper. Resultaterne af denne afthandling afs-
lorer de spaendende muligheder, som UHE neutrinoer tilbyder for at fremme vores forstaelse
af astrofysik og partikelfysik. UHE neutrinoer kan give et unikt vindue til de mest energiske
og fjerne astrofysiske begivenheder, sdsom kilderne til ultra-hejenergetiske kosmiske straler og
den tidlige univers. Derudover kan UHE neutrinoer bruges som kontrast til vores forstaelse af
Standardmodellen og undersgge nye teorier inden for partikelfysik ud over Standardmodellen.
Opdagelsen af UHE neutrinoer ville veere et gennembrud inden for astropartikelfysik og ville &bne

en ny era af opdagelse og tillade os at udforske universet fra et ny perspektiv.
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THESIS OUTLINE

The thesis is divided into five parts:

Part I: Introduction

Part II: Measuring the UHE neutrino flux

Part I1I: Exploiting the UHE neutrino flux

Part IV: Summary and conclusions

Part V: Appendices

Part I offers a broad introduction to the topic of multimessenger astronomy and ultra-high-

energy neutrinos, as well as the main physical concepts and phenomena discussed along the thesis.

Parts Il and III of this thesis consist of the reprints of the following published journal articles

1.

Victor B. Valera Baca, Mauricio Bustamante, Christian Glaser, The ultra-high-energy neutrino-
nucleon cross section: measurement forecasts for an era of cosmic EeV-neutrino discovery,

JHEP06(2022)105, arXiv:2204.04237

. Victor B. Valera Baca, Mauricio Bustamante, Christian Glaser, Near-future discovery of the

diffuse flux of ultra-high-energy cosmic neutrinos, Phys. Rev. D 107, 043019, arXiv:2210.03756

. Victor B. Valera Baca, Mauricio Bustamante, Olga Mena, Joint measurement of the ultra-high-

energy neutrino spectrum and cross section, arXiv:2308.07709, sent for publication to Physical

Review D.

. Damiano F. G. Fiorillo, Mauricio Bustamante, Victor B. Valera Baca, Near-future discovery of

point sources of ultra-high-energy neutrinos, JCAP03(2023)026, arXiv:2205.15985

. Damiano F. G. Fiorillo, Victor B. Valera Baca, Mauricio Bustamante, Walter Winter, Searches

for dark matter decay with ultra-high-energy neutrinos endure backgrounds, arXiv:2307.02538,

accepted for publication in Physical Review D.
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Each chapter of the thesis corresponding to a given publication includes a section called “Critical
Outlook”, which provides a brief overview of the project, its context, and a critical discussion of
the findings of the corresponding publication. Part II consists of publications 1, 2, and 3, while
Part III consists of publications 4 and 5. Publications 3 and 5 are available as pre-prints and are
currently under in the journals that they have been submitted to.

Part IV summarizes the main findings and results of this research, discusses some of the limita-
tions of the field, and suggests directions for future research. Finally, Part V contains the appendices

of the publications that are not included in the main body of the thesis.
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Todo aquel que piense que la vida siempre es cruel
Tiene que saber que no es asi

Que tan solo hay momentos malos y todo pasa
Todo aquel que piense que esto nunca va a cambiar
Tiene que saber que no es asi

Que al mal tiempo, buena cara, y todo cambia

La vida es un carnaval by Celia Cruz
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The history of neutrino physics is a long and fascinating one. The first hints of the existence of
neutrinos came in 1930 when Wolfgang Pauli proposed the existence of a new neutral massless
particle to explain the energy and momentum balance in beta-decay observations. However, it was
not until 1956 that neutrinos were first detected experimentally by Frederick Reines and Clyde
Cowan [1]. They observed reactor electron antineutrinos (7), through the inverse beta decay
process. Since then, neutrinos have gone from particles that could not be detected, to be key for
pushing forward our understanding of fundamental particle interactions. We have learned a great
deal about neutrinos, including their properties, their interactions with matter, their potential to
unveil hints of new physics, and their role in astrophysics and cosmology.

Neutrinos, or the little neutral ones, are fundamental particles in the Standard Model of particle
physics. They are massless neutral fermions (spin 1/2) that come in three flavors: electron
(e), muon (u), and tau (7) neutrinos. This picture would be challenged when the discovery of
neutrino oscillations suggested that neutrinos have non-zero masses. Neutrino oscillation is
the phenomenon that describes the transformation or oscillation of neutrinos from one flavor to
another as they travel through space. This happens because the neutrino flavor eigenstates and
the neutrino mass eigenstates are not the same. The formal description of neutrino oscillation
involves the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [2, 3], which is analogous to the
quark flavor mixing matrix in the Standard Model of particle physics. The PMNS matrix describes
the transformation between the flavor and mass eigenstates of neutrinos. Neutrino oscillation
experiments have provided evidence for non-zero neutrino masses and mixing angles, confirming
that neutrinos do not have definite flavors but exist as mixtures of the three flavor states as they
propagate.

The discovery of neutrino oscillation was a extended and winding road. It involved multiple,

different experiments, and it took time to realize that they were converging on the same phe-
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nomenon. The first hints of neutrino oscillation came from the Homestake experiment, which
was conducted between 1968 and 1998 [4]. This experiment detected a deficit of solar neutrinos
compared to the theoretical expectations [5-7], which could be explained by neutrino oscillations.
However, the results of the Homestake experiment were not conclusive, and at the time the possi-
bility of an incomplete understanding of nuclear physics inside the Sun was also considered as
a potential explanation of the neutrino deficit. More experimental evidence was needed to solve
the puzzle. One of the most important experiments was the Kamiokande experiment, which was
conducted between 1983 and 2001 [8]. This experiment also detected a deficit of solar neutrinos,
and provided more precise measurements of the oscillation parameters. The Super-Kamiokande
experiment, which has been operating since 1996, has confirmed the results of the Homestake and
Kamiokande experiments [9], and has also made measurements of atmospheric neutrinos [10].
Another important experiment was carried out at the Sudbury Neutrino Observatory (SNO), and
took place between 1999 and 2006. This experiment was designed to be sensitive to neutral current
interactions of all neutrino flavors and charged current interactions for electron neutrinos. This
particular design allowed SNO to directly compare the all-flavor neutrino flux to a single-flavor
flux, hence measuring directly the electron neutrino deficit, and providing further confirmation
of neutrino oscillations [11]. The KamLAND experiment, which has been operating since 2002,
has measured the oscillation of reactor neutrinos, and has provided further constraints on the
oscillation parameters [12].

The discovery of neutrino oscillations provided compelling evidence for claiming that neutrinos
have non-zero masses, challenging the initial hypothesis that assumed they were massless. Each
flavor eigenstate is a superposition of the three mass eigenstates. Since the mass eigenstates are
not massless they do not travel at the speed of light. Instead, they travel at different speeds
depending on the mass of each state, eventually leading to quantum decoherence, and this leads
to the phenomenon of neutrino oscillation. While other particles in the Standard Model acquire
mass through the Higgs mechanism, neutrinos appear to gain mass through a different mechanism
due to the smallness of their mass and because in the Standard Model they are only left-handed
particles, potentially hinting at new physics beyond the Standard Model. Although the nature of

neutrino masses remains an unsolved puzzle, the discovery of neutrino oscillations has profound
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implications for our understanding of neutrinos and their role in the Universe. It has also opened
up new possibilities for neutrino astronomy, as it is now possible to use neutrinos to study the
inner workings of distant objects, such as supernovae [13, 14] and active galactic nuclei [15, 16].

Parallel to the history of neutrino physics, during the 20th century it took place the development
of the field of cosmic rays. In 1912, Victor Hess made the first definitive detection of cosmic rays,
while conducting balloon experiments in the Austrian Alps [17]. Hess showed that cosmic rays are
high-energy particles that originate from outside the atmosphere of the Earth. In the years since
this discovery, much has been learned about cosmic rays. We now know that they are a diverse
population of particles, including protons, nuclei of helium, and heavier nuclei. We also know that
cosmic rays have a wide range of energies, from a few MeV to beyond 10?° eV [18].

Of particular interest for this thesis are ultra-high-energy cosmic rays (UHECRs), the highest-

energy particles ever observed in Nature. They have energies that exceed 108

eV. They were
first observed in 1962 by the Fly’s Eye experiment [19, 20], and their origin remains an open and
important question, often referred to as the Saint Graal of particle astrophysics.

The sources of UHECRs can be classified as galactic and extragalactic sources [21-23]. Extra-
galactic sources produce UHECRs in distant galaxies, such as active galactic nuclei (AGNSs) or
gamma-ray bursts (GRBs). On the other hand, galactic sources produce UHECRs in our own
galaxy, such as in supernova remnants (SNRs) or pulsar wind nebulae (PWNe). It is currently
believed that a transition between a spectrum dominated by galactic sources to one dominated by
extragalactic sources takes place at 1017 GeV. Extragalactic sources are related to the high-end of
the UHECR spectrum as they can more easily explain the high energies of UHECRs. However,
there are still some challenges with these models, such as the need to accelerate particles to very
high energies and the need to transport them through the intergalactic medium without losing too
much energy.

Some of the most recent observations of UHECRs have been made by the Pierre Auger Obser-
vatory in Argentina [24, 25]. The Pierre Auger Observatory is a large-scale air shower array that
can detect UHECRs by measuring the particles produced when they interact with the atmosphere.
The Pierre Auger Observatory has also observed a cutoff in the energy spectrum of UHECRs,

which suggests that there is a limit to how high the energy of a cosmic ray can be [25, 26]. This
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cutoff is known as the Greisen-Zatsepin-Kuzmin (GZK) cut-off and it arises from the interaction of
UHECRs with the cosmic microwave background radiation [27, 28].

There are a few reasons why the origin of UHECRs is challenging to determine. As these particles
travel through the Universe, they are deflected by magnetic fields, making it difficult to trace their
paths back to their exact sources [29]. Additionally, their flux is low, which means that statistical
analyses are typically limited by the paucity of detected UHECRSs, especially at the highest energies.
These reasons, coupled with the limited accuracy of current detection methods, contributes to the
ongoing difficulty in pinpointing the precise origins of the most energetic particles observed in
nature.

Cosmic rays may interact with background matter and radiation within their sources or or
with cosmological photon fields as they propagate in the Universe. These interactions may be
either through proton-proton collisions (pp or hadronic production) or proton-photon collisions
(py or photohadronic production). Therefore, it is expected that together with cosmic rays other
messengers, such as high-energy gamma rays and high-energy neutrinos, are produced; we expand
on this later. These additional particles carry valuable information about the origin of cosmic rays
and their acceleration mechanism. Hence a combined effort, called multimessenger astronomy, is
paramount for unveiling the nature of the most violent corners of our Universe. Additionally, in
recent years, the field of observational gravitational waves has entered into the picture [30]. Some
source candidates for UHECRs are also believed to emit gravitational waves [31-33].

In the context of multimessenger astronomy, neutrinos hold the potential to provide valuable
insight about the origin of cosmic rays. Their zero electrical charge, together with their very low
interaction rate with matter, allows neutrinos to travel in straight paths from their production
point to the Earth without being deflected or absorbed. Hence, neutrinos are ideal messengers
from the most energetic and distant objects in the Universe. This is in contrast to cosmic rays and
gamma rays to which the Universe is opaque at high energies due energy losses and deflections
caused by interactions with background light and Galactic and extragalactic magnetic fields.

The first detection of neutrinos from outside our Solar System was made in 1987, when the
supernova SN 1987A in the Large Magellanic Cloud was observed to produce a burst of neutri-

nos [13, 14]. This was a major breakthrough in neutrino astronomy, and it showed that neutrinos
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could be used to study supernovae. Since then, there have been a number of other detections
of neutrinos from astrophysical sources. In 2013, IceCube reported the observation of two PeV
neutrino events [34], making the first detection of high-energy astrophysical neutrinos. Later that
year, IceCuve reported 28 high-energy neutrino events, between 30 and 1200 TeV [35], which were
consistent with an origin outside the solar system. This was the first measurement of a high-energy
astrophysical neutrino flux, and it opened up a new window on the Universe.

IceCube has made many important discoveries since its first detection of astrophysical neutrinos
in 2013. In 2017, IceCube detected a high-energy neutrino that was likely produced by the blazar
TXS 0506+056 [15]. This was the first time that a neutrino was linked to a blazar whose gamma-ray
flare was detected by other instruments [36]. In 2021, IceCube released the latest report of the
diffuse neutrino flux [37]. This measurement is based on data from the first decade of IceCube
operations. In this report, the measured high-energy neutrino flux is consistent with a simple
power law model. During the past decade, the continuously growing statistical evidence has
supported the hypothesis that the high-energy diffuse neutrino flux has an extragalactic origin.
However, the exact nature of the sources remains unknown.

Later, in 2022, the IceCube Neutrino Observatory announced the detection of the first steady
point-like source of high-energy neutrinos, located in the direction of the nearby active galactic
nucleus (AGN) NGC 1068 [16]. This is the first time that a steady-state astrophysical source of high-
energy neutrinos has been identified, representing a pivotal advancement in neutrino astronomy.
Most recently in 2023, IceCube identified the neutrino emission from the Galactic Plane [38].
Neutrino astronomy is a rapidly developing field, and there are many exciting possibilities for
future research. With the construction of new neutrino telescopes, such as the IceCube-Gen2 [39],
KM3NeT [40], P-ONE [41], among others.

Neutrino interactions with matter are difficult to study due to the low interaction rates, never-
theless the effort is well rewarded. Since they were first observed, neutrino—matter interactions
have been studied in detail across a wide range of energy scales. The higher the interaction energy,
the deeper we can probe the structure of matter. This simple rule has motivated the construc-
tion of large accelerators for the past decades [42-59]. With the dawn neutrino astronomy and

the observation of an astrophysical neutrino flux with energies in the TeV-PeV energy range,
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we enter a new regime for the exploration of neutrino-matter interactions. Various works have
exploited high-energy neutrinos to measure the neutrino-nucleon cross section, test the validity
of the Standard Model at a new energy regime, and probe new theories beyond the Standard
Model [60-64].

Now is time to look forward to the next energy frontier, the ultra-high-energy (UHE) neutrino
era. This refers to neutrinos with energies in the EeV (10'® GeV) range. The existence of an UHE
neutrino flux is suggested from the observation of UHECRs and their likely interactions with
low-energy photon backgrounds such as the cosmic microwave background (CMB) [27, 28, 65].
Therefore, the potential observation of an UHE neutrino flux would be in direct connection with
the origin of UHECRs. Nonetheless, these neutrinos have remained undetected so far due to their
extremely low predicted flux [66-69].

Fortunately, after decades of continuous developments, the next generation of neutrino tele-
scopes is expected to reach sensitivities that have realistic chances of detecting the UHE neutrino
flux [39, 41, 70-83]. Experimental designs, such as the radio component of IceCube-Gen2 [39],
RNO-G [84], and GRAND [72], targe to detect make the first observation of an EeV neutrino event.

In preparation for the dawn of the UHE neutrino astronomy era, the works contained in this
thesis provide the first detailed study of the discovery potential of UHE neutrino telescopes in the
next two decades. This thesis include a detailed modeling of the physical processes involved in the
discovery of UHE neutrinos from their production to their detection, including known systematic
uncertainties. It also provides detailed statistical analysis frameworks that allow to quantify the
discovery potential in terms of meaningful observables, such as the UHE neutrino-nucleon cross
section, the number of discovered UHE neutrino point sources, and the exposure time needed for
a decisive discovery, among others. Furthermore, theses results serve as a guide for the decision-
making of the ongoing design efforts of multiple UHE neutrino telescopes. Only with a detailed
theoretical modeling of the physical processes involved in the detection of UHE neutrinos, we can
maximize the discovery potential, in hope to reach a new frontier for both particle physics and

astrophysics.



FUNDAMENTALS OF MULTIMESSENGER ASTRONOMY

2.1 BRIEF HISTORICAL DEVELOPMENT TO MULTIMESSENGER ASTRONOMY

Multimessenger astronomy is a rapidly growing field that uses multiple messengers, such as
photons, neutrinos, gravitational waves, and cosmic rays, to study astronomical objects and
phenomena. This allows astronomers to get a more complete picture than they would be able to get
from using just one type of messenger. For example, the observation of gravitational waves from a
binary neutron star merger in 2017 was later followed by observations of the event in visible light,
X-rays, and radio waves. This allowed scientists to study the event in unprecedented detail [85].

The term “multimessenger astronomy” has its roots in the early days of modern astronomy,
when astronomers used different types of radiation to study the universe. In this case we refer to
it as “multi-wavelength” astronomy. For example, in the 1930s, astronomers began to use radio
waves to study the Milky Way [86]. In the 1960s, astronomers used X-rays to study the hot gas
in galaxy clusters [87]. And in the 1980s, astronomers used gamma rays to study very energetic
systems [88].

Multimessenger astronomy has the potential to revolutionize our understanding of the Universe.
This can help us to understand the origins of the most energetic particles, their acceleration
mechanisms, their sources, the environment of the sources, and how very energetic particle

propagate in the Universe.

2.1.1 Photons

For centuries, astronomers have used only photons to observe the universe. The first instrument

was our own eyes, which are only capable of detecting visible light. With the invention of lenses
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and the telescope, astronomers were able to access optical radiation from more distant sources.
In the early 20th century, the development of radio astronomy allowed astronomers to study
the universe in the radio wave band [86]. Similarly, in the second half of the 20th century, the
development of X-ray astronomy and gamma-ray astronomy opened up new windows on the
universe in these high-energy bands [87, 88]. Electromagnetic radiation from different sectors
of the electromagnetic spectrum is connected with physical processes at different energy scales.
Therefore, studying photons in various frequency bands allows us to look at different processes,

regions, and timescales of the same astrophysical event.

2.1.2  Cosmic rays

Cosmic rays are charged particles that are produced by a variety of astrophysical sources, such
as supernovae and active galactic nuclei. Cosmic rays joined photons as messengers of Universe
when in 1912, Victor Hess discovered that charged particles of an astrophysical origin were raining
down on Earth from space [17]. These particles, now known as cosmic rays, are the highest-energy
particles in the universe. Their origin remains an open question, as they undergo strong deflections

due to Galactic and extragalactic magnetic fields when they propagate through space.

2.1.3 Neutrinos

Neutrinos are weakly interacting particles. High-energy astrophysical neutrinos are produced in
environments with a high density of interacting particles, such as protons and photons, including
supernovae and black hole mergers. They are difficult to detect, but they can provide information
about the most energetic and violent events in the universe. In 1968, a team of physicists led by
Raymond Davis Jr. detected neutrinos from the Sun [4]. This was the first time that neutrinos
from a non-terrestrial source had been observed. The detection of solar neutrinos was a major
breakthrough in astronomy, and it helped to confirm our understanding of the interior of the Sun.
In 1987, the supernova SN 1987a was observed in the Large Magellanic Cloud [13, 14]. This was the

first time that an identified astrophysical event beyond our solar system had been observed with
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more than one kind of messenger. In addition to the optical light from the supernova, neutrinos

and radio waves were also detected. The detection of neutrinos from SN 1987a marked a milestone

in multimessenger astronomy, and it showed the potential of this new field to study the universe.

2.1.4 Gravitational waves

Gravitational waves are ripples in the fabric of spacetime that are produced by some of the most
energetic events in the universe, such as the merger of black holes or neutron stars [89]. They
are difficult to detect, but they can provide information about the geometry of spacetime and
the nature of gravity. In 2015, the first gravitational waves were detected [30]. Gravitational
waves carry unique information about astrophysical phenomena that is not accessible through
electromagnetic radiation. For example, they can reveal the dynamics of massive objects like
black holes and neutron stars during their mergers, shedding light on their masses, spins, and
orbital parameters. Being the fastest messengers, the detection of gravitational waves from events
like neutron star mergers or black hole mergers can trigger follow-up observations using other

telescopes, such as optical, radio, gamma-ray, or even neutrino telescopes.

The field of multimessenger astronomy is still in its early stages, but it has the potential to

revolutionize our understanding of the universe.

2.2 CHALLENGES OF MULTIMESSENGER ASTRONOMY

Each messenger has its own advantages and disadvantages. Cosmic rays are the most energetic
messengers, but unfortunately they do not point back to their sources, making it very challenging
to reveal their origin. They are subject to strong angular deviations due to the presence of Galactic
(B ~ u G) and extragalactic (B ~ nG) magnetic fields, which can lead to angular deflections

of up to tens of degrees [90]. Furthermore, the Universe is opaque to UHECRs [90]. Cosmic
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rays continuously lose energy through scattering with background light, the cosmic microwave

background (CMB), through either pair production,
p+aems — p+e +e, @.1)
or, at the highest energies, by photohadronic processes, mainly through A-resonance production,

. p+
p+y—=A" — . (2.2)

n+mt
As a result, protons with energies above 4 x 10° GeV do not survive more than ~ 100 Mpc [27, 28].
Fortunately, cosmic accelerators of UHECRs are largely unregulated astrophysical environment,
inevitably leading to the production of secondary high-energy particles such as photons and
neutrinos. Gamma rays with PeV energies may be produced from the decay of neutral pions from
photohadronic interactions of UHECRs. Nevertheless, the Universe is also opaque to PeV gamma
rays approximately beyond ~ 10 kpc [91]. An originally PeV gamma ray flux cascades down to a

GeV-TeV flux via pair production and inverse Compton scattering, that is,
Y+vomB = e e (2.3)

and

e* +yomp — €5+, (24)

respectively.

Along with gamma rays, neutrinos are also produced as secondaries via the decay of charged
pions. The interaction of UHECRs with energies in the range of 100 TeV-100 PeV with low-energy
background photons with energies in the MeV range, lead to the production of high-energy
neutrinos (HE v) in the TeV-PeV energy range. Similarly, UHECRs with higher energies in the
EeV-ZeV range interacting with a colder photon background in the meV energy range, produces a
flux of ultra-high-energy neutrinos (UHE v) in the 1-100 EeV range.

Neutrinos are ideal astrophysical messengers for two main features: they are neutral and they
only interact weakly. The first allows them to avoid deflections due to magnetic fields permeating
the Universe. This means that, unlike cosmic rays, neutrinos point back directly to their source

of production, allowing us to discover and study the sources of the most energetic particles in
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nature. The second feature implies that neutrinos are not attenuated of absorbed by interactions
with matter or radiation as it happens with UHECRs and gamma rays. Hence, neutrinos bring
untainted information across cosmological scales. Furthermore, this also means that neutrinos
may escape from the core of their sources without undergoing further interactions, allowing us
to study regions of astrophysical environments that are not accessible otherwise. Nevertheless,
the weak interactions of neutrinos also makes their detection particularly difficult, as compared to

cosmic rays and gamma rays.

2.3 LATEST DEVELOPMENTS IN MULTIMESSENGER ASTRONOMY

In 2017 the observation of a neutron star merger, known as GW170817, was a monumental event
in astrophysics, providing a wealth of scientific insights into the behavior of matter under extreme
conditions and the production of heavy elements [85]. This observation was made possible through
multimessenger astronomy, where multiple types of cosmic signals were detected and analyzed
concurrently.

The signal detected from GW170817 on August 17, 2017, was generated by the inspiral and
merger of two compact objects, later identified as neutron stars. Unlike previous gravitational wave
events involving black hole mergers, GW170817 had a relatively well-constrained sky localization,
thanks to the network formed by LIGO and Virgo. This localization was crucial for follow-up
observations across the electromagnetic spectrum. Within two seconds of the gravitational wave
detection, the NASA Fermi Gamma-ray Space Telescope detected a short-duration gamma-ray
burst, known as GRB 170817 A [92]. This nearly simultaneous detection provided strong evidence
for a neutron star merger, as such events were theorized to produce both gravitational waves
and gamma-ray bursts. The merger of two neutron stars is expected to produce a variety of
electromagnetic radiation, including gamma rays, X-rays, optical light, and radio waves. In the case
of GW170817, the electromagnetic counterpart was detected by a variety of telescopes, including
the Fermi Gamma-ray Space Telescope, the Swift Gamma-ray Burst Explorer, the INTEGRAL space

observatory, the Karl G. Jansky Very Large Array, among others [85].
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The detection of the electromagnetic counterpart to GW170817 was a milestone achievement for
multimessenger astronomy. It was the first time that a gravitational wave event had been seen
to be accompanied by electromagnetic radiation, and it provided new insights into the physics
of neutron stars. Among the key scientific discoveries of this multimessenger campaign we can
highlight a better understanding of the origin of heavy elements [93], further constraints of the
equation of state of neutron stars [94, 95], and new alternatives for the measurement of the Hubble

constant [96].

Unfortunately, neutrinos, the main messengers in this thesis, were not observed in this event.

One possible explanation for why we did not detect any neutrinos is that the event was observed

from a large angle away from the direction of the jet, so the jet was not pointing towards Earth [97].

Nevertheless, this multimessenger campaign was a global success and a reward to years of
constant effort and collaboration. Future upgrades on current experiments and the deployment
of new instruments will bring us to an era where these kind of events will become common [98],

which will make our understanding of high-energy astrophysics richer
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PRODUCTION OF UHE NEUTRINOS

3.1 ASTROPHYSICAL SOURCES OF UHE PARTICLES

Neutrinos are neutral particles, therefore they can not be accelerated in an astrophysical envi-
ronment through electromagnetic fields. Instead, we expect high-energy and ultra-high-energy
neutrinos to be produced from the decay of intermediary particles, such as pions, produced from
the interaction of UHECRs with background matter and radiation [99]. Although the sources of
UHECRs are currently unknown, we can point to some conditions that a population of astrophysi-

cal sources must fulfill to be considered candidates for the origin of UHECRs [100].

* Strong magnetic field: A strong magnetic field is necessary for two reasons: first, to confine
charged particles and prevent them from escaping and, second, because it is a key element in
the most popular particle acceleration mechanisms, such as Fermi acceleration and magnetic
reconnection, more details below. The magnetic field strength required depends on the

energy of the particles expected to be produced.

¢ Particle acceleration: A mechanism able to accelerate charged particles to very-high ener-
gies. For example the shocks occurring in the collision of two galaxies, the explosion of a

supernova, or the accretion of matter onto a black hole, see Sec. 3.2 for more details.

* Reservoir of charged particles: Since the acceleration mechanism may not be very efficient,
the sources of UHECRs need a large number of charged particles to accelerate. The particle
reservoir can be the interstellar medium, the gas in a galaxy, or the plasma in an active

galactic nucleus.
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* Energy losses: The energy gained by a particle through any acceleration mechanism should
not be smaller than the energy losses that the particle undergo through radiation or interac-

tions with background.

¢ Total flux: The flux of UHECRs produced by any candidate source population population
should not be greater than the current measurements of the UHECRs flux. The total flux can
be smaller, since the observed spectrum of UHECRs could be produced by multiple types of

sources.

* Secondary particles: The flux of secondary particles produced from the interaction of
UHECRs with the medium, such as photons or neutrinos, should not be larger than their

corresponding observed fluxes and upper limits.

Candidate factories of UHECRs include:

¢ Active galactic nuclei (AGN): [101-103] Active galactic nuclei (AGN) are the central regions
of galaxies powered by a supermassive black hole. The black hole is surrounded by an
accretion disk, which is a rotating disk of gas and dust that is falling back onto the black hole.
The friction and heat generated by the accretion disk causes the emission of electromagnetic
radiation, including radio waves, visible light, and gamma rays. Protons and heavier nuclei
may be accelerated at several regions of the AGN including the jets, the accretion disk, and

the corona. They are thought to be the most likely sources of UHECRs.

* Gamma-ray bursts (GRBs): [104-106] Gamma-ray bursts (GRBs) are the most powerful
explosions in the Universe. They are thought to be caused by the collapse of a massive star,
or the merger of two neutron stars. GRBs consist of a burst of gamma rays that can last
for a few seconds to a few minutes. GRBs are thought to be a potential source of UHECRs
since particles can be accelerated to very high energies in a relativistic jet. The mechanism by
which GRBs accelerate particles is not fully understood, but it is thought to involve shock
acceleration (see Sec. 3.2). However, there are also some challenges to the GRB hypothesis as

the sources of UHECRs.

¢ Supernova remnants (SNRs): [107] Supernova remnants (SNRs) are the expanding shells

of gas and dust that are left behind by exploding stars. SNRs are much more common than
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GRBs, and they are thought to be able to produce enough cosmic rays to account for the
observed cosmic ray flux. However, there are also some challenges to the SNR hypothesis.
For example, it is currently unknown if SNRs can efficiently accelerate particles to the highest

energies observed in the UHECRs spectrum.

* Clusters of galaxies: [108-110] Clusters of galaxies are the largest gravitationally bound
structures in the Universe. These massive cosmic conglomerates contain not only hundreds,
or even thousands, of galaxies but also vast reservoirs of hot, ionized gas. The extreme
environments within galaxy clusters, characterized by powerful shocks resulting from the
gravitational dynamics and merging processes, offer the potential for efficient particle accel-
eration to ultra-high energies. These accelerated particles may gain their enormous energies

through interactions with these shocks and magnetic fields.

3.1.1 The Hillas criterion

The Hillas criterion is a theoretical limit on the maximum energy that a particle can gain in an
accelerator. It is named after the British astrophysicist Alan Hillas, who first proposed it in 1984 [18].
The underlying observation is that once a particle has escaped its source, it can not longer gain
energy. The Hillas criterion states that the Larmor radius of the particle, which is the radius of the
circular motion of the particle in the magnetic field, must not exceed the size of the accelerator.
The Larmor radius is given by,

E

Ry = qu/ (31)

where E is the energy of the particle, g is the charge of the particle, and B is the strength of the
magnetic field. We can rewrite this expression to express the maximum energy, Emay, that a particle
moving in an internal jet with a speed B, in units of the speed of light, can reach in an accelerator

with a characteristic radius R and an efficiency of acceleration characterized by 7,

Emax =14 'q-B-RT, (3.2)
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Figure 1: Hillas diagram. Source categories are depicted based on their characteristic size (R) and magnetic field strength (B) under the
idealized Bohm limit scenario where # = 1. Magnetic field values are in the comoving frame of the source. The horizontal axis
represents the distance from the central engine of the source and is equivalent to the comoving size of the source multiplied by
the Lorentz factor (I') of the outflow. Solid and dashed lines indicate the B x R product thresholds beyond which confinement
becomes feasible for protons (in red) and iron nuclei (in blue) with energies of 102 eV, considering outflows with velocities
B = 1and B = 0.01, respectively. The magnetic field and size estimates for various source types are drawn from a variety
of sources. Low-luminosity gamma-ray bursts (LL GRBs) and high-luminosity GRBs (HL GRBs) [111, 112], tidal disruption
events [113-115], starburst galaxies and normal galaxies [116], values for AGN lobes, hotspots, and knots [117], galaxy clusters [100],
supernovae [118-120], Wolf-Rayet stars [121], and neutron stars and magnetars [122-124]. This information was compiled for

Ref. [125] by F. Oikonomou and K. Murase. Figure taken from Ref. [125]

where I’ is the Lorentz factor of the moving jet (I' ~ 10 — 50 for AGN jets and I' ~ 10 — 1000 for
GRBs [125, 126]). The case 7 = 1 corresponds to the maximum achievable efficiency and is related
to diffusion processes in the Bohm limit, the ideal scenario for energy diffusion in a plasma.

In Fig. 1, source classes falling to the left of the diagonal lines fail to meet the Hillas criterion for
confinement. This plot illustrates that normal galaxies, supernovae, and stars generating massive
magnetized winds, such as Wolf-Rayet stars, do not meet the confinement requirement. In contrast,

the remaining source categories satisfy the confinement condition.
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The Hillas criterion can be used to estimate the maximum energy of particles that can be
accelerated in a particular astrophysical object. For example, if we know the size of a supernova
remnant and the strength of the magnetic field in the remnant, we can use the Hillas criterion to
estimate the maximum energy of protons that can be accelerated in the remnant. This information
can then be used to narrow down the list of potential sources of UHECRs.

However, it is important to acknowledge certain limitations of the Hillas criterion. It does
not account for energy losses experienced by the particles during acceleration. Additionally, the
criterion assumes a uniform magnetic field as the accelerating medium and does not consider the
effects of turbulence. These limitations underscore the need for a comprehensive understanding of

the astrophysical environment in which particle acceleration occurs.

3.2 UHECR ACCELERATION MECHANISMS

3.2.1 Fermi acceleration

Fermi acceleration is a mechanism by which charged particles can be accelerated to very high
energies in astrophysical environments. It was first proposed by Enrico Fermi in the late 1940s [127].
Fermi acceleration occurs in a region where there are strong magnetic fields and a moving plasma.
The charged particles are repeatedly scattered by the magnetic field, and each time they are
scattered, they gain a small amount of energy. Over time, the particles can gain enough energy to
escape the source. The Fermi mechanism could operate in several astrophysical settings, including
SNRs and AGN, and it provides a way to accelerate particles to extremely high energies.

In the Fermi mechanism a macroscopic environment, such as a moving magnetized plasma,
transfers kinetic energy to charged particles. In astrophysical environments like supernova rem-
nants or the jets of active galactic nuclei, shock waves are very common. Charged particles, which
could be protons or heavier atomic nuclei, are present in these regions. When particles encounter
the shock wave, they undergo scattering interactions with magnetic fields and turbulence in the
surrounding medium. These scatterings cause the particles to gain energy. The key of Fermi

mechanism is that the particles undergo multiple scatterings as they move back and forth across
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3.2 UHECR ACCELERATION MECHANISMS

the shock front. During each scattering, they gain energy, and over time, this process can lead
to a significant increase in particle energy. This leads to a power-law energy spectrum for the
accelerated particles, which is an observed feature of cosmic rays.

At each scattering or encounter with the shock wave, an individual particle will gain an energy
proportional to its initial energy, that is, E; — Ef = AE = ¢E;, where E; and Ey are the energies
of the particle before and after a scattering respectively. As mentioned above, Fermi mechanism
accelerates particles through multiple scatterings. After n scatterings the energy of a particle with
initial energy Ej will become E,, = E((1+ ¢)". Particles will not scatter indefinitely; after some time
they will escape the acceleration region. If Pes is the probability of escaping the shock-crossing
or scattering region after one interaction, then, if the initial number of particles is Ny, after n
scatterings the number of particles will be N, = Ny(1 — Pesc)”. We can use the expression for the

final energy and final number of particles after n crossings to eliminate # and we obtain

log(Nn/Np)  log(1 — Pesc)

log(Ex/Eg)  log(1+e) (3.3)
which gives . .
log(1+¢
v (m) o
which if written in a differential form reads
N(E)dE () (3.5)

The Fermi mechanism leads to the characteristic power-law spectrum observed for cosmic
rays. Taking into account the characteristic time of one scattering and the characteristic time for
a particle to escape the confinement, then one can find a maximum energy per particle that a
certain environment can produce. The Fermi mechanism can accelerate particles to extremely high
energies because it operates over long timescales, allowing particles to undergo many scatterings
and accumulate energy.

There are two types of Fermi acceleration: first-order Fermi acceleration and second-order Fermi

acceleration [90].

e First-order Fermi acceleration occurs in shocks, which are regions where the plasma is
moving at different speeds. The charged particles are accelerated by the shock wave, which

is a region of high-pressure and high-density plasma.
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¢ Second-order Fermi acceleration occurs in the environment of moving magnetized gas clouds.

The charged particles are accelerated by the magnetic field, which is distorted by the motion

of the gas clouds.

The name in each case comes from the dependency of the energy gain factor, € on the relative
velocity of the plasma flow, B = v/c, where v is the velocity of the plasma in the lab frame and
¢ the speed of light. While in the first-order Fermi acceleration one can show that ¢ o« §, in the
second-order Fermi acceleration mechanism one obtains ¢ « 2. While in first-order acceleration v
is interpreted as the velocity of the shocked gas relative to the unshocked gas, in the second-order

acceleration v corresponds to the velocity of the magnetized cloud.

3.2.2  Magnetic reconnection

Magnetic reconnection is a mechanism that can potentially accelerate UHECRs, in astrophysical
environments [128, 129]. Magnetic reconnection is a process where magnetic field lines in a plasma
break and reconnect, releasing energy and accelerating charged particles in the process.

In regions of space with a high magnetic field, such as near compact objects like neutron stars or
black holes, or in solar flares, magnetic reconnection can occur. When magnetic field lines become
highly twisted and stressed, they can break and reconnect, releasing energy in the form of magnetic
and kinetic energy. During magnetic reconnection events, charged particles, such as electrons and
protons, can be accelerated. This occurs because the changing magnetic fields induce electric fields,
which can accelerate charged particles. The key to potentially accelerating particles to ultra-high
energies is the repetition of magnetic reconnection events. As particles are accelerated in one event,
they gain energy and become more energetic. When they encounter another reconnection event,
they can gain additional energy. This process can be repeated multiple times, gradually increasing
the energy of the particle. For UHECRs to escape their source and become part of the cosmic ray
population, they need to overcome magnetic confinement within the source environment. The
combination of repeated magnetic reconnection events and the gradual acceleration of particles

can provide the necessary energy for some particles to escape into interstellar space.
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3.3 KINEMATICS OF UHE NEUTRINO PRODUCTION

When UHECRSs interact with a low-energy photon background above a certain energy threshold
(further details on this later), they produce a short-lived A™ particle, which promptly decays and
eventually produces high-energy and ultra-high-energy neutrinos. This interactions can take place
inside the astrophysical sources, or as neutrinos propagate towards the Earth. The interaction and

decay chain process is given by

p+ = ptyty BR =2/3
n+nt BR =1/3
t =t +u = et + 0+ v+

Neutrinos produced in neutron decay have a much lower energy as compared with the neutrinos
produced from the pion decay. This is because the masses of the proton and of the neutron are
very similar, leaving only a small fraction of energy available for the neutrino production after de
decay. On the other hand, the neutrinos produced from the decay of charged pions are the ones
that can reach ultra-high-energies, and which are central in the development of this thesis.

To find the energy threshold for a proton to allow for the production of a A, we define as p,
the four-vector momentum of the incoming proton and as p., the four-vector momentum of the

cold photon in the background. Then we have that
2
Pa = (pp+ 1) (3.7)
PA=Pp+ Py +2pp Py (38)

Since for massive particles we have that p?> = m?, then we can replace p% = m%,, p% = 0 and

pa = m3 in Eq. (3.7), where mp and my are the masses of the proton and the delta particle. Then,

in Eq. (3.7), we have that m3 = m%, +2pp - py- For the py, - py, we can write,

Pp Py = EpEy — Pp- Py = EpEy — ‘ﬁp| : |777‘ o8 Oy (3.9)

In the case of the photon, since it is massless we can write |p,| = E,. For the high-energy proton,

in the relativistic approximation, we have that |,| = |/E3 — m3 =~ E,. So Eq. (3.9) becomes

Pp - Py = EpEy(1 —cosby,). (3.10)
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Combining both results into Eq. (3.7) we obtain the energy condition for the delta resonance,

2 2

my —my
—_ A1
2(1 —cosby,) (3-11)

EyE, =
Replacing mp = 1.232 GeV and m, = 0.938 GeV in Eq. (3.11) and considering a head-on
collision (cos 6, = —1), we obtain that the energy threshold for protons propagating on a photon
background with energy E, is
_ 0.16 GeV?

E,~ -2 2 (3.12)
4 E'y

The energy of the charged pions produced in Eq. (3.6) is on average one-fifth of the energy of
the parent proton, that is Ex = E, /5. Then, the energy of each neutrino from the pion decay is a
quarter of the pion energy, E, = E;/4 [130, 131]. Therefore, on average neutrinos are produced

with 5% of the initial proton energy.

3.3.1 The GZK cut-off

The development of cosmic-ray detectors has allowed us to reconstruct the spectrum of cosmic
across multiple energy scales. This study revealed features in the spectrum that are identified
as hints of a change in the dominant population of sources, or a transition between galactic to
extragalactic sources. In particular, changes in the spectral index and the mass composition of
cosmic rays. Of particular interest for this thesis is the so-called ankle, which corresponds to a
suppression of the cosmic ray spectrum above 6 x 10 eV. This suppression was first noted by the
Hi-Res stereo Fly’s Eye detector [20], and now confirmed with observations of the Pierre Auger
Observatory [25] in the southern hemisphere, and the Telescope Array (TA) [132] detector in the
northern hemisphere. One possibility for the origin of this suppression is the GZK cutoff [27,
28], which follows form the interaction of UHECRs with low energy background photons, such
as those from the CMB. Alternatively, the suppression could be a sign of the maximum energy
reached by cosmic accelerators. The discovery of a UHE neutrino spectrum could help us better
understand the physics of UHECRSs, their sources, and their propagation through the Universe.
In the particular case of propagation on the CMB, where the peak photon energy is (E,) =

0.66 meV, Eq. (3.12) leads to minimum proton energy of E, ~ 2-10!! GeV. A more detailed
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calculation accounting for pair production and the width of the CMB spectrum leads to a threshold
energy of E, ~ 5101 GeV.

Taking into account the cross section of the p~y process in Eq. (3.6), (7) p, the number density
of CMB photons, 1, = 413 cm >, and the average energy loss protons, AE = 0.2E,, we can
estimate the GZK horizon for protons around Lgzx = 50 Mpc. That means that above a certain

energy threshold, the Universe becomes opaque to UHECRs. Nevertheless, the observation of

UHE neutrinos may reveal the existence of higher energy cosmic rays that do not reach the Earth.

For example, observing a neutrino with energy E, = 10 EeV implies a parent proton with energy
E, = 200 EeV. This could help us answer the question of whether the flux suppression measured
of UHECRSs at the highest energies is related to the GZK cutoff or if it is a manifestation of the

maximum energy reachable in cosmic accelerators.
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DETECTION OF UHE NEUTRINOS

Neutrinos are almost-ideal astrophysical messengers. Unlike cosmic rays, they point back to their
sources. The Universe is not opaque to them, as it is for cosmic rays and gamma rays after a few
tens of Mpc at ultra-high energies. They do not undergo severe energy degradation processes.
Nevertheless, the one feature of neutrinos that allows them to travel the Universe without disrup-
tions, also implies the major difficulty for studying astrophysical neutrinos. Neutrinos interact only
weakly with matter. Therefore, detecting them is particularly challenging compared to detecting
cosmic rays or gamma rays.

Kilometer-scale detectors are needed to reach realistic sensitivities for the detection of neutrinos
from astrophysical origin. To motivate the construction of large-scale neutrino detectors, also called
neutrino telescopes, we can invoke the Waxman-Bahcall upper bound [133]. The Waxman-Bahcall
upper bound is a theoretical constraint on the flux of high-energy astrophysical neutrinos. It was
proposed by Eli Waxman and John Bahcall in 1998 and is derived based on considerations of
astrophysical sources of neutrinos and the observed cosmic ray flux, assuming that both share a
common origin, as well as high-energy gamma rays. They claimed that the observed cosmic-ray
flux provides a constraint on the total energy budget of astrophysical sources that can accelerate
particles to ultra-high energies. If these astrophysical sources are capable of accelerating protons to
ultra-high energies, they should also produce high-energy neutrinos through the interactions of
protons with ambient matter or radiation. These neutrinos would be produced via processes like
pion production and subsequent pion decay (see Sec. 3.3 for details). The neutrinos produced in
these sources would contribute to a diffuse neutrino flux that should be observable on Earth. The

Waxman-Bahcall upper bound for the neutrino flux from extragalactic sources, ®,, is in the range

of approximately F2®, =107 8t0 1077 GeVem 2 s tsr L.
Considering that the neutrino-nucleon cross section at high-energies can be approximately

modeled as ~ 1073 ecm?(E, / GeV)O'36 [134], and that 1 km?® of water contains about 6 x 1038 target
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nucleons, the Waxman-Bahcall flux yields ~ 20 neutrino events per year per km? at 100 TeV. If on
top of that we consider that at these energies a neutrino flux is subject to a significant attenuation
while traversing the Earth, then the expected number of neutrino events is halved, leading to ~ 10

neutrino events per year per km> at 100 TeV.

4.1 NEUTRINO DETECTION IN THE TEV-PEV RANGE

In 2013, IceCube discovered high-energy astrophysical neutrinos, with energies in the TeV-PeV
range [35]. IceCube is a cubic-kilometer in-ice Cherekov detector located at the South Pole. It was
built over the experience gained from previous experimental efforts [135].

High-energy astrophysical neutrinos can be detected through the observation of Cherenkov
radiation, a phenomenon that occurs when charged particles traverse a medium at speeds greater
than the phase velocity of light in that medium [136]. This process is a cornerstone of neutrino
detection in experiments like IceCube.

At high energies, the predominant interaction channel for neutrino-matter interactions is deep
inelastic scattering (DIS). In DIS, neutrinos interact with one of the nucleon partons. The DIS can
be neutral-current (NC) or charged-current (CC), depending on whether the mediator is a charged
W= or a neutral Z boson. In the case of a NC DIS the nucleon-level process for an incoming
neutrino of flavor a is v, + N — v, + X, where N is the target nucleon, X is an hadronic shower,
and « = ¢, y, T. The outcome of this interaction is that the outgoing neutrino loses energy, that
is, a neutrino flux after NC DIS is energy-damped. If the interaction is a CC DIS, the process is
vy + N — Iy + X, where the outgoing [, is a charged lepton of the corresponding flavor, that is
Iy =e,u,T.

The outgoing charged leptons travel through the detection medium and emit Cherenkov radia-
tion at a characteristic angle (Cherenkov angle) with respect to the trajectory of the particle and
within the optical wavelength range.

Optical sensors embedded within the detection medium capture the Cherenkov light emitted by
these charged particles. The sensors are equipped with photomultiplier tubes (PMTs). By analyzing

the timing and spatial distribution of the Cherenkov photons detected by multiple sensors, it is
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possible to ascertain both the arrival time and the direction of the incident neutrino. Depending
on the neutrino flavor and interaction type (NC or CC DIS), different event topologies may be
reconstructed at IceCube, tracks and cascades.

Tracks are produced by muons from the CC interaction of a v,. The v, can interact both
inside the detector volume, or in the detector surroundings. In both cases the outgoing muon
will cross the detector, triggering multiple optical modules as it propagates, leaving a track-like
signal, which allows for a good angular resolution. On the other hand, the energy resolution is
generally poor as only the energy deposited while the muon was crossing the detector is recorded.
Additionally, since neutrino events can initiate outside the detector, known as through-going
tracks, the effective volume is bigger and the number of events in this channel is larger. This
also means that the background contamination from atmospheric muons is larger. Different
background rejection, energy cut, and veto techniques are applied to significantly reduce the
background contamination. In the case of events initiated inside the detector, called starting tracks,
the background contamination is significantly smaller [137, 138].

Cascades are produced from NC interactions of all neutrino flavors and CC interactions of v, and
vr inside the detector, or close to it. In the case of NC interaction, Cherenkov radiation is produced
from the hadronic shower. For v, CC interaction, the outgoing charged lepton also contributes

< PeV, the CC interaction of a v

~

to the signal, in addition hadronic shower. At low energies, E,
produces a hadronic shower as the NC interaction. At higher energies, the outgoing T will decay
after propagating ~ 50 m per PeV, leading to a double-bang feature [139]. The first bang being the
initial interaction vertex, and the second the T—decay vertex. As most of the interaction energy is
deposited in the detector, cascades usually present a better energy resolution, however the angular
resolution is generally poorer. Additionally, the number of detected cascades is smaller than that
of tracks, as interactions are restricted to happen in a smaller volume.

For the past decade, IceCube has advanced the study of astrophysical neutrinos. Among the
most relevant scientific outputs by IceCube are the discovery of the astrophysical neutrino flux [34,
35], the identification of the first potential transient source of neutrinos, TXS 0506+056 [15, 36], the

discovery of the first steady-state high-energy neutrino source, NGC 1068 [16], pioneering studies
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on the flavor composition of astrophysical neutrinos [140, 141], probes of BSM signatures [142-146],
among others.

The success of IceCube motivated the construction and expansion of new neutrino telescopes
worldwide. Additional detectors will corroborate findings, improve statistics, and provide comple-
mentary observations. Some examples are the Gigaton Volume Detector (GVD) [147], a planned ex-
tension of the Baikal Neutrino Telescope in Siberia, Russia, the Cubic Kilometer Neutrino Telescope
(KMB3NeT) [40] in the Mediterranean sea, the Pacific Ocean Neutrino Experiment (P-ONE) [41],
the Tropical Deep-sea Neutrino Telescope (TRIDENT), an 8 km® at South China Sea [148], the
Huge Underwater high-energy Neutrino Telescope (HUNT) [149], which aims for a total volume
of 30 km? and is planned to be deployed either in Lake Baikal or the South China Sea, and the
next upgrade of IceCube, IceCube-Gen2 [39]. All these detectors are designed to complement the
observations made by IceCube by exploring different regions of the sky and increasing the total
effective volume. Figure 2 shows some of the neutrino telescopes currently operational, on the
prototype phase, or planned for the future that are be sensitive to the TeV-PeV energy range. It also
describes some of the detector characteristics, such as, flavor sensitivity, detection technique, target
volume, and detector geometry. For the TeV-PeV range the use of optical Cherenkov emission

from interactions in a detector embedded in a water volume is preferred.

4.2 NEUTRINO DETECTION AT THE EEV RANGE

4.2.1 UHE neutrino detectors

Above 10 PeV no neutrinos have been detected so far. Upper limits on their flux placed by
IceCube [66], the Pierre Auger Observatory [67], ARA [68, 69] and ANITA [150] are shown in Fig. 3.
Although the neutrino-nucleon cross section at ultra-high energies (PeV-EeV) is roughly fifteen
times higher than at high energies (TeV-PeV), meaning that neutrinos are more likely to interact in
the detector, the neutrino flux at ultra-high energies seems to be significantly smaller (see Fig. 3).

This makes the detection of UHE neutrinos challenging.
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Nevertheless, after the success of IceCube in the TeV-PeV range, there is an ongoing experimental
campaign for advancing neutrino astronomy to the PeV-EeV energy range. Recent scientific and
technological progress has envisioned novel techniques to target the detection of UHE neutrinos.
Figure 2 shows the present status of ongoing and planned neutrino telescopes. Unlike neutrino
detection at the TeV-PeV range, which only used optical Cherenkov light in water, for detecting
UHE neutrinos other detection strategies are better suited. From the hadronic shower produced
from the DIS interaction of UHE neutrinos, we can aim to directly observe the particle shower or
the Askaryan radio emission form the developing particle shower (more details on this Sec. 4.2.2).
Furthermore, besides water, other materials can be used as interaction medium for the detection of
UHE neutrinos, such as the atmosphere, geographical formations (e.g., mountains or valleys), or
even the lunar regolith. Since the works discussed in thesis are geared around the radio component
of IceCube-Gen2, which is sensitive to the Askaryan emission from interactions in ice, we discuss
in more detail the Askaryan effect below.

This diversification of detection strategies has motivated the design and construction of multiple
UHE neutrino telescopes around the globe, therefore increasing our chances of discovering EeV

neutrinos in the near future.

4.2.2  Askaryan effect

When an ultra-high-energy neutrino interacts with a dense dielectric medium, such as ice or salt,
it produces secondary charged particles. These secondary charged particles move through the
medium at relativistic speeds, exceeding the phase velocity of radio waves (typically in the MHz
to GHz range) in that medium. The secondary shower of particles presents a charge anisotropy,
with an excess of negative charges at the front and an excess of positive charges in the back of
the propagating shower. This creates a dipole effect. As the shower develops, it creates effect
of a varying dipole, leading to the emission of a cone of coherent radiation in the radio and
microwave part of the spectrum [165]. The emitted Askaryan radiation is highly directional and
is focused along the axis of the initial neutrino interaction. The direction of the radiation points

back to the source of the ultra-high-energy neutrino. Radio antennas, such as dipole antennas or
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Figure 2: Overview of current and future neutrino telescopes [24, 39, 41, 72-75, 84, 151-163]. These experiments vary in their capability to
distinguish tau neutrinos based on flavor, their chosen detection methods, and their geometric configurations. The experiments are
categorized based on their current status, whether they are operational, in prototype operation or development, or planned for
full-scale operations. This categorization is represented by the shaded regions. The color scheme matches that of Fig. 3. Figure

taken from Ref. [164]

bowtie antennas, are strategically deployed in the detection medium (e.g., within the ice) or on
its surface. These antennas are tuned to the radio frequency range associated with the Askaryan
radiation [166].

A major advantage of radio-detection for UHE neutrinos, as compared to the usual optical
Cherenkov detection in the PeV-TeV energy range, is that radio signals propagate ten times farther
in a medium like ice compared to optical signals before undergoing significant attenuation. This
allows to design a detector that covers a larger surface area by placing radio antennas more sparsely
than what would be needed with optical modules [39]. Hence, achieving the larger effective areas
needed to reach competitive sensitivities for the detection of the UHE neutrino flux.

The Askaryan effect has motivated the development of radio-based neutrino detectors, including
the Radio Ice Cherenkov Experiment (RICE) [167], the Askaryan Radio Array (ARA) [68], the

Antarctic Ross Ice-Shelf Antenna Neutrino Array (ARIANNA) [168], the Antarctic Impulsive
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Transient Antenna (ANITA) [169], the Radio Neutrino Observatory in Greenland (RNO-G) [84],
and in the future larger experiments like the radio component of IceCube-Gen2 [39] and the Giant
Radio Array for Neutrino Detection (GRAND) [72]. These experiments aim to detect ultra-high-
energy neutrinos from astrophysical sources and explore the most extreme cosmic phenomena. For

a detailed discussion of ongoing experimental efforts in the ultra-high-energy regime, see Refs. [83,

164].

4.2.3 Predictions of the UHE neutrino flux

The predictions of the diffuse flux of UHE neutrinos are subject to multiple uncertainties. If UHE
neutrinos are produced through the GZK mechanism from the interaction of UHECRs with their
medium, then an accurate knowledge of the UHECR spectrum at the highest energy is needed
to make a prediction of the expected UHE neutrino flux. Some of the parameters of the UHECR
spectrum on which the UHE neutrino flux prediction depends include the maximum energy at
which sources can accelerate cosmic rays, the spectral index of the UHECR spectrum at the highest
energies, the source number density, and the UHECR mass composition. The uncertainty on the
values of these parameters leads to a wide range of predictions for the spectral shape and overall
normalization of the UHE neutrino spectrum [170-174]. The neutrino flux component obtained
from the interaction of UHECRs with CMB photons is commonly called cosmogenic neutrinos.

In addition to cosmogenic neutrino, UHE neutrinos could also be produced from the interaction
of UHE particles with background matter and radiation within their sources. This would be an
additional component, commonly called source or astrophysical neutrinos. In the case of source neu-
trinos, the flux will depend on the type of astrophysical accelerator, its surrounding environment,
and the neutrino production mechanism [175-180].

Figure 3 shows the allowed regions for the UHE neutrino flux according to different scenar-
ios [177, 180-182] along with the current upper limits placed by different experiments [66—69].
Only in the most optimistic scenarios of the predictions for the UHE neutrino flux, the sensitivities

of neutrino telescopes as IceCube or Auger could allow them a chance to make a detection.
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Figure 3: Solid lines: Current upper limits set on the diffuse flux of UHE neutrinos [66—69]. Dashed and dashed-dotted lines: Expected 90%
confidence level sensitivity for a variety of upcoming UHE neutrino telescopes [72-75, 81, 84, 152, 153]. Shaded areas: Cosmogenic
and astrophysical UHE neutrino models [177, 180-182]. Top: Experiments embedded in water and ice. Middle: Experiments

sensitive to air showers. Bottom: Ballon-borne experiments and satellites. Figure taken from Ref. [164]

Nevertheless, the potential of UHE neutrinos for astrophysics and particle physics has motivated
the design of a new generation of UHE neutrino telescopes with larger effective volumes and new
detection techniques. Figure 3 shows the predicted sensitivities of future UHE neutrino telescopes.
This shows that we might finally have realistic chances of detecting EeV neutrinos in the near
future. In this thesis forecast the physics potential of UHE neutrinos, using a state-of-the-art,

nuanced description of upcoming detection capabilities.
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In this thesis we focus on the potential of UHE neutrinos in advancing the field of astroparticle
physics on multiple fronts.

First, in Part II, we study the perspective of discovering and measuring the UHE neutrino flux.
Chapter 6 discusses the opportunities to measure the vN cross section at ultra-high energies, a
measurement that would allow us to study neutrino-matter interactions at an energy regime that
is inaccessible to the most powerful in-Earth particle accelerators. That means that UHE neutrinos
hold the power to reveal the deep structure of nucleons. Furthermore, a precise measurement of
the UHE vN cross section makes it possible to probe theories beyond the Standard Model that
predict deviations of the cross section at these energies.

Chapter 7 focuses on the discovery of an UHE neutrino flux itself. Through a careful modeling
of the response of the radio array of IceCube-Gen2, adopted as representative of upcoming UHE
neutrino telescopes, we show that the UHE neutrino flux could be discovered within one decade
of detector exposure. Moreover, we make a detailed study of how different factors may impact
this claim; e.g., different backgrounds and detector characteristics. This study provides advise to
the design of next-generation neutrino telescopes. The goal is to maximize the scientific output; in
particular, the opportunities to discover the diffuse flux of EeV neutrinos.

Chapter 8 brings together the lessons learned in Chapters 6 and 7. After proving that the
perspectives of discovering the UHE neutrino flux and using it to measure the vN cross section are
encouraging, we will use this motivation to dive into a more ambitious goal: a joint reconstruction
of the UHE neutrino flux and an energy-dependent trend of the vN cross section. To achieve that
goal, this chapter implements many of the recommendations left at the end of the two previous
chapters to maximize the information that can be extracted from UHE neutrino telescopes. We
propose a flexible parametrization of the neutrino flux and compare its performance against

simpler parametrizations commonly used in the TeV-PeV range. This chapter shows how a
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poor parametrization of the neutrino flux may unknowingly lead to a biased result that yields an
incorrect measured value of the cross section.

After the detailed discussion of the discoverability of the UHE neutrino flux, we move to Part III
where the focus will be the physics opportunities in the UHE neutrino era. Chapter 9 focuses on
the efforts for solving the enigma of the origin of UHECRs. The ultimate goal is to pinpoint the
sources of the most energetic neutrinos and establish a connection between these sources and those
of UHECRs. The work establishes constraints on candidate classes of UHE neutrino sources, both
steady-state and transient. We use the detection of UHE neutrino multiplets as a smoking gun for
point sources that stand out over a diffuse neutrino background.

Finally, Ch. 10 studies the perspective of using UHE neutrino telescopes as dark matter detectors.
The goal is to seek signatures of the decay of heavy dark matter, with masses in the 10% to 10'° GeV,
into UHE neutrinos. We show that signatures of the heavy dark matter decay in UHE neutrino
telescopes endure significant non-dark matter backgrounds. We forecast competitive constraints
on the mass and lifetime of heavy dark matter candidates.

To achieve the goals of the works presented in each chapter mentioned above, I developed a
state-of-the-art framework to compute event rates in UHE radio neutrino telescopes, in particular
in the radio component of IceCube-Gen2. This framework includes a detailed modeling of the
neutrino propagation inside the Earth, the most updated predictions of the neutrino-nucleon cross
section at ultra-high energies, the generation of radio signals from in-ice neutrino interactions
and their propagation through the medium, and modeling of the detector angular and energy
resolution. The framework for the calculation of UHE neutrino event rates is complemented with
advanced statistical methods that allow for the exploration of large and complex parameter spaces
efficiently. The optimization of these methods, together with the leverage of high-performance
computing facilities, allowed for fast computations and made the studies described in this thesis
feasible within reasonable time scales.

Somewhere in this section you should say that you develop a detailed, state-of-the-art framework
to compute event rates in Gen2. Say briefly what this framework entails (neutrino propgation
inside Earth, recent cross-section predictions, radio generation and propagation in ice, detector

angular and energy resolution, etc.). Say that you use the same framework throughout all of your
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work, adapted to the different goals of each chapter. Say that you complement that framework
with advanced statistical methods to explore large parameters spaces efficiently.

In this way, this thesis covers a wide range of topics related to the upcoming era of the UHE
neutrino flux. Covering from its perspective of discovery, its characterization, and its use to explore
new physics avenues. This thesis aims to provide the first detailed and dedicated study of the
physics potential of UHE neutrinos. The results shown in this thesis encourage the continuous
study and development of more sophisticated numerical, mathematical, computational, and
statistical methods what will, in the near future, serve to advance neutrino physics to the ultra-high

energy regime.
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INFERRING THE NEUTRINO-NUCLEON CROSS SECTION AT THE

HIGHEST ENERGIES

Based on: Victor B. Valera Baca, Mauricio Bustamante, Christian Glaser, The ultra-high-energy
neutrino-nucleon cross section: measurement forecasts for an era of cosmic EeV-neutrino discovery,

JHEP06(2022)105, arXiv:2204.04237

ABSTRACT Neutrino interactions with protons and neutrons probe their deep structure and
may reveal new physics. The higher the neutrino energy, the sharper the probe. So far, the neutrino-
nucleon (vN) cross section is known across neutrino energies from a few hundred MeV to a few
PeV. Soon, ultra-high-energy (UHE) cosmic neutrinos, with energies above 100 PeV, could take
us farther. So far, they have evaded discovery, but upcoming UHE neutrino telescopes endeavor
to find them. We present the first detailed measurement forecasts of the UHE vN cross section,
geared to IceCube-Gen2, one of the leading detectors under planning. We use state-of-the-art
ingredients in every stage of our forecasts: in the UHE neutrino flux predictions, the neutrino
propagation inside Earth, the emission of neutrino-induced radio signals in the detector, their
propagation and detection, and the treatment of backgrounds. After 10 years, if at least a few tens
of UHE neutrino-induced events are detected, IceCube-Gen2 could measure the vN cross section
at center-of-mass energies of /s ~ 10-100 TeV for the first time, with a precision comparable to

that of its theory prediction.

6.1 INTRODUCTION

Neutrino interactions with matter are powerful probes of particle physics: they map the deep

structure of nuclei and nucleons, and may unearth evidence of new physics. Broadly stated, the
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6.1 INTRODUCTION

higher the energy of the interacting neutrino, the sharper its probing power. Today, high-energy
neutrino-matter interactions—in the form of the neutrino-nucleon (vN) cross section—are known
experimentally up to PeV neutrino energies, the highest detected so far. Yet, a trove of further
insight likely lies in the measurement of the VN cross section at higher energies. Presently, those
energies are practically out of the reach of existing detectors, but this limitation will likely be
overcome in the coming years.

Figure 4 shows the current landscape of measurements of the vN cross section. At neutrino
energies from about 100 MeV to 350 GeV, the cross section is measured precisely using artificial neu-
trino beams from particle accelerators [42-59]. Soon, the planned accelerator-neutrino experiment
FASERv [183] will reach TeV-scale energies, but not more. Beyond TeV neutrino energies, there is
no existing or planned artificial neutrino beam. Thus, TeV-PeV cross-section measurements [60,
61, 63] used instead the high-energy cosmic neutrinos discovered by the IceCube neutrino tele-
scope [34, 35, 184-188]. These are the most energetic neutrinos known so far, though not the most
energetic neutrinos predicted. At even higher energies, of 100 PeV and above, the existence of
ultra-high-energy (UHE) cosmic neutrinos was firmly predicted more than fifty years ago [27, 28].
They represent the only feasible way to extend vN cross section measurements to higher energies.
Yet, because their predicted flux is low, they have so far evaded discovery [66, 67].

Fortunately, a host of new neutrino telescopes [39, 41, 70-83], designed to discover UHE neutri-
nos even if their flux is low in the next 10-20 years, may provide a way forward. For astrophysics,
discovering UHE neutrinos would bring critical progress in understanding the long-standing
origin of ultra-high-energy cosmic rays [83, 189]. For particle physics, discovering UHE neutrinos,
in general, would allow access to tests of fundamental physics in a new energy regime and, in
particular, would allow us to further cross-section measurements [82, 83, 190, 191].

However, detailed and realistic predictions for the capability of upcoming neutrino telescopes to
measure the vN cross section, considering their design elements, are still lacking; see, however,
Refs. [192] for important first estimates. To address this, and in order to capitalize on this upcoming
opportunity, we present state-of-the-art forecasts for the measurement of the UHE vN cross section.
We gear our forecasts to the promising case of radio-detection of UHE neutrinos in the planned

IceCube-Gen2 neutrino telescope [39], one of the leading next-generation detectors under design.
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Figure 4: Neutrino-nucleon (vN) charged-current (CC) cross section, measurements and predictions. Sub-TeV measurements are from
accelerator-neutrino experiments [42-59]. Few-TeV measurements will be covered by the upcoming FASERv accelerator-neutrino
experiment [183]. TeV-PeV measurements use high-energy astrophysical neutrinos detected by the IceCube neutrino telescope [60,
61, 63]. We forecast cross-section measurements above 100 PeV—the ultra-high-energy (UHE) range—where no measurement exists
presently. Our forecasts are for radio-detection of UHE neutrinos in the planned IceCube-Gen2 [39], and are based on sophisticated
simulations of UHE neutrino propagation inside Earth (Section 6.5) and detector response (Section 6.6). In this plot, we showcase
10-year forecasts for three attractive flux scenarios that may afford the most precise cross-section measurements [37, 179] (models 2,
4, and 7 below). Table 2 shows results for many more flux models [37, 174-180, 188, 193] (Section 6.4). The precision of cross-section
measurements that we report accounts for the significant uncertainty on the flux normalization (Section 6.7), and detector resolution
(Section 6.6). For comparison, we show the state-of-the-art BGR18 calculation of the vN deep-inelastic-scattering cross section [194]

(Section 6.3.1) on isoscalar matter, averaged between neutrinos and anti-neutrinos.

To make our forecasts realistic, we use state-of-the-art ingredients in every stage of the calculation
(see Section 6.2). We model the propagation of UHE neutrinos inside the Earth and their radio-
detection in detail. For the latter, we estimate the radio-detection response of the detector, via
dedicated simulations of in-medium shower development and radio emission in IceCube-Gen2,
and its energy and directional resolution. To capture the large uncertainty that exists in the
prediction of UHE neutrinos, our cross-section forecasts factor in the uncertainty in the size of their
flux and a wide variety of shapes of their energy spectrum from the literature [37, 174-180, 188,
193].

Figure 4 shows that, in optimistic flux scenarios, IceCube-Gen2 may be able to measure the

UHE vN cross section to within 50% of its predicted value. This would be the first measurement



6.2 SYNOPSIS AND CONTEXT

of neutrino interactions at center-of-mass energies of /s ~ 10-100 TeV, comparable to those of
particle collisions at the Large Hadron Collider and the Future Circular Collider. Measuring
neutrino interactions at these energies has potentially transformative consequences. First, it will
test Standard Model predictions of the vN cross section [194]. Second, it will probe non-linear
effects in the distribution of quarks and gluons inside nucleons [195-198], the existence of color-
glass condensates [199], and electroweak sphalerons [200]; see, e.g., Refs. [200-203]. And, third, it
will probe a large number of new-physics effects that could modify the cross section, including,
e.g., leptoquarks, extra dimensions, and new gauge bosons [192, 204-208].

The goal of our forecasts is double. On the one hand, they are intended to showcase the reach
of IceCube-Gen2 to make particle-physics measurements in a new energy regime, in as realistic a
way as it is presently possible. On the other hand, and more generally, our forecasts are intended
to stimulate the development of the particle-physics research programs of upcoming high-energy
neutrino telescopes. The calculation framework that we introduce as part of our analysis can
be adapted to other neutrino telescopes, and other measurement goals. Because the design of
telescopes that will run in 10-20 years is being decided upon presently, our forecasts are timely.

This chapter is organized as follows. Section 6.2 showcases the salient points and strengths of
our analysis. Section 6.3 presents a brief introduction to neutrino-nucleon deep inelastic scattering
and outlines the strategy that we use to measure the cross section. Section 6.4 introduces the
various benchmark models of the cosmic UHE neutrino flux that we adopt. Section 6.5 describes
the effect of neutrino propagation through Earth and how we compute it. Section 6.6 gives an
overview of radio-detection of UHE neutrinos, introduces the response of IceCube-Gen2, and
shows how we estimate event rates in it. Section 6.7 introduces the statistical analysis that we use
to forecast cross-section measurements. Section 6.8 shows our resulting forecasts for the different
benchmark flux models, and the effect on them of changing detector parameters. Section 6.9 points

out potential future research directions. Section 6.10 summarizes and concludes.
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Figure 5: Overview of the calculation used to forecast ultra-high-energy (UHE) cross-section measurement capabilities. A diffuse, isotropic

flux of UHE neutrinos, of energies in excess of 100 PeV, cosmogenic or from astrophysical sources, reaches the Earth. UHE neutrinos
propagate through the Earth, across different directions, toward the envisioned IceCube-Gen2 neutrino telescope, located in the
South Pole. Inside Earth, neutrinos interact with matter, mainly via neutrino-nucleon (vN) deep inelastic scattering. As a result,
their flux is attenuated and shifted to lower energies. At IceCube-Gen2, neutrinos interact in the ice and induce particle showers
that radiate coherent radio emission that may be detected by antennas buried in the ice. The sensitivity to the vN cross section
stems from differences in the distribution of neutrino arrival directions, especially of neutrinos coming to the detector horizontally

or near-horizontally. See the main text for details.

6.2 SYNOPSIS AND CONTEXT

Figure 5 illustrates the flow of calculations involved in producing our forecasts of the measurement
of the UHE vN cross section. For a given prediction of the diffuse UHE neutrino flux, we propagate
it through the Earth, where neutrinos interact with matter, and model its detection in the radio
component of IceCube-Gen2. To make our forecasts realistic, timely, and representative of current

unknowns, we use state-of-the-art ingredients at every stage of the calculation. In brief, these are:

UHE vN CROSS SECTION UHE neutrinos interact with matter while propagating through the
Earth, and when detected. The sensitivity to the vN cross section stems from an interplay
of both effects; see Section 6.3.3.2. In our forecasts, we use a state-of-the-art prediction of
the UHE cross section [194], and deviations from it, to compute neutrino propagation and

detection. See Section 6.3 for details.
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DIFFUSE NEUTRINO FLUX We have not discovered a flux of UHE neutrinos yet, so we are
forced to consider different possibilities. In our forecasts, we assume a wide variety of UHE
neutrino flux predictions that span the breadth available in the literature, from pessimistic
to optimistic [37, 174-180, 188, 193]. We model in detail the flavor content of neutrinos and

anti-neutrinos in the flux, and keep track of it throughout. See Section 6.4 for details.

NEUTRINO PROPAGATION THROUGH EARTH When propagating UHE neutrinos through the
Earth, we compute how neutrino interactions with matter modify the neutrino flux that
reaches the detector. The modifications are energy-, direction-, and flavor-dependent, and
are slightly different for neutrinos and anti-neutrinos. In our forecasts, we account for the
dominant neutrino interaction—vN deep inelastic scattering—and for other interactions that

are collectively non-negligible, via NUPROPEARTH [209, 210]. See Section 6.5 for details.

NEUTRINO DETECTION We gear our forecasts to the detection of UHE neutrinos in the radio
component of IceCube-Gen2, optimized for neutrino detection above 10”7 GeV. In our fore-
casts, we model the detector geometry, simulate the development of particle showers in
the ice, the emission and propagation of radio signals from them, the detector response,
including the direction-dependent response of the different antenna types in the array, via
NURADIOMC [211] and NURADIORECO [212], the calculation of the trigger condition, and
the uncertainties in reconstructing the energy and direction of detected events. See Section 6.6

for details.

NON-NEUTRINO BACKGROUNDS In the radio-detection of UHE neutrinos, the main back-
grounds that may mimic neutrinos are due to showers induced by atmospheric muons in
the ice [213, 214] and to showers induced in the atmosphere, mainly by cosmic rays, that
penetrate into the ice. In our forecasts, we model the detection of atmospheric muons and
show its effect on our ability to measure the VN cross section. We comment on the tentative
effect of showers induced by cosmic rays, whose importance in neutrino radio-detection is

still unclear.

Below, we expand on each of the above elements.



6.3 NEUTRINO-NUCLEON DEEP INELASTIC SCATTERING

Previous works studied the sensitivity of upcoming neutrino telescopes to the UHE vN cross
section [205], or their capability to measure it [192, 215]. They incorporated some of the above
elements, often partially or in less detail; none incorporated all of them, or in full detail. Our
analysis is the first detailed, realistic forecast of the capability to measure the UHE vN cross section.
It has the flexibility needed to explore how sensitive the measurements are to changes in detector
features. It is geared at IceCube-Gen2, but serves as a template for other neutrino telescopes under

planning [82-84, 193, 216].

6.3 NEUTRINO-NUCLEON DEEP INELASTIC SCATTERING

6.3.1 The neutrino-nucleon DIS cross section

At neutrino energies above 1 TeV, the neutrino-nucleon (vN) cross section is dominated by deep
inelastic scattering (DIS) [217-220], where the interacting neutrino scatters off the partons—i.e.,
quarks and gluons—that make up the nucleon. In the process, the nucleon, N, is broken up, and the
final-state parton promptly hadronizes into hadrons, X. In charged-current (CC) DIS, mediated by
a W boson, the final state contains in addition a charged lepton of the same flavor as the incoming
neutrino, i.e., vy + N = a~ + X (¢ = ¢, i, 7). In neutral-current (NC) DIS, mediated by a Z boson,
the final state contains instead a neutrino, i.e., vy + N — v, + X. Anti-neutrinos undergo the same
DIS interactions, charge-conjugated.

In a vN DIS interaction, a fraction y—the inelasticity—of the initial neutrino energy, E,, is
transferred to X; the remainder fraction (1 — y) is transferred to the final-state lepton. The
distribution of inelasticity values is important: it affects the passage of neutrinos through the Earth,
where they interact with underground matter (see Section 6.5), and their detection at the neutrino
telescopes, where they interact with the detector medium (see Section 6.6). At the energies that
are relevant for us, the average inelasticity is about 0.25 [205, 221]. However, the distributions
of values of y, given by the differential vN cross sections doc““ /dy and do™NC /dy, are broad, peak
at y = 0, and vary with neutrino energy; see Fig. 7. To produce our results below we use these

energy-dependent inelasticity distributions.
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Figure 6: Neutrino-proton (vp) deep inelastic scattering (DIS) total cross section used in our analysis, during the propagation of neutrinos

inside the Earth using NUPROPEARTH [209, 210] and in the computation of event rates at IceCube-Gen2. See Section 6.3.1 for

details. This is the central value of the BGR18 calculation [194], extracted from the HEDIS [209] module of GENIE [222]. The

shaded region is the approximate energy window where the radio array of IceCube-Gen2 will be sensitive. Top: Cross sections for

v, and v,; they are equal. Bottom: Ratio of the v; to v, CC cross sections showing the low-energy suppression of the former.

The vN DIS cross sections are computed on the basis of the parton distribution functions (PDFs)

inside the nucleon, i.e., the probability densities of finding valence and sea quarks of different

flavors, and gluons, inside the nucleon [217-220]. They depend on two kinematic variables: the

four-momentum transferred to the interacting parton, Q?, and the Bjorken scaling parameter

x, the fraction of the nucleon moment carried by the interacting parton. PDFs are measured

predominantly in charged lepton-nucleon scattering [223, 224]; because they describe the nucleon,

and not the lepton that probes it, they apply also to neutrino-nucleon scattering.
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To compute vN DIS cross sections at an energy E,, we need to evaluate PDFs at roughly
x 2 my/E,, where myy is the mass of the W boson. Presently, PDFs are known down to x ~ 10-°.
At TeV-PeV energies, this is sufficient to compute the cross section with low uncertainty. At
EeV energies, relevant to our work, PDFs must be extrapolated to x ~ 10~7; this extrapolation is
the main source of uncertainty in the calculation of EeV cross sections. Broadly stated, different
calculations of the high-energy vNN DIS cross section [134, 194, 203, 205, 221, 225-229] differ in three
aspects: the perturbative order to which the cross section is computed, the PDF set that they use,
and the procedure they use to extrapolate PDFs to low values of x. Competing calculations are

close at TeV-PeV, but diverge at EeV; see, e.g., Fig. 3 in Ref. [61].
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In our analysis, we adopt the state-of-the-art BGR18 vIN DIS cross section calculation from
Ref. [194], computed to next-to-next-to-leading order, as our baseline. It uses the recent NNPDF3.1sx
PDFs [230], informed by D-meson data from LHCb [231-233], including the effect of nuclear cor-
rections and heavy quarks, and treats consistently the behavior of the PDFs at small values of
Bjorken-x. The reported uncertainty in the BGR18 cross section calculation ranges from < 3% at
100 PeV, to < 10% at 10 EeV; see Fig. 4. The uncertainty stems from uncertainties in the nuclear
PDFs [209]. Later, in Section 6.8, we find that for the most optimistic UHE neutrino flux predictions,
we might be able to measure the cross section to within comparable uncertainty; see Fig. 4. (The
theory uncertainty in the cross section can be larger in the presence of nuclear corrections [194],
which we ignore for Fig. 4, but comment on later.)

Figure 6, and also Fig. 4, shows the central value of the BGR18 CC vN DIS cross section (in
the notation introduced later, in Section 6.7.1, this is 0g4). The cross section grows with E,, and
the softer-than-linear dependence on E, due to the W mass is apparent from a few TeV on. At
EeV energies, the cross section grows roughly as o EJ-% [221]. Within the energy window where
IceCube-Gen2 will be sensitive, the cross sections are flavor-universal, yet, at low energies, 6 shows
that the v CC cross section is kinematically suppressed due to the large mass of the tauon.

Figure 7 shows the corresponding inelasticity distributions, for NC and CC interactions. Later, in
Section 6.6.4, we use them to compute the expected event rate at IceCube-Gen2. The distributions
peak at y = 0, but they are broad, i.e., there is a large spread in how the incoming neutrino energy
in a vN DIS is split into the final-state particles. This, in turn, generates a large spread in the
energies of the neutrino-initiated showers at the detector, and on their detectability.

To make our forecasts self-consistent, we use the same BGR18 cross sections to compute the
propagation of neutrinos inside Earth and their detection. At the neutrino energies relevant to us,
E, > 107 GeV, the CC cross section is roughly twice the NC cross section, and differences between
the cross sections of v, and 7, and between different flavors are small. Below 100 TeV, differences
are larger, but those energies do not come into play in our analysis. We always use the CC and
NC cross section of each flavor of v, and 7, individually. Below, as part of our forecasts, we use
the central value of the BGR18 cross section as a baseline (0g4), and also versions of it shifted up

(> 0gtq) and down (< 0g4) by constant factors.
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6.3.2 Other neutrino interactions

At ultra-high energies, vN DIS is the dominant neutrino interaction. However, other sub-dominant
interactions also affect the propagation of neutrinos inside the Earth. During propagation, we
account for the following interactions, as implemented in NUPROPEARTH [209, 210]; we defer to

Ref. [209] for details:

¢ vN DIS on the partons of the nucleon: The dominant interaction channel at ultra-high

energies; see Section 6.3.1.

¢ Neutrino DIS on the photon field of the nucleon: The neutrino interacts with a lepton
generated by the photon field of the nucleon. This is negligible except when the neutrino
can produce an on-shell W boson that enhances the cross section resonantly, i.e., when
V2myE, 2 my, or E, 2 3 TeV. It can account for a correction of up to 3% of the total DIS

cross section [234-238].

¢ Coherent neutrino-nucleus scattering: The neutrino interacts coherently with the photon
field of the target nucleus [239-241]. The cross section is « Z2, where Z is the atomic number
of the nucleus; thus, it matters mostly for heavy nuclei. This process is important only in
scatterings with small transferred momentum, Q < 1 GeV, where it can contribute up to 10%

of the total cross section.

¢ Elastic and diffractive neutrino scattering on nucleons: The neutrino interacts with the
photon field of individual nucleons. This process is important in scattering with small
Q ~ GeV, where the elastic component of the form factors of the proton become relevant.
When E, 2 3 TeV, the process may create an on-shell W boson resonantly, contributing to

the resonant cross section of the neutrino DIS on the photon field of the nucleon.

¢ Neutrino scattering on atomic electrons: Neutrino scattering on atomic electrons is negligible
except for high-energy 7,. When the center-of-mass energy is /2m.E, ~ my, i.e., when
E, = 6.3 PeV, the 7.¢ scattering is resonance and produces an on-shell W; this is known as the

Glashow resonance [242, 243]. Around the resonance energy, the 7,e cross section dominates;
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it is roughly 200 larger than the vN DIS cross section. We adopt the Glashow-resonance cross

section from Ref. [236], computed to next-to-leading order.

The sub-dominant interactions increase the attenuation of the UHE neutrino fluxes by up to 10%,
when compared to vN DIS only, especially for neutrinos coming into the detector from around the
horizon [209]. Below, when computing the propagation of neutrinos through the Earth and their
resulting fluxes at the detector, we always account for all of the above interactions; see Section 6.5.
In all of the interactions, because of the high energies, final-state neutrinos are nearly co-linear
with initial-state neutrinos; any transverse momentum is negligible compared to the forward

momentum, and we ignore it.

6.3.3 High-energy vN DIS using cosmic neutrinos

6.3.3.1 Motivation

Measuring the high-energy vIN DIS cross section offers the possibility to probe fundamental physics
on two fronts. First, the higher the energy of the neutrino, the smaller the value of x that it probes;
see Section 6.3.1. This allows us to probe the structure of nucleons deeper, testing predictions of
potentially non-linear behavior of the PDFs, such as from BFKL theory [195-198] and color-glass
condensates [199], and to look for electroweak sphalerons [200]; see, e.g., Refs. [200-203]. Second,
the higher the neutrino energy, the higher the energy scale probed where new physics could
affect the cross section. Possibilities include, e.g., leptoquarks, extra dimensions, and new gauge
bosons [192, 204-208].

Existing measurements of the vN DIS cross sections using accelerator neutrinos reach uo to
350 GeV [53]; see Fig. 4. Upcoming accelerator-neutrino experiments, like FASERv [183], should
measure the cross section up to a few TeV. To measure it at higher energies, we must use neutrinos
from natural sources: atmospheric neutrinos, from tens of TeV to roughly 100 TeV; high-energy
cosmic neutrinos from 10 TeV to 10 PeV; and ultra-high-energy neutrinos, from 100 PeV on.
Measurements using the former two exist [60, 61, 63]; we forecast measurements using the latter,

where no measurement exists yet.
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6.3.3.2 Owverview

We base our forecasts of cross-section measurements on estimates of the expected number of
detected neutrino-induced events in IceCube-Gen2. To understand where the sensitivity to the
cross section comes from, we estimate the number of detected neutrinos of energy E, coming into

the detector from zenith angle 6 as
Ny (Ey, 0;) o @, (Ey ) (E, )e 10)/Lon (Evbz) (6.1)

Here, ®, is the diffuse, isotropic flux of UHE cosmic neutrinos that arrives at the surface of the Earth,
o is the vN cross section, L is distance from the surface of the Earth to the detector, L,n = (on N)_1
is the mean free path, and ny is the average number density of nucleons encountered by the
neutrino along its way inside Earth. The latter depends on 6, and on the internal matter density of
Earth. Equation (6.1) is merely a simplified expression for the purpose of providing insight, and is
not used to produce our results. The full treatment of neutrino propagation and detection that we
use to produce results is in Sections 6.5 and 6.6, respectively.

Equation (6.1) shows that the number of events depends on the vN cross section doubly. During
propagation, the cross section acts via the exponential, attenuating the flux of neutrinos as they go
through Earth (in the full calculation, there is also regeneration of lower-energy neutrinos, which
we ignore momentarily). Higher neutrino energies—and, therefore, larger cross section—and
longer distances traveled inside Earth lead to stronger attenuation. At detection, the cross section
acts proportionally; the larger it is, the higher the chances of detecting a neutrino that arrives at the
detector. The sensitivity of neutrino telescopes to the high-energy vN DIS cross section stems from
the interplay of these two effects.

We extract the cross section by examining the angular distribution of detected events [60, 61, 63,
205, 244-247]. For events induced by neutrinos arriving from above the detector, i.e., downgoing
events, where L is small, the attenuation is negligible. In this case, the right-hand side of Eq. 6.1
becomes « ®,0 and, therefore, the sensitivity to the cross section is mild. This is due to the
degeneracy between @, and o for a fixed event rate Ny, a higher flux can be traded off for a
lower cross section, and vice versa. For events induced by neutrinos arriving from well below

the horizon, i.e., upgoing events, where L is large, the attenuation is strong. In this case, the event
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rate is low: the higher the neutrino energy—i.e., the higher the cross section—the stronger the
attenuation.

For events induced by neutrinos arriving horizontally and nearly horizontally into the detector,
the two effects above balance out. Neutrinos from this direction travel tens to hundreds of
kilometers underground, enough for the flux to be attenuated, but not eliminated. The higher the
neutrino energy, the narrower the solid angle around the horizon from where neutrinos arrive to
the detector. At ultra-high energies, neutrinos can only arrive at the detector from a few degrees
around the horizon, where the distance traveled underground is not too long (see, e.g., Fig. A2 in
Ref. [61]); these are called Earth-skimming neutrinos [248].

Combining events from all directions breaks the degeneracy between ®, and ¢ in downgoing
events, and, via the attenuation of upgoing and near-horizontal events, grants us sensitivity to
o [205, 244-247]. Yet, to make use of this, the detector requires a good angular resolution around
the horizon. This is necessary to infer the direction of the incoming neutrino precisely, and,
therefore, the column density of matter that it traversed on its way to the detector. In IceCube,
at TeV-PeV energies, the angular resolution varies from sub-degree for v,-induced track events,
to tens of degrees for shower events induced by all neutrino flavors. In our forecasts, geared at
radio-detection of EeV-scale neutrinos in IceCube-Gen2, we adopt a baseline resolution of 2° to
produce our main results, and also explore the effect of alternative choices; see Section 6.6 and

Fig. 24 for details.

6.3.3.3 Existing measurements: TeV—PeV

Figure 4 shows the three existing measurements of the TeV-PeV vN DIS cross section, all based on
IceCube data [60, 61, 63]. They used different analysis strategies and data sets; they agree with
Standard Model (SM) predictions, though the measurement uncertainties are large. In addition
to the TeV-PeV measurements, there are complementary studies to measure the cross section in
IceCube from 100 GeV to a few TeV [249].

Reference [60] used roughly 10800 through-going neutrino-induced muon tracks, predominantly
of atmospheric origin, to measure the cross section in a single neutrino energy bin spanning
6.30-980 TeV. In a through-going track event, a v, interacts at an unknown position outside the

detector and creates a high-energy muon that crosses part of it. This analysis let the normalization
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of the CC and NC cross sections float, fit it to the data, and found the cross section to be 1.30f8§2
times the SM prediction from Ref. [250]. The error is approximately equal parts statistical and
systematic; the latter is mainly due to the difficulty in reconstructing the neutrino energy from the
measured muon energy. Improvements on this measurement strategy are ongoing [64].
References [61, 63] used instead High Energy Starting Events (HESE), predominantly of cosmic
origin, to measure the cross section from 20 TeV to a few PeV. Unlike a through-going track, in
a HESE event the neutrino interacts inside the detector. The ensuing shower deposits a large
fraction of its energy in the instrumented volume. As a result, the neutrino energy is reconstructed
accurately, which facilitates measuring the cross section in multiple energy bins. However, because
HESE events are relatively rare, these analyses are limited by low event rates. The CC interaction
of v, or v, or the NC interaction of a neutrino of any flavor, induces a shower that is typically
contained in the detector. The NC interaction of v, induces in addition a muon track that starts
inside the detector, but ranges out of it. Reference [61] used 58 HESE showers collected in 6 years
to measure the cross section in bins in the range 18 TeV-2 PeV, with an accuracy of roughly half
an order of magnitude in each bin. Reference [63] used 60 HESE showers and tracks collected in
7.5 years to measure the cross section in bins in the range 60 TeV-10 PeV with increased accuracy,

thanks to reduced detector systematics. A related analysis [62] used contained events to make the

first measurement of the multi-TeV inelasticity distribution.

6.3.3.4 This work: forecasts at EeV

To produce forecasts of UHE cross-section measurements in IceCube-Gen2, we adopt the BGR18
cross section as the baseline, and explore measurement prospects for a variety of diffuse UHE
flux models. Our procedure is reminiscent of analyses that use HESE events [60, 61]. Section 6.7
describes it in detail. In our forecasts, variations in the cross section affect the neutrino propagation
inside Earth and their detection. To account for the degeneracy between the flux and the cross
section, we always forecast measuring both simultaneously. We adopt a Bayesian approach in
our statistical analysis, and account for statistical fluctuations in the number of neutrino-induced

events and non-neutrino backgrounds.
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Figure 8: Benchmark UHE neutrino flux models used in our analysis [37, 174-180, 188, 193]. Highlighted models 2, 4, 6, and 7 receive special
attention in the main text, but results for all models are shown in Tables 1 and 2, and in Appendix A.1. The upper limits on the
UHE neutrino flux are from IceCube [66] and the Pierre Auger Observatory [67]. The projected sensitivity of the radio component

of IceCube-Gen?2 is from Ref. [77]. See Section 6.4 for an overview of the flux models.

6.4 ULTRA-HIGH-ENERGY NEUTRINOS

Ultra-high-energy neutrinos, with energies of 100 PeV and above, are expected to come from
interactions of ultra-high-energy cosmic rays (UHECRs), of EeV-scale energies, on radiation or
matter. UHECR interactions may occur inside the cosmic accelerators that are their sources or
outside them, en route to Earth. In the former case, the resulting UHE neutrinos are dubbed source

neutrinos (or astrophysical neutrinos); in the latter, they are dubbed cosmogenic neutrinos. Because of
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unknowns in the properties of UHECRs and their sources, there is a large spread in the predicted
neutrino flux normalization and the shape of the neutrino energy spectrum. In our analysis, we
consider a wide breadth of benchmark flux models from the literature in order to represent this
spread. Below, we introduce our benchmark flux models, and the choices that we make in building

them.

6.4.1 QOuverview

Cosmic accelerators are expected to generate a population of non-thermal UHECRs with a power-
law energy spectrum [251]. The interaction of UHECR protons on matter (pp) or radiation (p<y)
often creates a short-lived A(1232) resonance that promptly decays into charged pions. Upon
decaying, they create neutrinos, i.e., 77 — u* + vy, followed by u™ — e + v, + 7,, and their
charge-conjugated processes. Each final-state neutrino receives 5% of the energy of the parent
proton, on average. En route to Earth, neutrino oscillations change the flavor composition of the
flux, i.e., the proportion of ve, v, and v in it; we account for this in Section 6.4.2.

For UHE neutrinos produced in pp interactions, the resulting neutrino energy spectrum follows
the power-law energy spectrum of the parent protons, and may extend unbroken down to low
energies [177]. The spectral index of the neutrino spectrum is inherited from the spectral index of
the parent proton spectrum.

For UHE neutrinos produced in photohadronic, i.e., p7y, interactions, the resulting neutrino
energy spectrum is determined by the energy spectra of the interacting protons and photons.
Because the proton spectrum is a power law and the photon spectrum is peaked or is a power law
with a spectral break, the resulting neutrino spectrum is peaked. The neutrino spectrum peaks at
an energy determined by the A resonance energy; the width of the neutrino peak is determined by
the widths of the photon and proton spectra.

Cosmogenic neutrinos, or GZK (Greisen-Zatsepin-Kuzmin) neutrinos, were first predicted in the late
1960s [27, 28, 65]. They are expected to be made during the extragalactic propagation of UHECRs,
in photohadronic interactions on the cosmic microwave background (CMB), for neutrinos of

energies typically in the EeV-scale, and on the extragalactic background light (EBL), for neutrino of
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energies typically in the tens of PeV. (Cosmogenic anti-neutrinos have an additional contribution
from the beta-decay of neutrons produced in photohadronic interactions, typically around PeV
energies, outside the region of interest for neutrino radio-detection in IceCube-Gen2.) Because the
CMB photon spectrum is well-known, the uncertainty in the prediction of the cosmogenic neutrino
flux comes mainly from uncertainties in the energy spectrum, mass composition, and maximum
energies of UHECRs, as measured by the Pierre Auger Observatory [26, 252, 253] and the Telescope
Array (TA) [132, 254], and in the abundance of the UHECR sources at different redshifts. See,
e.g., Refs. [83, 125] for an overview. Generally, a harder UHECR energy spectrum, lighter mass
composition, higher maximum energy, and a source number density that peaks at intermediate
redshifts lead to a higher cosmogenic neutrino flux; see, e.g., Refs. [172-174, 255].

UHE source neutrinos are expected to be made in either pp interactions, py interactions, or both,
inside UHECR sources. When photohadronic interactions are dominant, the spectrum of UHE
source neutrinos has a similar shape to that of cosmogenic neutrinos, except that it contains a
single py bump, since there is typically a single relevant target spectrum of photons inside the
sources. (UHE source anti-neutrinos also have an additional contribution from the beta-decay of
neutrons produced in photohadronic interactions, typically at energies too low to be relevant for
our analysis.) In some models of UHE neutrino production in cosmic-ray reservoirs [177], the
contribution of neutrinos from pp interactions extends to low energies, and the contribution of py
interactions is dominant at high energies.

In realistic models of high-energy neutrino production, including some of the ones that we
consider in our analysis, different neutrino production channels become accessible at different
energies. In p interactions [256-258], neutrino production occurs dominantly via the A(1232)
resonance at the lowest energies, with a sub-leading contribution from direct (t-channel) produc-
tion, via heavier resonances at intermediate energies, and via multi-pion production at the highest
energies. In pp interactions [130], the neutrino yield evolves with energy as a result of the evolving
pion multiplicity. Moreover, the physical conditions in the production region affect the energy of
charged particles—protons, muons, pions, and kaons—whose decay yields neutrinos. For instance,
intense magnetic fields may induce important synchrotron energy losses [104, 133, 259, 260] that

cap the high-energy neutrino yield, while re-acceleration of charged particles might counteract
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these losses [261]. Further, the presence of nuclei heavier than protons, and the nuclear cascades

initiated by their interactions with source environments, introduce additional nuance [262, 263].

6.4.2  Flavor and v vs. ¥ composition in our analysis

Because, at different energies, different neutrino production channels dominate (see Section 6.4.1)
and the physical conditions at the sources affect charged particles differently, the flavor composition
of the UHE cosmic neutrinos, i.e., the proportion of v, + 7, v, + 7y, and vz + 7 in the total flux,
and the ratio of v, to 7,, are expected to evolve with neutrino energy. This matters for the purpose
of propagating neutrinos through the Earth, on their way to the detector, and of forecasting their
detection rates. Section 6.5 shows that neutrinos of different flavor are affected differently by their
passage through Earth. Differences between v, vs. 7, are small, though we keep track of them.
The exception where differences are significant is the case of v, vs. 7, since only 7, interact via
the Glashow resonance [242]. Section 6.6 shows that neutrinos of different flavors have different
interaction rates and deposit energy differently at IceCube-Gen?2; there, differences between v,
vs. U, are also small, though we keep track of them.

In Section 6.4.3, we introduce the benchmark UHE neutrino flux models that we later use to
forecast vN cross-section measurements in IceCube-Gen2. In order to make our predictions as
informed as possible, we model the flavor composition and v, vs. 7, content of the benchmark
fluxes as accurately as possible. In doing so, neutrino flavor transitions play a key role. Below, we
explain how we compute them.

Because a neutrino of a particular flavor, v, (v = ¢, 1, T), is a superposition of neutrino mass
eigenstates, v; (i = 1,2,3), it can change flavor as it propagates. The flavor and mass bases are con-
nected by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix, U, parametrized [264]
via three mixing angles, 812, 623, 013, and one CP-violation phase, dcp, whose values are measured
in neutrino oscillation experiments.

Formally, the probability P, of a flavor transition v, — v oscillates as a function of the distance
traveled by the neutrino. However, for high-energy cosmic neutrinos, the oscillation length, which

is < 1/E,, is tiny compared to the typical traveled distance of Mpc-Gpc, so the probability oscillates
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rapidly. In addition, neutrino telescopes have limited energy resolution [265]. As a consequence,

in practice, oscillations average out, and we are sensitive only to the average probability [266],

Pgo = Y |Upgi*|Uyil* . (6.2)
i=1,2,3

Below, we compute the flux of each neutrino flavor at Earth for our benchmark flux models by
evaluating Pg, using values of the mixing parameters forecast for the 2030s [267], anchored on
present measurements [268, 269].

For this purpose, our benchmark flux models fall into three categories, depending on what
information is available to us to build the model with. For each, we compute the flux of each

neutrino species at Earth differently:

(a) Flux models for which we have available the pre-oscillation flux of each neutrino species separately
(models 3-7 below). In this case, we compute the flux of v, at Earth, &, , from the pre-oscillation
fluxes that we have available, @Vﬁls, as

(DVa (EV) = Z PﬁtXch/ﬂ,S(EV) (6-3)
p=eu,T

and similarly for the flux &y, of 7, but changing Dy 5 = Py s Because in all of our bench-
mark flux models neutrinos are produced by pion, kaon, and neutron decays, only ve, 7, vy,
and 7, exist pre-oscillation; however, after oscillations, all six species are populated in the flux

at Earth.

(b) Flux models for which we only have available the sum of the oscillated fluxes of all neutrino species
at Earth (models 1, 811 below). In this case, we consider the flavor composition to be energy-
independent and split the flux of each flavor evenly between v, to 7, at all energies. The latter
assumption holds approximately, but can have large deviations at high energy, depending on
model-dependent details of the neutrino production; see, e.g., Ref. [257] and Fig. 9 below. To
estimate the flavor composition, we assume that all neutrinos are made in pion decays, i.e.,
nt — ut + vy, followed by u* — e* + v, + 7, and their charge-conjugated processes. Hence,
pre-oscillation, the flavor composition is ( fgfs, f;fs, ;TS) = (%, %, 0) , where fgs is the ratio of
vg + Vg to the total. After oscillations, at Earth, the flavor ratios become

fae = Y, Pauffs- (6.4)

B=e,u,t
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Thus, starting, from the all-species oscillated flux at Earth that we have available, ®¢,, we

estimate the oscillated fluxes of v, and 7, at Earth as
1
CDVQ(EV) = Cpﬁa (Ev) = Efg@(Déu(Ev) ’ (65)
where the factor of 1/2 splits the flux of v, + 7, evenly between them.

(c) Flux models for which we only have available the vy, + ¥, oscillated flux at Earth (model 2 below). Like
with fluxes in category (b), we consider the flavor composition to be energy-independent and
split the flux of each flavor evenly between v, to 7, at all energies. Starting from the flux of
vy + v, at Earth that we have available, we estimate the oscillated fluxes of v, and 7, at Earth

as
1
277

where the factor of 1/2 splits the flux of v, + 7, evenly between them.

@y, (Ey) = @y, (Ev) @y, +9,(Ev) , (6.6)

For benchmark flux model 12, the flux of each neutrino species at Earth is directly available [270];
we adopt them without modification.

In our analysis, we forecast measurements in IceCube-Gen2 in the 2030s. By then, the values of
the mixing parameters are expected to be known more precisely than today [268, 269], thanks to
the upcoming oscillation experiments DUNE [271], Hyper-Kamiokande [272], and JUNO [273].
Assuming that the true values of the mixing parameters are equal to their present-day best-fit
values from the NUFIT 5.0 global fit to oscillation data [268, 269], and that the neutrino mass
ordering is normal, by 2030 we expect that [267] sin? 61 = 0.304 £ 0.00164, sin? 6,3 = 0.573 ") 00c2s?,
sin? 13 = 0.022191’828882%, and dcp = (1972%%)0. Thus, for neutrinos produced in pion decays,
as in categories (b) and (c) above, the flavor ratios at Earth, computed with Eq. (6.4), are close to

equipartition, i.e.,

e = 029875901 6.7)
fiw = 03597000, (6.8)
fTe = 034273003, 6.9)

ignoring correlations between the mixing parameters. The uncertainties in f, B, are tiny; accounting

for correlations, they would be even smaller. Thus, we can safely neglect the uncertainty in
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the future values of fg@, and just use their best-fit above when computing Eqgs. (6.5) and (6.6)
henceforth. (If the mass ordering is inverted, the best-fit values of féf « change only slightly [267],

so we do not explore that case separately.)

6.4.3 Benchmark flux models

Figure 8 shows the twelve UHE neutrino diffuse flux models [37, 174-180, 188, 193] that we use to
benchmark the sensitivity of IceCube-Gen2. They include extrapolations of the flux of TeV-PeV
neutrinos discovered by IceCube to ultra-high energies (®, models 1 and 2), cosmogenic neutrinos
(M, models 3-5, 7), source neutrinos (4, models 6, 9, 10), and joint predictions of cosmogenic plus
source neutrinos (@, models §, 11, 12).

Our selection of benchmark flux models is representative of the breadth of theoretical predictions
available in the literature at the time of writing. The highest of our benchmark fluxes—models 4, 6,
and 12—saturate the present upper limits on the UHE neutrino flux. The lowest—models 1, 3, and
5—Ilie below the 10-year differential sensitivity of IceCube-Gen2. The remaining flux models lie
in-between these two extremes. Later, in Section 6.8, we find that measuring the UHE vN cross
section should be possible for all but the lowest flux models.

Below we present an overview of the benchmark flux models. We defer to their original

publications for details (see also Ref. [274]).

1. IceCube HESE (7.5 yr) extrapolated [188]: Using 102 High Energy Starting Events (HESE)
collected over 7.5 yr, IceCube fit the all-species astrophysical neutrino flux using a power
law, @y (Ey) = Pey,0(E, /100 TeV) ~Tov, with g, 0 = 6.37 1% x 10718 GeV 1 em 2571 sr~!
and y¢, = 2.871“8:%8, valid from 60 TeV to 10 PeV. To build our benchmark flux model 2, we
extend this flux to 1019 GeV, unbroken, using the best-fit values of ®¢, ¢ and . We assume

that the flux of each neutrino species shares this common value of ¢, and estimate it using

Eq. (6.5).

2. IceCube vy, (9.5 yr) extrapolated [37]: Using 6.5 x 10° through-going muon tracks collected over
9.5 yr, IceCube fit the v, + 7, astrophysical neutrino flux using a power law, ®,, 15, (Ev) =

Dy, 47,0(Ey /100 TeV) ™"+, with @, 15,0 = 1447022 x 10718 GeV~! em ™2 s sr! and



6.4 ULTRA-HIGH-ENERGY NEUTRINOS 58

Total Ve =mmmm Voo vr Ve Ty 7z
LALLL BB L L L e o e L L e e L e T
Heinze et al., Bergman & van Vliet/
k‘*\“\% fit to Auger UHECRs fit to TA UHEC

@ 1ceCube HESE
(7.5 yr) extrapolated

IceCube vy
(9.5 yr) extrapolated

IceCube-Gen2 Radio

D (1 XS WRTITY MFETITT ATRTRTY: ¢
LA S L R

ERETIT BTSRRI ST RTITT BRI MARRe
L B B L L

Cvvvnnd vl v vl 4 vl
e L B R e

T

T,
Rodrigues et al., all AGN

AL T

T
Rodrigues et al., HL BL Lacs

0 Fang & Murase,
cosmic-ray reservoirs

T

.3 T

Ll Gt 1 il el
IR B L

7 PR I e

R R R R R L

s

Fang et al., newborn pulsars

R B B L

Muzio et al., fit
to Auger & IceCube

Muzio et al., maximum extra
p component

Neutrino flux, E%@V [GeVem2s 1sr !

@Padovani et al., BL Lacs

TR R ETITT R TTTT MATArRTTTT M
L B L

T IR RTTTT BRI MR R TITY M
R e L

T EIRRETIT A RTTIT EATATRETITY M
e R B R L B R

ERRTITY IR ETIT AR TTIT MR RUTITY EATIERUTIT. | SSRTIIT EATSERUTIT MR TIIT M ERTTT MW

ynl y
10° 10° 107 108 10° 10° 10° 107 108 10° 10° 10° 107 10® 10° 10° 10° 107 108 10° 101
Neutrino energy, E, [GeV]

Figure 9: Flux of each neutrino species for each of the benchmark ultra-high-energy neutrino fluxes that we consider (see Fig. 8). Panels

under the fluxes show the ratio ®,,, / ®@,,, of the flux of v, to the total flux, i.e., the sum of the fluxes of all species. For flux models

Vtot

1,2, and 7, the ratios are constant in neutrino energy and approximately equal to 1/6; the exact values are in Section 6.4.2. For
all the other flux models, the ratios change with neutrino energy. See the main text for details. The shaded region indicates the

approximate neutrino energy range to which the radio array of IceCube-Gen2 will be sensitive.

Yoptv, = 2.37 + 0.19, valid from 15 TeV to 5 PeV. To build our benchmark flux model 3,
we extend this flux to 10'° GeV, unbroken, using the best-fit values of @y, 47,0 and Yy, 17,
We assume that the flux of each neutrino species shares this common value of Vvt s and

estimate it using Eq.(6.6).

3. Heinze et al., fit to Auger UHECRs (cosmogenic) [174]: Cosmogenic neutrinos are generated by
UHECRs emitted by a population of nondescript sources, distributed in redshift, and their
flux is normalized by fitting the predicted UHECR energy spectrum and mass composition
at Earth to recent data from the Pierre Auger Observatory [275, 276]. References [172,
173] predict similar fluxes, also from fits to Auger data. UHECR interactions on the CMB
and EBL, including photodisintegration and photohadronic processes, are computed using
PRINCE [277]. Because the best-fit value of the maximum UHECR rigidity is low, 2.5 x
10” GV, there are relatively few UHECRs at the highest energies, and so the neutrino yield

is low. To build our benchmark model 3, we compute the pre-oscillation fluxes of ve, 7, vy,
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and 7 as functions of energy using PRINCE, and use Eq. (6.3) to transform them into the

oscillated fluxes of all species at Earth.

. Bergman & van Vliet, fit to TA UHECRs (cosmogenic) [193]: Cosmogenic neutrinos are generated
in the same way as for the benchmark flux model 3, but instead fitting the UHECR energy
spectrum and mass composition at Earth to recent data from TA [278, 279]. Reference [280]
predicts a similar flux. Because the TA data is compatible with a lighter UHECR mass
composition and a higher maximum rigidity, the neutrino flux inferred using TA data is
larger than with Auger data (model 3). To build our benchmark model 4, the pre-oscillation
fluxes of ve, 7, vy, and 7, as functions of energy are computed using CRPROPA3 [281, 282],

and use Eq. (6.3) to transform them into the oscillated fluxes of all species at Earth.

. Rodrigues et al., all AGN (cosmogenic) [179]: Neutrinos are produced by the entire population
of active galactic nuclei (AGN), which serve as UHECR accelerators. AGN are divided into
three sub-populations: low-luminosity BL Lacs, high-luminosity BL Lacs, and flat-spectrum
radio quasars (FSRQs). The number density of each sub-population evolves differently
with redshift and luminosity [283, 284]. Before escaping, UHECRs interact in the AGN jets,
via photodisintegration and photohadronic processes [262, 285]. Cosmogenic neutrinos are
produced by the UHECRs that escape, and their flux is computed using PRINCE [277]. Source
neutrinos are produced inside the jets, and their flux is computed using NEUCOSMA [257,
258, 286]. The predicted UHECR energy spectrum and mass composition at Earth agree with
Auger data [275], while the UHE neutrino flux satisfies the IceCube upper limit [66]. Low-
luminosity BL Lacs explain the UHECR flux, while FSRQs dominate neutrino production. To
build our benchmark model 5, we adopt the maximum allowed cosmogenic neutrino flux
from the entire population of AGN (Fig. 2 in Ref. [179]). We take the pre-oscillation fluxes of
Ve, Ve, Vy, and 7, as functions of energy [287], and use Eq. (6.3) to transform them into the

oscillated fluxes of all species at Earth.

. Rodrigues et al., all AGN (source) [179]: We consider the flux of source neutrinos that is the
counterpart to the cosmogenic flux of model 5. To build our benchmark model 6, we adopt

the maximum allowed source neutrino flux from the entire population of AGN (Fig. 2 in
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Ref. [179]). We take the pre-oscillation fluxes of ve, 7, vy, and 7, as functions of energy [287],

and use Eq. (6.3) to transform them into the oscillated fluxes of all species at Earth.

. Rodrigues et al., HL BL Lacs (cosmogenic) [179]: UHECRs and neutrinos are produced only
by high-luminosity (HL) BL Lacs. The predicted UHECRs agree with the Auger energy
spectrum above the ankle, but are lighter than the Auger mass composition above a few
EeV. We adopt the cosmogenic neutrino spectrum from HL BL Lacs (Fig. 5 in Ref. [179]) as
benchmark because it peaks at energies higher than the benchmark models 5 and 6, and has
a normalization in-between theirs. We take the pre-oscillation fluxes of v,, 7, Vy, and vy as
functions of energy [287], and use Eq. (6.3) to transform them into oscillated fluxes of all

species at Earth.

. Fang & Murase, cosmic-ray reservoirs (cosmogenic + source) [177]: Neutrinos are produced
in a grand-unified multi-messenger model of high-energy emission where UHECRs are
accelerated in the jets of supermassive black holes of radio-loud AGN embedded in galaxy
clusters that act as cosmic-ray reservoirs. There, UHECRs remain confined for 1-10 Gyr and
produce UHE neutrinos via py and pp interactions. From 100 TeV to 100 PeV, neutrinos are
primarily made inside the clusters, in UHECR interactions on the intra-cluster medium; above
10° GeV, neutrinos are primarily cosmogenic. The neutrino flux normalization results from
fitting the predicted UHECR energy spectrum and mass composition to Auger data [288],
and the predicted TeV-PeV neutrino flux to IceCube data [186, 289]. Reference [177] provided
the all-species neutrino flux, ®,. To build our benchmark flux model 8, we use it to estimate

the flux of each neutrino species using Eq. (6.5).

. Fang et al., newborn pulsars (source) [175]: Fast-spinning newborn pulsars that harbor intense

surface magnetic fields, of up to 1013

G, may efficiently accelerate charged particles in
the pulsar wind during pulsar spin-down. Accelerated particles propagate through the
expanding supernova ejecta that surrounds the pulsar; as they do, pp interactions on the
ejecta produce neutrinos. Reference [175] computed the diffuse flux of neutrinos produced by
the cosmological population of newborn pulsars, integrated over their neutrino-producing

lifetimes, with a spread in magnetic field intensity and spin period, and distributed in redshift

following the star formation rate (SFR). (We consider only the neutrino contribution from

60



10.

11.

12.

6.4 ULTRA-HIGH-ENERGY NEUTRINOS

the sources, not the contribution of cosmogenic neutrinos produced by UHECRs emitted
by the pulsars, which is of the same order [175].) Reference [175] provided the all-species
neutrino flux, ®@g,. To build our benchmark flux model 9, we use it to estimate the flux of

each neutrino species using Eq. (6.5).

Padovani et al., BL Lacs (source) [176]: The neutrino flux is obtained within the framework of
the simplified view of blazars [290]. Neutrinos are produced in photohadronic interactions
inside the jets of BL Lacs, whose population is simulated using a spread of redshifts and
source features like synchrotron peak energies and X-ray flux. The flux prediction was
originally constructed to explain the TeV-PeV neutrino range; we adopt it because it spills
into the UHE regime. A key parameter of the model is Y;,, the ratio of the neutrino intensity
to the gamma-ray intensity. Following Ref. [291], to satisfy the IceCube upper limit on the
UHE neutrino flux, we set Y;, = 0.13. Reference [176] provided the all-species neutrino flux,
®¢,. To build our benchmark flux model 10, we use it to estimate the flux of each neutrino

species using Eq. (6.5).

Muzio et al., maximum extra p component (cosmogenic + source) [178]: Cosmogenic and source
neutrinos are produced via photohadronic interactions within the UFA15 multi-messenger
framework [292], where sources emit UHECRs whose energy spectrum and mass com-
position at Earth are fit to Auger data. Reference [178] added a sub-dominant UHECR
pure-proton component that escapes the sources with energies above 10° GeV, motivated in
part by the observation, in Auger, of a slowdown in the increase of average nuclear mass
with energy [252], and that enhances the neutrino flux. We adopt the maximum allowed
neutrino flux that results from the joint single-mass UFA15 plus pure-proton components,
using SYBILL2.3C [293] for the hadronic interaction of UHECRs in the atmosphere (Fig. 9
in Ref. [178]). Reference [178] provided the all-species neutrino flux, ®¢,. To build our
benchmark flux model 11, we use it to estimate the flux of each neutrino species using

Eq. (6.5).

Muzio et al., fit to Auger & IceCube (cosmogenic + source) [180]: Cosmogenic and source neutrinos
are produced via photohadronic interactions within the UFA15 multi-messenger framework

(see above); in addition, source neutrinos are produced via pp interactions of UHECRs in the
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source environment. Neutrinos from hadronic interactions dominate at low energies, below
the A resonance energy. UHECR predictions are fit to Auger data. The total neutrino flux
from Ref. [180] includes contributions from UHECR sources and non-UHECR sources; the
total flux is fit to the IceCube TeV-PeV neutrino flux measurement [243, 294]. We adopt the
best-fit total neutrino flux (“UHECR v" plus “Non-UHECR v from Fig. 1 in Ref. [180]). To
build our benchmark model 12, we use the oscillated fluxes of each neutrino species at Earth

as a function of energy, which are available directly from the calculation [270].

Figure 9 shows the breakdown into the flux of each neutrino species for the benchmark models;
see Section 6.4.2. For models 1, 2, 8-11, the ratio of each species to the total flux is constant in energy.
For models 3-7 and 12, for which non-trivial energy evolution of the flux of each species separately
is available, common trends are evident. At low energies, typically below the energy range of the
IceCube-Gen2 radio component, 7, dominate due to the presence and oscillation of 7, produced
in the beta-decay of neutrons and neutron-rich isotopes created in UHECR interactions, mainly
during their extragalactic propagation. At higher energies, neutrinos are produced by pion decay;
throughout the IceCube-Gen2 energy range, flavor equipartition holds approximately. Roughly
within the range 10’-10° GeV, there is a slight excess of neutrinos over anti-neutrinos, because
more 7tt than 7t~ are produced. At the highest energies, multi-pion production dominates, and
the excess flips. Later, in Fig. 14, we show how the flavor composition is affected by neutrino

propagation through the Earth.

6.5 NEUTRINO PROPAGATION INSIDE EARTH

To compute the expected rate of neutrino-initiated showers at a neutrino telescope, first we compute

the flux of neutrinos that reaches it, after propagating through the Earth across different directions.

6.5.1 Computing neutrino propagation

Above TeV energies, the dominant interaction that neutrinos undergo while propagating inside

the Earth is vN DIS, NC and CC; see Section 6.3. NC scatterings pile up originally high-energy
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Figure 10: Distribution of neutrinos hitting or simulated IceCube-Gen2 detector volume, from four illustrative directions. See the main text

for details. For this figure only, neutrinos are not attenuated while propagating inside the Earth.

neutrinos at low energies, while CC scatterings remove neutrinos from the flux altogether. The
exception is the CC scattering of v, where the final-state tauon may propagate some distance
before decaying into a v, albeit with an energy lower than that of the original v; this is known
as “v; regeneration”. Because of it, the flux of v is less attenuated than that of other flavors. This
becomes especially important above 10 PeV, where the final-state v, are still high-energy.

We propagate UHE neutrinos towards the detector along different directions, parametrized as
cos 8, where 8, is the zenith angle measured from the location of the detector. For us, this is the
South Pole (cos 8, = 1), where IceCube-Gen2 will be located; see Fig. 5. We compute the energy
spectra of each neutrino species that reach the detector from —1 < cos 0, < +1.

Figure 10 shows examples of neutrinos hitting the surface of the simulated IceCube-Gen2

detector volume from different directions. We model the detector volume as a cylinder of radius
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12.6 km and height 1.50 km, buried underground at a distance of 1.51 km from the surface of the
Earth to the bottom of the cylinder. The top surface area of the cylinder is 500 km? [39]. Once
a neutrino reaches the surface of the cylinder, we stop its propagation. Inside the cylinder, the
propagation of the neutrino is computed separately, in the detection step of our calculation, where
any further interaction that occurs within the detector volume initiates a particle shower that emits
a radio signal that might be detected by underground antennas; see Section 6.6. Modeling the
detector volume as a cylinder vs. as a point impacts by up to 10% the attenuation of neutrinos that
reach it from directions around the horizon, i.e., Earth-skimming neutrinos, for which the detector
is of comparable size to the distance traveled inside the Earth. This is especially relevant because
these neutrinos offer the greatest sensitivity to the vN cross section; see Section 6.3.3.

Depending on the direction of the neutrino, it will encounter a different matter column density.
To account for this, for the internal matter density of Earth, we adopt the Preliminary Reference
Earth Model [295], built from seismographic data, which models the density radially out from the
center of a spherical Earth, as a series of concentric layers of increasing density towards the center.
For our calculations, since IceCube-Gen2 will be embedded in the Antarctic ice, we add a layer of
ice of thickness 3 km at the surface of the Earth. In addition, the composition of matter inside the
Earth changes with radial distance: deeper layers contain heavier elements—iron, nickel—than
shallower layers. Further, matter is, in general, not isoscalar, though this affects mainly neutrino
energies below 1 TeV [209]. When propagating neutrinos inside the Earth, we account for the
changes in density and composition as a function of position inside Earth.

As an illustration only, and not accounting for v; regeneration, the exponential dampening
in Eq. (6.1) describes the attenuation of the neutrino flux inside Earth. (We do not use those
simplified expressions to produce our results, but more sophisticated methods; see Section 6.6.4.)
The attenuation due to CC interactions is stronger the higher the neutrino energy and the longer
the length of the path traveled by the neutrinos inside the Earth. The low-energy pile-up due to
NC interactions has a similar dependence on energy and direction

As a result of the interactions inside the Earth, while the neutrino flux is isotropic at the surface
of the Earth, it has become anisotropic by the time it reaches the detector. At EeV energies, no

detectable flux reaches the detector from below; instead, the flux comes from above, where it
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is only lightly attenuated by the detector overburden, and from around the horizon, where the
attenuation is significant to modify the shape of the spectrum, but not enough to eliminate it.

We use the state-of-the-art neutrino propagation code NUPROPEARTH [209, 210] to compute
the fluxes of v, and 7, CDﬂft(cos 6.,E,) and CID%ft(cos 6, Ev). We propagate v, 7, Vy, Ty, Vr, and ¢
separately, along different directions. In v; regeneration, NUPROPEARTH accounts for the energy
losses due to electromagnetic interactions during the propagation of intermediate tauons, via TAU-
SIC [296], and computes the distribution of decay products in tauon decays, via TAUOLA [297].

In NUPROPEARTH, for the vN DIS cross section, we use the central value of the BGR18 calcu-
lation [194] (see Section 6.3.1), as implemented in the HEDIS [209] module of the GENIE [222]
neutrino event generator. HEDIS uses PYTHIA®6 [298] to compute the hadronization of final-state
particles [299]. We have modified NUPROPEARTH and HEDIS to be able to use versions of the
BGRI18 cross section that are scaled up and down by a constant factor, as part of our method of
measuring the cross section; see Section 6.7. For the cross sections of the sub-dominant neutrino
interactions (see Section 6.3.2), we use their implementations in HEDIS, unmodified.

Figure 11 shows energy histograms at the detector resulting from propagating a mono-energetic
Earth-skimming neutrino beam inside the Earth. For v;, the cascading down to lower energies
due to multiple interactions inside the Earth is evident. For v, the effect of regeneration is evident
as a pile-up at lower energies. Figure 11 shows that changes in the vN DIS cross section affect
the propagation inside Earth significantly. For v}, and also for v,, not shown, the main effect of a
higher cross section is to attenuate the flux further. For v+, a higher cross section shifts the peak of

the pile-up to lower energies, due to a larger number of neutrino interactions.

6.5.2  Computational speed-ups

As part of our statistical analysis below (see Section 6.7.4), we need to propagate many different
UHE spectra of ve, ¥, vy, 7y, V¢, and 7 separately through the Earth, for different values of the vN
DIS cross section, along different directions, and with high accuracy. This is a computationally

taxing task.
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Figure 11: Sample histograms of the number of UHE v, and v that reach the detector after propagating through the Earth. At the surface of
the Earth, opposite to the detector, we inject a mono-energetic beam of Nj“f = 10° neutrinos, each with energy ES* = 10'° GeV,
pointed toward the detector along a zenith angle 6, = 98.6°. We show cases of neutrinos propagated using the central value of the
BGR18 vN DIS cross section (0q) [194], and sample scaled-up and scaled-down versions of it. For our analysis, we pre-compute
histograms for many more values of Eﬁ“’f, 0, and the cross section. Results for v,, not shown, are similar to vy See Section 6.5 for

details.

We circumvent this limitation as follows. First, we inject a large number Nﬁrrf = 10° of v, at
the surface of the Earth, each with initial energy E"'f, and propagate it along different directions
towards the detector, using NUPROPEARTH. Upon arriving at the detector, the neutrinos are no
longer mono-energetic, but their final energies, ES¢t, are spread out as a result of interactions inside

Earth, ie., Nﬁ}ft = N%ft(cos 0., 5", Edet). Second, we compute the transmission coefficients as

Nget(cos 0., ES™r, Eget)
Ng;lrf

Ty, (cos 0, ESvf Edet) = , (6.10)



6.5 NEUTRINO PROPAGATION INSIDE EARTH

bin them in bins of E¢* of width AEZ®, i.e.,

Efet4- AEget surf
surf rdet dety — T, (COS 92/ Ev /x)
Ty, (cos 0, E3M, ES, AEJSY) = Z (3 ALSE

x=Edet

, (6.11)

and save 7y, as look-up tables. We do this separately for v, and 7, of all flavors. Third, given any
UHE neutrino spectrum at the surface of the Earth, ®,, , we use the pre-computed 7, to estimate
the average flux at the detector within an interval of final energy [E,, E, + AE,] as

DUt (cos,, Ey, AE,) 2 AE, x Y @y, (ES™) T, (cosbz, ES*™, Ey, AE,) (6.12)
Ef,urf>Ey

and similarly for 7,. Finally, we approximate the true spectrum by its binned average, i.e.,
®det(cos 0., E,) ~ ®t(cosb,, Ey, AE,). We pre-compute the look-up coefficients 7y, in fine grids
of ES"f and Edet. We repeat the above procedure to generate look-up tables for different values of
the vN cross section, since we need them for our statistical procedure; see Section 6.7.4.

Figure 12 shows sample transmission coefficients T, and Ty, for directions at and around the
horizon. For v, and also for ve, not shown, because the VN cross section grows with energy, the
cascading down to lower energies becomes more important the higher the injected energy ES"'f.
It is most significant when neutrinos arrive from below the horizon, due to the larger matter
column density that they traverse. For v, in addition, the presence of regeneration is evident for
Esvf > 10 PeV, for neutrinos coming from the horizon and below it. At the detector, regenerated
v are concentrated in a band centered around Ed¢t ~ 10 PeV.

When producing our results, we use Eq. (6.12) to compute neutrino spectra. By doing this, we
circumvent the computationally intensive need to propagate every time each benchmark neutrino

flux from scratch, for each value of the vN cross section.

6.5.3 UHE neutrino flux at the detector

Figure 13 illustrates the effect of the propagation through Earth on the benchmark flux model
4, for an example arrival direction. We choose a direction from below the horizon because the
column density traversed along it is large enough that changes in the vN cross section imprint
sizeable changes in the flux that reaches the detector. For v, and also for v,, not shown, even

the central value of the BGR18 vN cross section (0gq) is large enough to suppress the flux at the
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BGRI18 vN cross section (g, in the notation of Section 6.7.1). See the main text for details.
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propagation on the fluxes of 7, (« = e, jt, T), not shown, is similar to the effect v,. Fluxes at the detector are computed using
NUPROPEARTH [209, 210]. We show fluxes propagated using the central value of the BGR18 vN DIS cross section (0sq) [194], and

scaled-up and scaled-down versions of it. See Section 6.5 for details.

detector by more that one order of magnitude relative to the flux at the surface of the Earth, at
the highest energies. Larger cross sections vanish the flux altogether. For v, the suppression
is mitigated, though not counterbalanced, by the pile-up of low-energy, regenerated v;. For
downgoing neutrinos (6, < 80°), not shown, the fluxes are unaffected even by large cross sections,

~

due to the small column densities. Conversely, for upgoing neutrinos (6, 2 100°), not shown, the

~

fluxes vanish even if the cross section is small, due to the large column densities.
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Figure 14: Flavor ratios of neutrinos, i.e., ratios of the v, + 7, flux compared to the all-flavor flux, at the surface of the Earth and at IceCube-
Gen2, for the benchmark UHE flux model 4 [193] (see Section 6.4). In this plot, the flavor ratios at IceCube-Gen?2 are the average
for Earth-skimming neutrinos with 6, € [85°,95°]. Like in Fig. 13, we show flavor ratios of fluxes propagated using the central
value of the BGR18 vN DIS cross section (0yq) [194], and scaled-up and scaled-down versions of it. For comparison, we show the

nominal expectation of flavor equipartition at the surface of the Earth from neutrino production via the full pion decay chain.

Figure 14 shows how the flavor ratios, i.e., the proportion of v, + 7, to the all-flavor flux, are
affected by the propagation through Earth, also for benchmark flux model 4. Above 10® GeV,
neutrinos of all flavors are attenuated equally, and so their flavor ratios at the detector are equal;
at these energies, they also match the flavor ratios at the surface of the Earth; see Fig. 9. The
effects of the propagation become apparent at lower energies. There, the neutrinos of all flavors
regenerated from NC interactions plus the v; regenerated from CC interactions pile up. As a result

of the latter, the tau-flavor ratio dominates over the electron- and muon-flavor ratios. The dip in
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the electron-flavor ratio around 6.3 PeV is due to the Glashow resonance experienced only by 7.
There are corresponding bumps at the same energy in the muon- and tau-flavor ratios. The above
features become more prominent the higher the vN DIS cross section. While these features are an
implicit part of our analysis, we do not make use of flavor identification, since the capabilities of
IceCube-Gen? in this direction are still under study [213, 214, 300]. Section 6.9 comments on this

possibility for future work.

6.6 RADIO-DETECTING UHE NEUTRINOS

We gear our forecasts to the case of UHE neutrino radio-detection in the planned radio array of
IceCube-Gen2 [39]. Once neutrinos have propagated through the Earth and reached the detector,
they might interact inside the detector volume via NC and CC vN DIS. See Section 6.3 for details
on the vN DIS process. In most of these interactions, a substantial fraction of the neutrino energy
is transferred into a high-energy particle shower. As the shower develops, it produces coherent

radio emission that might be detected by antennas of the array.

6.6.1 Neutrino-induced radio emission in ice

In the NC or CC DIS interaction of a neutrino or anti-neutrino of energy E, of any flavor, the
final-state hadrons initiate a hadronic shower, rich in pions and muons [301]. The energy of the
hadronic shower is Eg, = (1 — y)E,, where y is the inelasticity; see Section 6.3. In the CC DIS
interaction of a v, or 7, the final-state electron or positron initiates an additional electromagnetic
shower, rich in photons, electrons, and positrons, co-located with the hadronic shower. The energy
of the electromagnetic shower is Eg, = yE,.

At neutrino energies below roughly 10° GeV, the hadronic and electromagnetic showers develop
in phase and appear as a single shower with energy Ey, = E,; see, e.g., Ref. [211, 300]). At
higher energies, the electromagnetic shower is subject to the Landau-Pomeranchuk-Migdal (LPM)
effect [302, 303], which reduces the cross section of the high-energy electrons and positrons. The

precise role of the LPM effect in the radio-detection of neutrinos is under study [300], but seems to
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be significant: if present, it delays the first interactions of electrons and positrons in the shower or
leads to multiple spatially displaced sub-showers. As a result, the hadronic and electromagnetic
showers may develop differently, and the shower energy might not match the neutrino energy
anymore. The simulations of v.-induced CC showers that we perform to describe the detector
response, described in Section 6.6.2, include the LPM effect. Nevertheless, when computing v,-
induced CC event rates, as described in Section 6.6.4, we maintain the relation Eg, = E, across
all energies, since further work is needed to find an equivalent form of it that accounts for the
changing dominance of the LPM effect with energy.

Separately, in the CC DIS interactions of v, and v, we also ignore the contribution of secondary
interactions of final-state muons and tauons to the event rates, because they are challenging to
simulate. Since their inclusion would increase the event rates by up to 25% [213, 214], depending
on energy and spectral shape, ignoring them makes our forecasts conservative. Future revised
estimates might isolate the contribution of the LPM effect and include secondary leptons, via
changes to the relation between shower and neutrino energies, Eq. (6.14), and to the simulated
detector effective volume; see below.

IceCube-Gen2 will be built in the Antarctic ice; see below for details. Because ice is dielectric, as
a neutrino-induced shower develops inside it, it builds up a time-varying negative charge excess in
the shower front which produces coherent radio emission. This Askaryan radiation [165] is strongest
when the shower is observed along a cone with half-angle of arccos(1/n) ~ 56°, centered on the
shower axis, where n = 1.78 is the index of refraction of deep ice. Along this “Cherenkov angle",
the radiation emitted by the shower interferes constructively. The radio signal is a broadband,
bipolar pulse a few nanoseconds long, predominantly in the frequency range 100 MHz-1 GHz.
While the shower track itself is only a few tens of meters long, the radio emission can propagate
over kilometers. However, the emission strength decreases quickly if the shower is observed
from angles smaller or larger than the Cherenkov angle, even from only a couple of degrees away
from it. Reference [166] first pointed out that Askaryan radiation can be used to detect neutrinos.
Reference [304] contains an in-depth description of radio emission from high-energy particles.

Accelerator measurements have demonstrated the existence of in-ice Askaryan emission, and

found agreement with theoretical predictions [169, 305, 306]. Additional evidence comes from the
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observation of radio emission from extensive air showers—i.e., particle showers in the atmosphere—

to which Askaryan radiation contributes in a sub-dominant capacity [304, 307-309].

6.6.2  The radio component of IceCube-Gen2

The main advantage of radio-detection of UHE neutrinos is the large attenuation length of radio
signals in polar ice, of roughly 1 km [310], versus the attenuation and scattering lengths of optical
Cherenkov light, of roughly 100 m. This allows for a cost-efficient instrumentation of huge detector
volumes with a sparse array of compact radio-detection stations. Each station contains several
antennas buried in the ice at depths of up to 200 m and acts as an autonomous unit. To maximize
the overall sensitivity of the array, the detector stations are separated by more than 1 km, so that
coincidences between stations are rare. Each detector stations measures enough information to
determine the shower energy and neutrino arrival direction; see, e.g., Refs. [300, 311-315].

The envisioned design of IceCube-Gen2 [39] capitalizes on this opportunity by including an
array of radio antennas covering a total surface area of 500 km? [77]. The radio array will be
of critical importance in the quest for the discovery of UHE neutrinos. Its design combines the
advantages found in the pathfinder experiments ARA [316], ARTANNA [69], and RNO-G [71]
into a hybrid array. The IceCube-Gen?2 array consists of two types of radio detector stations that
measure and reconstruct neutrino properties with complementary accuracy, intended to maximize
the discovery potential by mitigating risks and adding multiple handles for the rejection of rare
backgrounds [77]. The design blends the hybrid stations explored by RNO-G [71]—narrow bicone
and quad-slot antennas on three strings up to a depth of 200 m plus high-gain log-periodic-dipole-
array (LPDA) antennas close to the surface—with shallow-only stations explored by ARIANNA—
LPDA antennas close to the surface with one additional dipole antenna at a depth of 15 m to aid
event reconstruction [317].

A key ingredient in our estimates of the neutrino-induced event rates below is the detector
response of the IceCube-Gen2 radio component. We compute it via numerical simulations using
the same open-source tools that are used by the IceCube-Gen2 Collaboration, NURADIOMC [211]

and NURADIORECO [212]. Below we describe how we simulate the response of one radio station.
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Figure 15: Effective volume of a single detector component of the IceCube-Gen2 radio array, simulated using NURADIOMC [211]. The
effective volume does not include the effects of neutrino propagation inside the Earth; its directional dependence is due only
to the station geometry and to the radio propagation in the Antarctic ice. The directional dependence resulting from neutrino
propagation through the Earth is computed separately on the neutrino flux; see Section 6.5. Top row: Volume for a single shallow
detector component. Bottom row: Volume for a single deep detector component. Left column: Volume for v, CC interactions. Right
column: Volume for NC interactions of all flavors and CC interactions of v, and v;. See Fig. 16 for the effective volume of the full

array and the main text for details.

After, we scale up its response, expressed in terms of the effective volume, to the size of the full
radio array.
NURADIOMC simulates the neutrino interaction in the ice, the generation of the radio emission

and its propagation to the antennas, and performs a full detector and trigger simulation. We

simulate showers of varying energy, Eg,, that enter the detector from different directions, cos 6.
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interactions of all flavors and CC interactions of v, and vz, Vo,

. See Fig. 15 for the effective volumes of single stations and the

main text for details.

To compute the Askaryan emission, we adopt the ARZ prescription [318], combined with a
representative shower library of charge-excess profiles [211], which provides realistic modelling
of the LPM effect for v, CC interactions. The deep antennas of the station are triggered by a
four-channel phased array [71, 319] and the shallow antennas by a high /low-threshold trigger with
a time-coincidence trigger requiring coincident detection of two out of the four LPDA antennas,
using an optimized trigger bandwidth [320]. We use the exact same simulation settings as in
Ref. [77].

We report the detector response via its effective volume, i.e., the simulation volume multiplied
by the ratio of the number of detected showers to the number of simulated showers; see, e.g.,
Ref. [321]. We do this separately for the shallow and deep detector components of the simulated
station, and separately for the NC interactions of all neutrino flavors and CC interactions of v, and
vz, and for the CC interactions of v,. Results for v, and 7, are the same, since their UHE vN DIS
cross sections and inelasticity distributions are nearly equal; see Section 6.3 and Refs. [194, 205,

250]. The resulting effective volumes are functions of Eg, and cos 6.
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There are two notable differences in the effective volumes that we have generated compared
to previously reported results. First, we do not fold in the effects of in-Earth propagation into
the effective volumes. Those effects are instead imprinted on the neutrino flux that arrives at
the detector; see Section 6.5. As a result, the directional dependence of the effective volumes is
due solely to the geometry of the detector components and the propagation of radio signals in
the Antarctic ice. This facilitates exploring the effect of using different values of the cross section
during neutrino in-Earth propagation and detection. Second, the effective volumes that we use are
functions of shower energy, not of neutrino energy. In our calculation of shower rates below, this
choice allows us to account for all possible combinations of E, and y that produce a shower of a
given energy Eg, (see Section 6.3.1), and to assess the detectability of that shower.

Figure 15 shows the resulting effective volumes for single stations and their dependence on
shower energy and direction. The effective volumes are higher for higher shower energy, since
the radio signal intensifies with energy. The directional dependence of the effective volumes
is more nuanced. Broadly stated, shallow antennas have a higher effective volume around the
horizon (cos 0, ~ 0) and deep antennas have a higher effective volume for downgoing directions

(cos6, 2

~

0). This is because deeper antennas are less affected by shadowing due to the changing
index of refraction in the 200 m of overhead ice that leads to a downward bending of signal
trajectories; see, e.g., Ref. [211]. Since the capability to measure the UHE vN cross section is
contingent on the observation of near-horizontal events (see Section 6.3.3), shallow antennas are
key. Later, in Fig. 22, we quantify their importance. (In Fig. 15, the effective volume for the deep
detector component dips at cos 6, ~ —0.3 because the beams of the phased-array trigger system
have not been optimized for upgoing neutrinos, as they will anyway be attenuated by propagating
through the Earth; see Section 6.5 and Fig. 17.)

Figure 16 shows the effective volume of the full IceCube-Gen2 radio array. We adopt the baseline
array design from Ref. [77]: 144 hybrid stations, containing shallow and deep detector components,
plus 169 shallow-only stations. Because few showers are expected to be detected simultaneously
by multiple radio stations [77], it is straightforward to scale the single-station effective volumes
up to the size of the full array: it is equal to the single-station volume of shallow antennas times

the number of stations that contain shallow antennas (313) plus the single-station volume of deep
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Figure 17: Mean expected number of neutrino-induced events detected in the IceCube-Gen?2 radio array, for the benchmark UHE neutrino

flux model 4 [193] (see Section 6.4), separately for NC and CC vN DIS, and for each neutrino species. For this plot, for Table 1

and Fig. 18, and in our main results, we use the baseline choices for the energy and angular resolution, ¢ = 0.1 and 0g, = 2°,

respectively. See Section 6.6 for details.

antennas times the number of stations that contain deep antennas (144). Below, when forecasting
event rates, we use the full-array effective volumes from Fig. 16, computed separately for the

NC interaction of all neutrino flavors or the CC interaction of v, and vz, ng%a' and for the CC

VCC

interaction of v, e v,

At the time of writing, the number of shallow and deep stations in the
IceCube-Gen2 array is under consideration; our results might provide guidance to optimize it for

cross-section measurements.
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6.6.3 Reconstruction of energy and direction

The reconstruction of the shower direction and energy requires the measurement of the signal ar-
rival direction, polarization, viewing angle, i.e., the angle under which the shower is observed, and
the distance to the neutrino interaction vertex, as well as accurate modelling of the ice properties
to correct for the bending of the signal trajectories due to the changing index of refraction [311].

The signal arrival direction can be determined to sub-degree precision via the signal arrival
times to the different antennas of a detector station [314, 322, 323]. The index-of-refraction profile
is known well enough to achieve sub-degree precision on the signal direction, as tested in mea-
surements at the South Pole [322]. The viewing angle can typically be reconstructed to within
1° [312, 315, 324]. The dominant uncertainty on the direction comes from the measurement of the
signal polarization [312, 322, 324]. Polarization is generally measured better in shallow detector
components because their orthogonal LPDA pairs provide equal sensitivity to both polarization
states. For a shallow station, the capability to measure the polarization has been tested in-situ [322]
and via measurements of cosmic rays [325].

The ability to measure the viewing angle and to combine all individual measurements to estimate
the arrival direction was quantified in simulation studies using the forward folding technique [212,
312,314, 324] and deep neural networks [300, 326]. The best resolution of the direction was obtained
with a shallow detector station with a 68% quantile of 3°, which translates into an uncertainty of
the zenith angle of oy, = 2°. We adopt this angular resolution as the baseline in our forecasts below.
Later, in Fig. 24, we explore how our results depend on the angular resolution.

Similar studies have estimated the uncertainty of the reconstructed shower energy [315, 317, 324].
They yield a resolution of approximately 0.1 in log;,(ES°/ Eg, ), where EZL¢ is the reconstructed
shower energy and Ey, is the real shower energy, or roughly 30% on a linear scale in the energy

range of interest. We adopt this energy resolution as the baseline in our forecasts below.
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6.6.4 Neutrino-induced event rates in IceCube-Gen2

In a realistic experimental setting, only the shower energy is measured, not the energy of the
neutrino that initiated it. Thus, in predicting the detected shower rate, we must account for the fact
that a shower measured with a certain energy Eg, could have been initiated by any combination of
neutrino energy, E,, and inelasticity, y, that satisfies Eq, = E,y for NC interactions of all neutrino
flavors and CC interactions of v, and v, or Eg, = E, for CC interactions of v,. See Section 6.6.1 for
details. The relative contribution of each possible combination is weighed by the neutrino flux—
which determines how many neutrinos of energy E, reach the detector—and by the differential
cross section—which determines the chances that the interaction of a neutrino of energy E, has
inelasticity y. (While the neutrino energy may be reconstructed from the measured shower energy,
doing so requires making additional assumptions [311, 315], and is unnecessary for our goals, so
we do not attempt that.)

Thus, the differential rate of showers induced in the radio array of IceCube-Gen2 by v, arriving

at the detector with flux CDgft after propagating inside Earth is

d’N, 1 ENC(Eg, ) -
dEgd cos 0, Tl /0 3/( Eq. effv, (Esh, €08 6z)
. 1o (Evy)

d
dy q)vaet(EVr cos 92) ‘Ev:E%,C(ESh,y) +NC — CC> , (613)

where T is the exposure time of the detector, 11; = Naypice/ Mice is the number density of water
molecules in ice, Np, is Avogadro’s number, pje = 0.9168 g cm~3 is the density of ice, and
Mice = 18.01528 g mol ! is the molar mass of water. Equation (6.13) accounts for the contributions

of NC and CC interactions. On the right-hand side, the term EVI\;C (Esn, i)/ Egn re-scales the units

VNC

of the flux from neutrino energy to shower energy. The effective volume, Vg ,

is the full-array
volume described in Section 6.6.2. The cross section, og%, is for neutrino DIS interaction on a water

molecule (H20), i.e., 03'G, = 100G + 8071G, where 0}YG and 075 are the BGR18 v, p and vn cross

sections, respectively, and similarly for the CC cross sections [194]. In Eq. (6.13), the differential
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shower rate on the left-hand side is evaluated at a shower energy Eg,. This determines, on the

right-hand side, the neutrino energy at which the integrand is evaluated, i.e.,

Eqw/y, forv, NC
Ef/a(Esh/y) = Ey, forv, CC , (6.14)
Eqw/y, forv,and vy CC
for i = NC,CC. Equation (6.14) applies also to anti-neutrinos. (In our numerical solution of
Eq. (6.13), we set the lower limit of the y integral to 1078 instead of 0 to prevent the integral from
diverging.)

The differential shower rate in Eq. (6.13) is the “true" shower rate. Because the detector measures
energy and direction imperfectly, the true rate is unobservable. Instead, to produce our results, we
use exclusively the “reconstructed" shower rate, i.e., the rate expressed in terms of the reconstructed
shower energy, E°, and the reconstructed direction, 87°. These are the shower quantities that
would be observed in a realistic experiment, after accounting for the measurement uncertainties.
To do this, we fold the true shower rate with resolution functions in shower energy and direction,
Rg, and Ry, respectively, that capture the measurement precision of the detector.

For the resolution function in energy, we adopt a Gaussian function centered at the real shower

energy, Egy, i.e.,

(B —Egn)?
N E T2
Rp, (%, Eqy) = ——0 e “n (6.15)
(B Ban) =
where the normalization constant,
rec\y — 2
NEsh(Esh )= (6.16)

1+ erf (ii;) ,
ensures that the integral of Rg, from Eg, = 0 to o equals 1. The width of the resolution function
is o, = 10%Eg, where o is the spread in the ratio € = log;(E}/Egp). Reference [315] reported
approximately 0. = 0.1, based on simulations performed for RNO-G; we take this value to be
representative also of IceCube-Gen2, and use it to produce our results; see Section 6.6.3. Refer-
ences [317, 324] reported similar results for a shallow detector component in ARTANNA [317, 324].
The choice of o has little effect on our results, as long as it is under control, since the cross section
is extracted mainly from the angular distribution of the showers, rather than from their energy

distribution; see Section 6.3.3.
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Table 1: Expected rates of neutrino-induced showers in the radio component of IceCube-Gen2, after T = 10 years of exposure time, for

the benchmark UHE diffuse neutrino fluxes used in this analysis (see Section 6.4), and varying the vN DIS cross section ¢ = oy, N,
where & = ¢, jt, T. The cross section oy is the central BGR18 prediction [194] (see Section 6.3), against which we measure variations.
The variation is the same for all flavors of v, and 7,. Possible flux types are: extrapolation to ultra-high energies (®), cosmogenic
(M), source (@), and cosmogenic + source (®). Results are obtained using the baseline choices for the detector resolution: shower
energy resolution of o = 0.1, with € = log,,(E%*/ Esn ), and angular resolution of 0, = 2°; see Section 6.6.4 for details. In this table,
the shower rates shown are binned in a single bin of reconstructed shower energy, 107 < Egc/GeV < 1010, Rates are all-sky, i.e.,
summed over all values of reconstructed direction, —1 < cos 61° < 1; we show separately the fraction of showers that are upgoing

or near-horizontal, i.e., with 61° > 80°. (To produce our main results, instead we bin finely in reconstructed energy and direction;

see Section 6.7.3.)

Shower rate in IceCube-Gen?2 radio array (10 yr)

# Type UHE v flux model o =0.10gq =0y 0 =40g44

All-sky 67¢¢ > 80° All-sky 03°¢ > 80° All-sky 05° > 80°

10

11

12

®  IceCube HESE (7.5 yr) extrapolated [188] 012 6258% 073 3686% 257 29.23%
L IceCube v, (9.5 yr) extrapolated [37] 409 5742% 2690 3534% 9813 29.41%
| Heinze et al., fit to Auger UHECRs [174] 012 6419% 071 3733% 252 29.65%
B Bergman & van Vliet, fit to TA UHECRs [193] 4529 51.00 % 332.34 33.74 % 1243.57 29.13 %
| Rodrigues ef al., all AGN [179] 014 6030% 089 3643% 320 30.04%
2 Rodrigues ef al., all AGN [179] 17.33 6094 % 107.16 36.62% 385.97 30.11%
] Rodrigues et al., HL BL Lacs [179] 332 5190% 2424 34.08% 89.89 29.40 %
® Fang & Murase, cosmic-ray reservoirs [177] 825 5448 % 5741 34.59% 21127 29.33 %
2 Fang et al., newborn pulsars [175] 18.66 56.60 % 12538 35.28 % 485.65 29.73 %
L Padovani ef al., BL Lacs [176] 941 61.28% 57.85 36.67% 207.58 30.00 %
® Muzio ef al., max. extra p component [178] 793 51.62% 56.55 33.57 % 213.28 28.60 %
® Muzio et al., fit to Auger & IceCube [180] 313 66.46% 1712 38.06% 5893 28.78%

For the resolution function in direction, we adopt a Gaussian function centered at the real

direction, 6., i.e.,

N

202
z o, =, 6.17
V270, (617

Ry, (62°,62) =
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Figure 18: Mean expected distribution of neutrino-initiated showers in the radio component of IceCube-Gen2 after 10 years of exposure. For
this plot, we assume the benchmark model 4 for the UHE diffuse neutrino flux [193] (see Fig. 8); to produce our results in the main
text, we explore all flux models, 1-12 (see Section 6.4, Tables 1 and 2). Each column shows a different choice of the vN DIS cross
section that affects the propagation of neutrinos through the Earth and their detection. The cross section 0y is the central value of
the BGR18 calculation [194], which we take as our baseline. See Section 6.6.4 for details about the calculation of shower rates. We
include the background of showers due to atmospheric muons, which factors into our statistical analysis, computed using the
hadronic interaction model SYBILL 2.3C [293]. (In the lower row of panels, the background is multiplied by a factor of 10 to make
it visible.) In our analysis, we use exclusively the background after the application of the surface veto (“veto on"); in this plot, we

show the case without the veto (“veto off") only for comparison.

where the normalization constant,

2
nf@;ec 9§EC ’
erf < Vaon, ) + erf ( ﬁ%>

ensures that the integral of Ry, from 6, = 0 to 7 equals 1. We use 0y, = 2° to produce our main

N, () = (6.18)

results; see Section 6.3.3. In Section 6.8, we study the effect of varying 0y on measuring the vN
cross section.

Folding the resolution functions, Egs. (6.15)—(6.18), with the true shower rate, Eq. (6.13), yields
the reconstructed shower rate, i.e.,

d’N,, +1 o0
S 0 | dE
T » dcos b, A

d’Ny,

shmREsh( sh+ Esh) Ro. (07°,62) . (6.19)
S.
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Finally, the total shower rate is the contribution from v, and ¥, of all flavors, i.e.,

d’N, d’N,
_—_— = e Ug . 6.20
TEdee L dEgeder (620

We use Eq. (6.20) to forecast shower rates throughout our analysis, integrated in bins of E° and
cos 07°¢. In Section 6.7.3, we comment on the effect of the choice of binning on the measurement of
the cross section.

Figure 17 shows the mean expected number of neutrino-induced showers for benchmark UHE
neutrino flux model 4 [193] as illustration, broken down into the contribution of each interaction
type and neutrino species. Because flux model 4 has comparable fluxes of each neutrino species at
the surface of the Earth (see Fig. 9), the differences between the rates of different channels in Fig. 17
are due mainly to differences in the in-Earth propagation of the different species, the connection
between neutrino and shower energy, Eq. (6.14), and the effective volumes for v, CC interactions
and for all other interaction channels (see Fig. 16).

Figure 17 displays features that are common to all interaction channels and all benchmark flux
models. Barring differences in the flux of the different species that reach the detector, the following
observations hold generally. First, the dominant contribution comes from the CC interactions of v,
and 7, the only two cases for which E, = E,; see Eq. (6.14). (In Fig. 17, there are more showers
in the range 10°-10'° GeV because those showers receive the full neutrino energy, and the flux
model 4 peaks within that range; see Fig. 8.) Second, the NC interactions of all species, and the
CC interactions of v, 7y, V¢, and 7, contribute at about the same level, since Eg, = yE, for all
of them; see Eq. (6.14). Third, in all channels, because of in-Earth attenuation (see Section 6.5),
events are mainly downgoing, i.e., 0.2 < cos 01 < 1, and, to a lesser extent, near-horizontal, i.e.,
—0.2 < cos 07¢¢ < 0.2. Fourth, all channels have a deficit around cos 0;°° = 1, because the neutrino
interaction takes place almost always below the deepest antenna of the station, and all radio signals
are emitted downward for vertical neutrino directions; see Fig. 16. Fifth, and finally, all channels
have a deficit around Ef® = 107 GeV, because the detector loses sensitivity quickly at low shower
energies, where radio emission is weak; see Fig. 16.

Table 1 shows that the IceCube-Gen2 all-sky shower rate grows with the vN cross section,
regardless of the choice of benchmark flux model. On the one hand, for all values of the cross

section, the shower rate is dominated by downgoing showers, with 6°¢ < 80°, as expected from
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Section 6.3.3. On the other hand, the fraction of near-horizontal and upgoing showers (6;°¢ > 80°)
decreases with the cross section. These two observations reveal that, in the all-sky shower rate,
the main dependence on the cross section comes from its role in the detector, rather than in the
in-Earth attenuation of the neutrino flux; see Eq. (6.1) for a simplified picture. Table 1 confirms
what Eq. (6.1) professed: as the attenuation becomes more important, with rising cross section,
the rate of near-horizontal and upgoing showers decreases. This is where the sensitivity to the
cross section comes from. Table 1 shows that the changes in the shower rate with the cross section
are roughly comparable for all benchmark flux models; differences between them are due to their
different energy spectra.

Figure 18 illustrates the behavior seen in Table 1 for one benchmark flux model; other models
behave similarly. The shape of the shower distribution in EG° is largely insensitive to the value
of the cross section: changes in the cross section merely scale the distribution down—if the cross
section is smaller—or up—if the cross section is larger. This is because the all-sky shower rate
is dominated by downgoing showers, initiated by neutrinos whose flux is unattenuated due to
traveling a short distance inside Earth. Equation (6.1) shows that for downgoing showers, because
there is little attenuation, the rate scales roughly linearly with the cross section. In contrast, the
shape of the shower distribution in cos 03¢ is strongly affected by the value of the cross section.
Equation (6.1) shows that, due to the exponential attenuation, a smaller cross section mitigates
in-Earth attenuation and flattens the distribution in cos 03°, while a larger cross section enhances
the attenuation and tilts the distribution in cos 6. This exponential angular dependence of the
shower rate on the cross section—rather than the linear dependence of the all-sky shower rate—is
where most of the sensitivity to the cross section comes from. The tilting of the angular distribution
becomes stronger the larger the value of 6, i.e., the longer the distance neutrinos travel inside
the Earth. However, for upgoing neutrinos, the flux is nearly fully attenuated, even for the most
optimistic diffuse flux models. Therefore, in practice, the sensitivity to the cross section comes from
the angular distribution of showers coming from around the horizon. We pay special attention to

them later, in Section 6.7.3, by binning them in fine angular bins.
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6.7 MEASURING THE CROSS SECTION

We forecast the capability of IceCube-Gen2 to measure the UHE vN DIS cross section by means of
its effect on the predicted shower rates. Because of the degeneracy that exists between the cross
section and the neutrino flux normalization when computing shower rates (see Section 6.3.3.2),
our forecasts are always for their simultaneous measurement. We use the methods introduced in
Section 6.6.4 to generate samples of showers for different choices of their values. We perform the

analysis below separately for each of the UHE neutrino flux models 1-12 introduced in Section 6.4.

6.7.1 QOuverview

For a choice of flux model, we start by generating the “real" shower sample, i.e., a sample of
showers distributed and binned in EZ¢ and cos 6;°, computed using the “real" values of the cross
section and flux normalization. For the cross section, the real value is given by the central value
of the BGR18 DIS calculation, 4. For the flux normalization, the real value, ® 4, is given
by the model flux evaluated at a reference energy of E, o = 108 GeV. The resulting real shower
sample is the mean expected sample predicted for IceCube-Gen2. Later, in Section 6.7.4, we use
a statistical procedure to assess how well we can recover the real values of the cross section and
flux normalization in a realistic experimental setting. As part of that procedure, we generate test
shower samples using values of the cross section, 7;, N, and flux normalization, ®y, different from
the real values, and compare those shower samples to the real one, including the presence of a
non-neutrino background.

To generate test shower samples, we parametrize deviations from the real value of the vN DIS

cross section, within the range E, = 107-1010 GeV, via
fo=0/0gq - (6.21)

We consider only energy-independent modifications of the cross section, as in Ref. [60], so f; is
constant in energy. Changing f,- shifts the value of the cross section up or down from the central

BGR18 value. The same value of f, applies to all flavors of v, and 7, and to interactions on protons
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(N = p) and neutrons (N = n). The real shower sample is computed using f, = 1. Later, in
Section 6.7.4,we allow its value to float generously, from 0.01 to 100, and generate a large number
of test shower distributions for its different values.

Changing f, affects the neutrino flux that reaches the detector—by changing the propagation
through the Earth (see Section 6.5)—and the cross section at the detection (see Section 6.6.4). For
each choice of f;, we compute both effects. In our analysis, changing f affects only the vN DIS
cross section off the nucleon partons; the remaining, sub-leading neutrino interaction channels that
act during neutrino propagation through the Earth (see Section 6.5) remain unchanged. Section 6.9
comments on possible generalizations.

Similarly, for each choice of flux model out of models 1-12, we parametrize deviations from the

real value of the flux normalization, via
fo = Po/Pptd (6.22)

where the value of @ g is unique to each flux model. Changing fg shifts the flux up or down
from its central value, but the shape of the neutrino spectrum, flavor composition, and v vs. ¥
content are unchanged. The real shower sample is computed using fo = 1. The same value of fo
applies to all flavors of v, and 7,. Later, in Section 6.7.4, we allow its value to float generously, and
generate a large number of test shower distributions for its different values. We vary fg indirectly:
for a given choice of flux model out of 1-12, we allow the value of EE,OCIDO to float from 1012
to 1077 GeV cm 2 s~ ! sr~!, and compute fo for each value of E12/,0¢0‘ Section 6.9 comments on

possible generalizations of this procedure.

6.7.2  Non-neutrino backgrounds

In the radio component of IceCube-Gen?2, in addition to neutrino-initiated events, we expect a
background of irreducible non-neutrino-induced events that could mimic a neutrino signal. There
are two main such backgrounds: in-ice showers induced by high-energy atmospheric muons
created by cosmic-ray interactions in the atmosphere [213], and air-shower cores, i.e., cores of
showers that start in the atmosphere, induced mainly by cosmic rays, and that continue developing

downwards in the ice [327]. The latter lead to in-ice Askaryan radiation that can be reflected
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Figure 19: Mean expected number of background showers initiated by high-energy atmospheric muons in the baseline design of the
IceCube-Gen2 radio array in 10 years of exposure time. The energy and angular resolution are the same as the baseline choices for
neutrino-initiated events, i.e., 7 = 0.1 and 0y, = 2°, respectively. The hadronic interaction model used is SYBILL 2.3C [293]. The
background rates in this plot and in our analysis are after the application of a cosmic-ray veto used to suppress the background.

See the main text for details.

back upwards by reflection layers that are known to be present in deeper ice. In our forecasts,
we account only for the background of showers due to atmospheric muons, by generating their
expected distribution in reconstructed energy and direction, as described below. We do not account
for the background of cosmic-ray air-shower cores, since their estimates are presently uncertain,
but comment on them in Section 6.9.

Figure 19 shows the mean distribution of muon-induced shower events in the radio component

of IceCube-Gen?2 [77, 213, 214]; see also Fig. 18. We estimate it using the hadronic interaction model

87



6.7 MEASURING THE CROSS SECTION

SYBILL 2.3C [293] and apply a veto coming from the detection of atmospheric muons by a surface
array of cosmic-ray detector tanks, that helps to mitigates the rate. We expect roughly 0.2 showers
per year in the range 10*~10'! GeV, and < 0.1 showers per year in the range 107-10'° GeV relevant
for our forecasts. These rates are subject to significant uncertainties, due mainly to the high-energy
muon flux, but the ability to measure the cross section in IceCube-Gen?2 will not be affected by
the uncertainties; we comment on this below. The background of showers from atmospheric
muons is direction- and energy-dependent. Figure 18 shows that most of the showers are in the
range 107-10° GeV; thus, the highest-energy end of the shower spectrum is nearly free from this
background. Since it is unlikely that a muon produced in the atmosphere reaches the detector
from below the horizon, the background for 8, > 90° is zero (this changes slightly after applying
angular smearing below).

Similarly to how we use the reconstructed neutrino-induced shower rate (see Section 6.6.4) in
our analysis, we also use the reconstructed rate of muon-induced showers; this is what Fig. 19
shows. We compute it in the same way: by convolving the true rate of muon-induced showers
with the resolution functions in Egs. (6.15)—(6.18), and expressing the result in terms of E¢ and
cos 07°¢. At all times, we use the same energy and angular resolution for muon-induced showers
as for neutrino-induced showers. As a result, a tiny fraction of the muon-induced showers leak

into the highest energies and into directions just below the horizon, i.e., for 1 2 90°; see Fig. 18.

6.7.3  Choice of shower binning

To produce our forecasts, we bin the real and test shower samples (see above) in fine bins of
EFC and cos 07°¢. Accordingly, in our statistical analysis we use a binned likelihood function; see
Section 6.7.4. The bins of reconstructed shower energy and direction that we use are equal in
size to or larger than the width of the detector energy and angular resolution, i.e., 0p, and o,
respectively, from Egs. (6.15) and (6.17). Section 6.9 comments on the possible future use of an
unbinned likelihood.

When binning in cos 03°¢, we pay special attention to Earth-skimming neutrinos, which have the

strongest sensitivity to the cross section; see Section 6.3.3. For downgoing showers, we expect a
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large rate; but, since they are largely unattenuated by their passage through Earth, they do not
carry a significant angular dependence induced by the cross section. Thus, for them we use a single
bin covering 62°¢ € [0°,80°]. For horizontal and near-horizontal showers, our region of interest,
we use ten bins, equally spaced between 6°¢ = 80° and 100°, each with a bin size equal to the
angular resolution of the detector, 7y, . To produce our main results, we use the baseline angular
resolution of 0y, = 2°; later, we explore alternative choices (see Fig. 24). For upgoing showers, of
which there are few due to the attenuation of the flux inside Earth, we use two large angular bins:
one for 6° € [100°,110°], which is populated only if the flux is high and the cross section is low
(see Fig. 18), and one for 61 € [110°,180°], which is typically nearly empty. For upgoing showers,
using finer binning would lead to a large number of empty, uninformative bins.

When binning in E;ff, we use twelve bins equally spaced in logarithmic scale ranging from
log,((E5/GeV) = 7 to 10. Even though in our analysis we allow only for energy-independent
re-scaling of the cross section from its predicted central value (see Section 6.7.1), the distribution of
showers in energy still matters when extracting the cross section, for three reasons. First, during
neutrino propagation inside the Earth an energy-independent re-scaling of the cross section affects

the flux attenuation differently at different energies, due to the non-linear dependence on energy

of the regeneration of neutrinos in NC interactions and v regeneration; see Fig. 11. Second, the

distribution of showers in energy reflects the distribution of neutrino energies in the diffuse flux.

Third, showers from the background of atmospheric muons are concentrated at low energies:
above a few times 107 GeV, there are nearly none, so binning in energy enhances the statistical
power of the neutrino-induced showers in that range. Naturally, the choice of energy binning is
relevant only when the predicted number of showers is relatively large. If shower rate is low, like
for benchmark flux models 1, 3, and 5, we have checked that the choice of EZ* binning does not

affect cross-section measurements.
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6.7.4 Statistical analysis

To produce our forecasts, we use a Bayesian statistical analysis. Section 6.7.1 outlined the procedure;
below, we present it in detail. We carry the procedure separately for each UHE neutrino flux model,
1-12 (see Section 6.4).

First, for a given choice of flux model we generate the real shower sample (), i.e., the mean
expected number of showers assuming the real values f, = 1 and fg = 1 (see Section 6.7.1), binned
in E;¢ and cos 07°¢ as described in Section 6.7.3. In the i-th bin in E¢ and the j-th bin in cos 67°

of the real shower sample, the mean number of neutrino-induced showers is N V(rl)] To this bin,

of observing N yl)

j showers in a

we associate a Poisson probability distribution, with mean N 152'

particular realization of the shower distribution, i.e.,

v,ij

(r) _
_ N ()
(7‘)) v,ij e N

N
(N = ( v
P (NU)) = oy (623)
N, /!
v,ij
Similarly, in each bin, the mean number of background muon-induced showers is N f‘rl)j, and we

associate to it a Poisson probability distribution, given by Eq. (6.23) but with Nyl? — N;Srl.)j and

Nyl)] —+ N p(lri)]" of observing N p(tri)j muon-induced showers in a particular realization of the shower

distribution. Thus, in a particular observed realization of the real shower distribution, the total
number of showers in the bin is Nyps;j = N yl)] + N ;(er)]' where the neutrino and muon contributions
are sampled from their respective probability distributions.

Next, for the same choice of flux model, we generate test shower samples (t) for values of f,
and fg that are in general different from their real values. In each bin, the mean expected numbers
of neutrino-induced and muon-induced showers are, respectively, Nv(tl)](ﬂ) and N ,E?](e), where
we use 0 = (f,, fo) as shorthand. The total mean expected number of showers in this bin is
Niest,ij(8) = Nv(,tz‘)j(e) + N;S?j(e)-

Given a specific random realization of the real shower distribution, generated following the

above procedure, we quantify its compatibility with the mean test shower distribution expected

for a particular choice of 0, in each bin, via the likelihood function

Nooor (0 Nobs,ij o~ Neest,ij (0)
[:1']'(6) _ test,z]( )

(6.24)
Nops,ij!
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The full likelihood function is the product of all the partial likelihood functions, i.e.,
Nege Nogee
£©) =TT TT £, (6.25)
i=1 j=1
where Ngree and Nyree are, respectively, the number of bins in E and 63°¢; see Section 6.7.3 for
sh z S

details. The posterior probability distribution is
P(6) = L(6)7(0), (6.26)

where 71(0) = 71(fo)7(fo), 7(fo) is the prior on f,, and 7(fg) is the prior on fg.

We use wide priors in log,, f- and log, fo to facilitate exploring large possible deviations from
the real values of f, = 1 and f¢ = 1. The priors are flat to avoid introducing unnecessary bias. For
log,, fo, the prior spans the interval from -2 and 2; this range covers all reasonable modifications
of the cross section. For log,, fo, the prior spans a different interval for each flux model. For a
given flux model, it is defined by varying the flux at E, o = 10® GeV from EE,OCID(EV,O) = 10712
to 1077 GeV ecm~2 57! sr~! and using Eq. (6.22) to compute fo. The low end of this interval
corresponds, in practice, to an unobservable flux. The high end exceeds the upper limits on the
flux from IceCube and Auger (see Fig. 8). However, this does not put our analysis in tension: the
IceCube and Auger limits were obtained under the assumption that the vN cross section has its
nominal value (f, = 1) while, in our analysis, when we explore large reductions of the cross section
(fr < 1), they can be traded off for large enhancements of the flux while keeping the number of
showers unchanged; see Section 6.3.3.

For a particular random realization of the real shower distribution, we compute the posterior,
Eq. (6.26), as a function of f; and fo. We generate a large number of different random realizations
of the real shower distribution using the above prescription; for each, we compute the associated
posterior. Since our goal is to produce forecasts for the average sensitivity of IceCube-Gen2, we take
the arithmetic average, (P), of all the posteriors thus generated. This is equivalent to marginalizing
over the Poisson distribution in each bin of the real shower distribution. In this way, our forecasts
reflect the average sensitivity of the detector, taking into account statistical fluctuations. In an
actual detection in IceCube-Gen2, and assuming that f, = 1 and fg = 1 are indeed the real values,
the posterior computed with real data would be one of the random realizations that we averaged

over.
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Below, to produce our forecasts, we maximize (P) with respect to fy and fe, and find their
best-fit values and credible intervals. We report results either as two-dimensional posteriors (see
Figs. 20 and Fig. A1), or as one-dimensional posteriors obtained by marginalizing the full posterior
over one of the two parameters (see Table 2 and Fig. A2), i.e., (P(fr))f, = [ dfe(P(fo, fo)) for fo,

and equivalently for fg.

6.8 RESULTS

Below, to produce our main results, we use the baseline design of the IceCube-Gen?2 radio array, i.e.,
144 hybrid (deep + shallow) stations plus 169 shallow-only stations, the baseline detector energy
resolution, o = 0.1, and angular resolution, cg, = 2°, and T = 10 years of exposure time. We state
explicitly when we vary these parameters.

Figure 20 shows our results for the simultaneous measurement of the cross section and flux
normalization for a selection of benchmark UHE neutrino flux models that is representative of
the full variety explored in our analysis; see Fig. 8. Appendix A.1 contains similar results for all
benchmark flux models. In Fig. 20, the elongated shape of the two-dimensional posteriors follows
from the partial degeneracy between the cross section and the flux normalization: the number of
showers depends on their product; see Eq. (6.1). The posteriors are narrower for flux models with
a higher associated mean expected shower rate, i.e., in Fig. 20, for flux models 4 (“Bergman & van
Vliet, fit to TA UHECRs") and 6 (“Rodrigues ef al., all AGN"). This is because, in those cases, the
number of horizontal showers is large enough to partially break the degeneracy between cross
section and flux; in Eq. (6.1), this happens via the exponential attenuation term.

Figure 20 reveals an asymmetry between the region of high flux and small cross section in the
upper-left corner—which is disfavored—and the region of low flux and large cross section in
the lower-right corner—which is allowed. The asymmetry becomes more evident for lower-flux
models. This preference for low flux and large cross section stems from the effect of the cross
section on the shower distribution, as illustrated in Fig. 18 for flux model 4. A small cross section
(fo < 1) implies that the in-Earth attenuation is small and, therefore, the flux at the detector, and

the angular distribution of the associated showers, are closer to isotropic. In contrast, a high cross

92



6.8 RESULTS

T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
log,(0/0u4q
— 009 oo
_ - oo — oot
T
o oo e s Nl s 2 ] PR
‘_‘(D _— 7 [ T T T T I T T T T I T T T T | T T T T I T T T T I T T T T I T T T T i
- : Real value .
| . [IceCube-GenZ Radio, 10 years ° ]
95] L . i
~ C %  Best fit ]
! : 1 68%C.L. i
g - . 95% C.L. ]
> —8 B 99.7% C.L. ]
V) C ]
O ]
\ - -
ecf C ]
o _9L _'
oS o T
M r ]
N— L i
o
S C ]
o0 C ]
o L ]
— - -
= =10 .
> : i
[«F] - i
O B i
0 B ]
o - -
=’ C UHE v flux model log g E2 @) ]
é — 11 Rodrigues et al., HL BL Lacs S —-- —9.66103¢
- - B IceCube vy, (9.5 yr) extrapolated j——- —8.4170% 1
2 [ MMM Rodrigues et al., all AGN o ~7.667013 ]
g [ BB Bergman & van Vliet, fit to TA UHECRs [ — 8541012 ]
< 12 ST AT NI IS AN I S RS NS ST N R N SRR W MR W SR N L ]
= Z15 —-10 -05 0.0 0.5 1.0 1.5 2.0
]
= UHE vN cross section, log,, fo = log(0/0stq)

Figure 20: Mean expected capability of the radio component of IceCube-Gen2 to jointly measure the UHE vN DIS cross section and the
diffuse neutrino flux normalization, for representative benchmark flux models 2, 4, 6, and 7 (see Fig. 8), shown as two-dimensional
posteriors. Results account for the background of showers induced by atmospheric muons; see Section 6.7.2. Each posterior is
the average over 10° random realizations of the shower distribution, binned in reconstructed shower energy and direction; see
Section 6.7.4. Results are for the baseline detector design with 144 hybrid (shallow + deep) stations plus 169 shallow-only stations,
angular resolution of 0y, = 2°, energy resolution of 0. = 0.1, and T = 10 years of exposure. See Fig. Al for similar results for all

flux models, Table 2 and Fig. A2 for marginalized one-dimensional parameter ranges and posteriors, and the main text for details.

section (f, 2 1) implies a tilted angular distribution, with a sharp drop of the rate around the
horizon. For the real values of the cross section and flux normalization, f, = 1 and fg = 1, the
predicted near-horizontal shower rate is low: for most fluxes, it is only about one shower per bin
in 10 years (exceptionally, for flux model 4, the highest among the benchmarks, there is a handful
of near-horizontal showers). Therefore, high values of f, 2 1, which also result in a sharp drop,

are favored over f, < 1; the asymmetry in Fig. 20 reflects this.

93



6.8 RESULTS

Figure 21 shows that the sensitivity to f, and fo comes predominantly from near-horizontal and
horizontal showers, since they are the ones initiated by neutrinos that undergo significant, but not
complete, attenuation inside the Earth. Using only downgoing showers reveals the underlying
degeneracy between cross section and flux in the calculation of shower rates (see Section 6.3.3),
but is unable to break it. In short, downgoing showers, more numerous, help in the discovery of
the diffuse UHE neutrino flux, while near-horizontal showers, more rare, help to jointly perform
studies beyond flux discovery, like cross-section measurements.

Figure 22 shows that, using the baseline array design—made up of 144 hybrid (shallow + deep)
plus 169 shallow-only stations—the precision in the measured values f, and fg is dominated by
shallow stations. The caveat to this is that in our analysis we assume that the angular resolution of
all detected showers is the same, whereas in reality there will be differences. For instance, detection
in deep antennas is expected to yield poorer resolution (see Section 6.6.3), which would further
boost the importance of shallow stations. Section 6.9 comments on future improvements of the
analysis in this direction.

Table 2 shows the one-dimensional marginalized ranges of f, and fg for all the benchmark flux
models. The results show that the radio component of IceCube-Gen2 could indeed jointly measure
fo and fo, to varying precision, as long as at least a few tens of showers are detected in 10 years.
Appendix A.1 shows the corresponding one-dimensional marginalized posteriors.

We classify the results in Table 2 in three groups, according to the size of the flux and its
associated shower rate. First, for low-flux models 1, 3, and 5, we expect fewer than one shower in
10 years and so no measurement is possible. Second, for medium-flux models 2, 7, §, 10, 11, and
12, we expect tens of events; with them, we can measure f,; to within 50-180% and f¢ to within
70-110%, depending on the flux model. Third, for high-flux models 4, 6, and 9, we expect 100-300
events; with them, we can measure f; and fg to within 40%. Table 2 reveals that these groups are
not dominated by a single flux type; rather, different flux types—extrapolated, cosmogenic, source,
and cosmogenic + source (see Section 6.4)—are represented in all groups.

Table 2 reveals important nuance associated to the shape of the UHE neutrino spectrum. For
instance, even though flux model 12 has a lower shower rate than flux model 7, it leads to more

accurate measurements of f, and fg. Figure 8 shows that model 12 peaks at lower energies than
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model 7. Since the VN cross section grows with energy, this implies that in model 12 neutrinos
are less attenuated by their passage through Earth, and so more of them reach the detector from
near-horizontal directions. Conversely, in model 7 neutrinos are higher-energy, so they are more
strongly attenuated and a relatively larger number of them are downgoing. This, again, highlights
the importance of Earth-skimming showers to perform studies beyond flux discovery.

We have tested that the capability of IceCube-Gen2 to measure the cross section is not limited by
the uncertainty in the background shower rate of atmospheric muons. We did this by repeating
our analysis using a rate of muon-induced showers five times higher than the one in Fig. 19. The
results are practically indistinguishable from those in Table 2. There are three reasons for this. First,
for the benchmark flux models for which the cross section can be measured, the rate of muon-
induced showers is tiny compared to the rate of neutrino-induced showers. Second, muon-induced
showers are concentrated at lower energies, leaving the higher energies background-free. Third,
muon-induced showers affect almost exclusively downgoing bins, whereas the sensitivity to the
cross section comes from bins around the horizon.

In our analysis, we set the real values of the cross section and flux normalization to be f, =1
and fep = 1; see above. However, Table 2 shows that, for all flux models, their average best-fit
values have a consistent bias toward fr < 1and fp 2 1 (except for low-flux models 1, 3, and 5, for
which f¢ is compatible with zero due to the low shower rate). The bias toward an average best-fit
fo S 1, though slight, stems from the interplay in shower rates between the single bin that contains
downgoing showers—whose mean expected shower rate is relatively high—and the multiple bins
that contain horizontal and near-horizontal showers—whose mean expected shower rates are
relatively low. As a result, the Poisson probability distribution of the rate, Eq. (6.23), of the single
downgoing bin is rather symmetric, while Poisson probability distributions of the horizontal bins
are rather asymmetric. Therefore, in any one of the random realizations of the shower distribution
that we generate as part of our statistical analysis (see Section 6.7.4), in the downgoing bin under-
fluctuations and over-fluctuations relative to the mean shower rate are equally likely, while in the
horizontal bins under-fluctuations are more likely than over-fluctuations. As a result, on average,
under-fluctuations in the all-sky shower rate are more likely than over-fluctuations. Because lower

shower rates correspond to smaller values of the cross section, via Eq. (6.1), the best-fit value of
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Figure 21: Same as Fig. 20, but for benchmark flux model 4 alone, and showing results using only downgoing showers and only upgoing

plus horizontal showers.

fo < 1 on average. Nevertheless, within 68% C.L., the inferred values of f, and fg are compatible
with their real ones (again, except for the low-flux models). Further, their best-fit values approach
their real values closer the higher the mean expected shower rate, and the longer the exposure
time; see Fig. 23.

Figure 4 places our results in the context of existing cross-section measurements, including in
IceCube, by showcasing a selection of three optimistic, representative benchmark flux models,
2,4, and 5. In the best-possible scenario, i.e., for flux model 4 (“Bergman & van Vliet, fit to TA
UHECRSs"), after 10 years we could be able to measure the cross section to within the theory

uncertainty of the BGR18 prediction [194]. For lower, but still detectable, flux models, 4 shows
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Figure 22: Same as Fig. 20, but for benchmark flux model 4 alone, and showing results using only the deep and shallow stations of the

baseline array design.

that the measurement worsens, but remains informative. In particular, for flux model 2 (“IceCube
vy flux (9.5 yr), extrapolated to UHE")—a conservative benchmark based on the known TeV-
PeV diffuse neutrino flux—the cross section could be measured to roughly the same accuracy at
ultra-high energies as it is currently measured in the TeV-PeV range. Overall, medium-flux and
high-flux models (see above) offer enough accuracy to test a diversity of proposed deviations of the
cross section, due to new physics, e.g., large extra dimensions [204], electroweak sphalerons [200],
or to non-perturbative effects in the nucleon structure, e.g., color glass condensate [201]; see Fig. 2

in Ref. [190] for an example.
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Table 2: Expected rates of neutrino-induced showers and measurement capability of the cross section and flux normalization in the radio

component of IceCube-Gen2, after T = 10 years of exposure time, for the benchmark UHE diffuse neutrino fluxes used in this
analysis; see Section 6.4. Possible flux types are: extrapolation to ultra-high energies (®), cosmogenic (M), source (@), and
cosmogenic + source (®). Measurement capabilities are expressed in terms of f, = 0/ 0gq for the cross section, and fo = Po/ Py s
for the flux normalization at a neutrino energy of 108 GeV. The real values are f, = 1 and fo = 1. Results are obtained using the
baseline choices for the detector resolution: shower energy resolution of 7. = 0.1, with € = log,,(E%*/Egp ), and angular resolution
of 0y, = 2°; see Section 6.6.4 for details. The shower rates shown are all-sky, i.e., summed over all values of reconstructed direction,
—1 < cos62¢ < 1, and binned in a single bin of reconstructed shower energy, 107 < EX¢/GeV < 101°. However, all-sky rates are
only referential, and in the statistical analysis used to infer the cross section and flux normalization, we use instead binned shower
rates; see Section 6.7.4 for details. For the inferred cross section and flux normalization, we show the best-fit values and 68% credible
intervals of their one-dimensional marginalized posteriors. The statistical procedure returns results for log,, f- and log,, fo; we

show the corresponding results in terms of f, and fo to facilitate their interpretation.

All-sky shower

Inferred cross section  Inferred flux normalization

# Type UHE v flux model rate (10 yr)
logyg fo fo logyg fo fo

1 e IceCube HESE (7.5 yr) extrapolated [188] 0.73 —-0397H2 04172% 1161057 0.07705!
2 e IceCube vy (9.5 yr) extrapolated [37] 26.90 —0.07133 085212 +0.0670%  +1.1570%
3 n Heinze et al., fit to Auger UHECRs [174] 0.71 —17517233 0027370 —111%1%  0.085)58
4 MW Bergman & van Vliet, fit to TA UHECRs [193] 332.34 —0.01%315 098793 +0.01%032  1.027033
5 Rodrigues et al., all AGN [179] 0.89 -145721% 0047386 _115t118 007702
6 @ Rodrigues et al., all AGN [179] 107.16 —0.017018 0987030 +0.01%07%  1.0270%2
7 n Rodrigues et al., HL BL Lacs [179] 24.24 —0.0970% 081737 +0.09103% 1237
8 ® Fang & Murase, cosmic-ray reservoirs [177] 57.41 —0.04f8:;2 0.91:1):}5 +0.03f8:§g 1.07f8:§§
9 @ Fang et al., newborn pulsars [175] 125.38 —0.017317 098793 +0.011017  1.0270%2
10 @ Padovani ef al., BL Lacs [176] 57.85 —0.017031 0987072  +0.027922 1.05704%
1 e Muzio et al., max. extra p component [178] 56.55 —-0.04793% 091713 +0.0310% 1077022
12 e Muzio et al. fit to Auger & IceCube [180] 17.12 0047038 091738 005103 1122

Figure 23 shows the expected improvement in the measurements over time, for selected medium-

flux and high-flux benchmark models. In the most optimistic scenario, for flux model 4 (“Bergman

& van Vliet, fit to TA UHECRSs"), the 2.5-year uncertainty in the inferred value of the cross section,

fo, of 75 %, is already comparable to the baseline 10-year uncertainty, of 35 %. The 20-year
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Figure 23: Evolution with exposure time of the precision in the forecast measurement of the UHE vN cross section (top) and the UHE
neutrino flux normalization (bottom) in the radio component of IceCube-Gen2, for benchmark flux models 2, 4, and 7; see Fig. 8.

See the main text for details.

uncertainty, of 22 %, is smaller than the BGR18 theory uncertainty shown in Fig. 4. Results for
model 2 (“IceCube v}, flux (9.5 yr), extrapolated to UHE") are comparable. At short exposure times,
increased exposure leads to drastic improvements in the measurement uncertainty because the
measurement is dominated by statistical uncertainties. At long exposure times, improvements
slow down, as the measurement becomes increasingly dominated by systematic uncertainties, i.e.,
the energy and angular detector resolution and, to a lesser degree, the background of atmospheric

muons.
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Figure 24: Impact of the detector angular resolution, 0y, , on the measurement of the vN DIS cross section and flux normalization, for the

benchmark UHE neutrino flux models 2, 4, 6, and 7; see Fig. 8. See Section 6.7.3 for details about the choice of binning.

Figure 24 shows that angular resolution, ¢y _, is key to making precise measurements of f, and fg,
especially in medium-flux models where the degeneracy between them is more resilient on account
of a lower shower rate. A good angular resolution allows the detector to distinguish between
similar arrival directions around the horizon, where the joint sensitivity to f, and f¢ comes from;
see Sections 6.6.4 and 6.7. In Fig. 24, we repeat our analysis, but for different choices of values of
g, . For each choice, we set the size of the angular bins used for horizontal and near-horizontal
showers, with 05¢ € [80°,100°], equal to op,. Figure 24 shows, e.g., for flux model 4 (“Bergman
& van Vliet, fit to TA UHECRSs"), that using a resolution of 0y, = 5° yields f, = 0.94f8:g§ and
fo = 1.061“8:32, and using 0y, = 10° yields f, = 0.881“(1]:;3 and fo = 1.14:1):22, an increase of 50%
and 178% in the uncertainty of f, and of 41% and 191% in the uncertainty of fg, respectively,

compared to the baseline results with 0, = 2° from Table 2. Results for other flux models change

similarly.

6.9 FUTURE DIRECTIONS

When generating our forecasts above, we have used state-of-the-art predictions and dedicated

simulations to describe the incoming UHE neutrino flux, its propagation through Earth, and its
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detection in the radio component of IceCube-Gen2, and to jointly measure the cross section and flux
normalization. Yet, there are potential improvements to be implemented in future, revised versions
of our calculation. None of them represent a fundamental limitation of our present analysis. Below,
we present possible future improvements, listed roughly in ascending order of implementation

challenge, with the hope of sparking progress in various directions:

Raising the maximum neutrino energy in in-Earth propagation.— To compute the propagation of
UHE neutrinos through the Earth, we have used NUPROPEARTH [209, 210], based on the state-
of-the-art BGR18 vN DIS scattering cross section [194]; see Section 6.3.1 However, the version of
NUPROPEARTH that we used was unable to propagate neutrinos beyond energies of 10'° GeV.
Fortunately, for the majority of the benchmark flux models 1-12, the flux beyond 10 GeV
contributes marginally to the shower rate; see Fig. 8. Only for models 4 and 11 we expect that
contribution to be slightly more sizeable. We recommend raising the maximum allowed neutrino

energy in future versions of NUPROPEARTH.

Including the LPM effect in the relation between neutrino and shower energies.— The LPM effect is
included in the NURADIOMC simulations of v,-induced CC showers and radio propagation that
we use to generate the detector effective volume; see Section 6.6.4. However, the energy-dependent
relevance of the LPM is not accounted for in the relation between neutrino energy, E,, and shower
energy, Eqn, Eq. (6.14), because a parametrization of it was not available at the time of writing. As
a result, for v.-initiated CC showers, we have assumed that Eg, = E, at all energies, whereas in
reality the LPM should make Eg, < E, at the highest energies. This may be improved in future

work by building a suitable parametrization from dedicated simulations.

Including the contribution of secondary leptons in the effective volumes for v,- and v,-initiated CC
showers.— When generating the effective volumes for Vy- and v;-initiated CC showers, we have
ignored the contribution of the radio emission coming from showers induced by the secondary
charged leptons, i.e., the final-state muons and tauons in the CC interactions, due to the additional
computational expense involved in simulating them and in parametrizing the relation between
neutrino to shower energy in the presence of secondary interactions; see Section 6.6.4. Refer-
ence [213] showed that they may enhance the shower rate by up to 25%, which makes our results

above conservative. Their contribution may be included in future work via dedicated simulations.
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Improving the modeling of the angular resolution.— To obtain our results, we assumed the same
angular resolution for all detected showers; see Section 6.8. However, in reality, the angular
resolution of a detected shower depends on its event quality, and on which detector component
measured it, i.e., only the shallow one, only the deep one, or multiple components in coincidence.
With a better modelling of the expected experimental uncertainties, our analysis can be redone
using different resolution functions depending on the event class. Further, we have only considered
the resolution in zenith angle, not in azimuth angle; the latter might be relevant when analyzing

real shower events, with definite celestial coordinates.

Using an unbinned likelihood analysis.— In our analysis above, we binned the expected IceCube-
Gen2 showers in reconstructed shower energy and direction (see Section 6.7.3), and we used a
binned likelihood function, Eq. (6.25), to infer the values of the vN cross section and the neutrino
flux normalization. We chose the bin sizes to be no smaller than the detector energy and angular
resolution. Yet, when inferring the cross section and flux normalization from actual future data
detected by IceCube-Gen2, with each shower carrying its own energy and direction resolution,
an unbinned likelihood would be preferable, in the style of IceCube TeV-PeV cross-section mea-
surements in Refs. [61, 63]. Such unbinned prescription may also be used in forecasts of the

cross-section measurement, with modifications of our above procedure.

Including the background of cosmic ray-induced showers.— Section 6.7.2 stated that the two main
non-neutrino backgrounds in the radio array of IceCube-Gen?2 are showers induced by atmospheric
muons, which we account for in our analysis, and air-shower cores propagating into the ice, which
we do not account for, since their rate is still largely unknown. Early estimates of this background
put its rate anywhere between a handful and tens of showers per year, before the application of
any cuts or of a surface veto that could mitigate them. If these estimates are accurate, and if vetoes
do not mitigate the rate significantly, then they might render cross-section measurements in even

medium-flux models unfeasible. Ongoing work should clarify the relevance of this background.

Including nuclear effects in the cross section.— To obtain our results, we have used the BGR18
cross section built using free-nucleon PDFs. However, the nucleons with which neutrinos interact
are bound in heavy nuclei; this modifies the PDFs and, therefore, the vN DIS cross section.

Reference [209] showed that using nuclear-corrected PDFs in in-Earth propagation could modify
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the fraction of neutrinos that reach the detector by more than 50%, especially at high energies. This
is comparable to or greater than the measurement precision that we have forecast; see, e.g., 4. This
should motivate future forecasts of UHE cross-section measurement to devote more attention to

the effect of nuclear corrections.

Using flavor identification.— Figure 14 shows that the flavor ratios at the detector carry information
about the vN cross section. For instance, comparing the tau-flavor ratio vs. the electron-flavor or
muon-flavor ratios could give us information about the effect of the cross section on v; regeneration.
More generally, flavor ratios have the potential to explore a variety of new neutrino physics; see,
e.g., Refs. [190, 191, 267, 328-330]. Presently, however, flavor identification in neutrino radio-
detection is still uncertain, though preliminary results on identifying showers from v, and vy CC
interactions [213, 214] and from v, CC interactions [300] are promising. Even if flavor identification
is not readily available in IceCube-Gen2, its all-flavor data could be combined with data collected
by other planned neutrino telescopes that are predominantly sensitive to UHE v [82, 83], i.e.,
AugerPrime [162], BEACON [153], EUSO-SPB [161], GRAND [72], POEMMA [74], PUEO [75],
SKA [331], TAMBO [73], TAROGE-M [159], TAx4 [332], and Trinity [81, 333], in order to compute

the tau-flavor ratio.

Looking for energy-dependent new physics in the cross section.— In our analysis above, we have looked
for energy-independent modifications of the Standard Model vN DIS cross section. However,
if there are beyond-the-Standard-Model contributions to the cross section, they may instead be
energy-dependent and possibly even localized only within a narrow energy window. In particular,
UHE neutrinos could allow us to probe new vN resonant interactions via new heavy mediators
with masses up to, roughly, (111;/GeV)*> x 100 TeV, where m, is the mass of the quark involved in
the interaction. Reference [192] explored the effect of new energy-dependent contributions to the
vN cross section, and of resonant contributions to the neutrino-electron cross section, in the context
of GRAND, POEMMA and Trinity. For IceCube-Gen2, attempting to explore energy-dependent
modifications of the vN cross section within the same sophisticated end-to-end framework that we
have developed above quickly escalates the complexity of the tasks involved, and is best left for

future work.
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Jointly measuring the vN cross section, flux normalization, and spectral shape.— In our analysis above,
we forecast the joint measurement of the vN cross section and flux normalization, but kept the
shape of the neutrino energy spectrum fixed to that of one of the benchmark flux models 1-12
taken from the literature; see Section 6.4. While this procedure provides us already with useful
information about the capability to measure the cross section, ultimately we would also like the
shape of the neutrino energy spectrum to be determined from data, rather than assumed. To do
this, future studies could exploit the fact that the sensitivity to the cross section comes almost
exclusively from showers around the horizon; see Fig. 21. This suggests that we may use the
large number of downgoing, unattenuated showers to measure the shape of the neutrino energy

spectrum.

6.10 SUMMARY AND OUTLOOK

Measuring the neutrino-nucleon (vN) cross section at ultra-high neutrino energies, above 100 PeV,
offers novel insight into the deep structure of protons and neutrons, and sensitivity to potentially
transformative new physics. Yet, it hinges on using ultra-high-energy (UHE) neutrinos of cosmic
origin, long sought, but so far undiscovered. Fortunately, upcoming neutrino telescopes, currently
under planning and testing, will have a realistic chance of discovering them in the next 10-20
years, even if their flux is low, as is expected. Accordingly, we have put forward the first detailed
forecasts of the capabilities of IceCube-Gen2 [39], one of the leading upcoming neutrino telescopes,
to measure the UHE vN cross section. We have endeavored to make our forecasts complete, robust,
and realistic. Our results are encouraging.

The sensitivity to the UHE vN cross section stems from the strong directional dependence of the
UHE neutrino flux that reaches the detector after propagating through Earth. Due to significant
vN interactions underground, UHE neutrinos only reach the detector from above—where they
undergo nearly no interactions before reaching the detector—and from directions around the
horizon—where significant interactions imprint the vN cross section on the angular dependence of
the flux. It is from these latter Earth-skimming neutrinos that the sensitivity to the UHE vN cross

section comes from.
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In our forecasts, we have used state-of-the-art ingredients at every stage. For the vN cross
section, we adopted as a baseline the recent BGR18 deep-inelastic-scattering (DIS) calculation [194].
For the fluxes of UHE neutrinos, we explored a wide variety of predictions [37, 174-180, 188, 193],
including extrapolations of the known IceCube TeV-PeV fluxes to ultra-high energies, cosmogenic
neutrinos, neutrinos produced inside cosmic-ray sources, and self-consistent models of joint
production of the latter two. We treat each neutrino species separately, ve, ¥, vy, ¥y, V¢, and 7. For
the neutrino propagation through Earth, we compute vN DIS plus sub-dominant interactions, via
NUPROPEARTH [209]. For detection, we focus on the radio-detection of neutrino-initiated showers.
We use the same simulation tools as the IceCube-Gen2 Collaboration, NURADIOMC [211] and
NURADIORECO [212], to simulate neutrino interactions in the detector, ensuing particle showers,
emission of coherent radio signals—Askaryan radiation—its propagation in the Antarctic ice, and
its detection in the radio stations. We account for the detector resolution in shower energy and
direction, and for the background of showers from atmospheric muons.

To properly represent the significant uncertainty in the predicted neutrino flux, in our forecasts
we have jointly extracted the cross section and the neutrino flux normalization. To do this, we used
a Bayesian statistical approach that accounts for random fluctuations in the number of expected
detected showers. We report results in terms of mean sensitivity, averaged over many random
realizations of the predicted shower distributions.

We find that it may be possible to measure the UHE vN cross section to within 50% of the BGR18
prediction within 10 years of exposure of IceCube-Gen?2, as long as at least a few tens of neutrino-
induced showers are detected in this period; see Fig. 4. In the most optimistic case, we expect that
comparable precision could be achieved within 5 years; see Fig. 23. By far, the largest systematic
uncertainty in our forecasts comes from the UHE neutrino flux. Regardless, the level of precision
that may be achieved is enough to test the standard prediction of the vN DIS cross section [194], to
look for non-linear effects in the nucleon structure [195-198], color-glass condensates [199], and
sphalerons [200], and to identify deviations introduced by a host of new-physics models [192,
204-208].

Our forecasts are comprehensive, but we have identified areas where further work is needed.

Most pressing are estimating the effect of the background of showers induced by cosmic rays,
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improved modelling of reconstruction uncertainties based on individual event quality, and ex-
tending our analysis to let both the neutrino flux normalization and the shape of the neutrino
energy spectrum be inferred from data. Thanks to the flexibility of our calculation framework,
these improvements can be easily incorporated. Work in these directions is ongoing.

We provide our forecasts in the hope of informing the design choices of IceCube-Gen2 and
other upcoming neutrino telescopes. Ultimately, we hope that detailed forecasts like ours provide

guidance to tap into their full potential for fundamental-physics research.

6.11 CRITICAL OUTLOOK

In this section, we delve into the critical aspects of our research, presenting both an overview of
our main findings and the limitations we have encountered, along with future perspectives for
improvement. The main text of the published research paper already includes similar discussions
in Sections 6.9 and 6.10. In this section we summarize those discussions and focus on a critical
view of the results from a state-of-the-art perspective and how this has been updated since the

results were first published.

6.11.1 Owverview and main findings

Our research has utilized leading-edge predictions and dedicated simulations to elucidate the
characteristics of ultra-high-energy (UHE) neutrinos, specifically those in the 100 PeV-10 EeV
energy range. We have comprehensively accounted for UHE neutrino flux uncertainty, described
its propagation through Earth, and its detection in UHE neutrino telescopes, in particular, the
radio component of IceCube-Gen2. Ultimately, we report the first forecast of joint measurements of
the cross section and flux normalization at ultra-high energies. Our findings showcase significant

progress in several key areas:

¢ We used state-of-the-art tools to model the UHE neutrino interaction with matter inside Earth,

providing crucial insights into the perspectives of the first observation of an UHE neutrino.
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Additionally, we have explore the effect of the Earth in the neutrino flux attenuation for cross

section values that deviate from that of the Standard Model prediction.

¢ Our work lays the foundation for measuring the vIN cross section at ultra-high energies, offer-
ing the potential to validate the standard predictions and explore new physics. Furthermore,
it provides a reference for quantifying the potential of a future neutrino telescope in terms

physical observables, such as the neutrino-nucleon cross section.

¢ We have developed a Bayesian statistical approach that accounts for the uncertainties in the
predicted atmospheric background content and which averages over multiple realizations of

the observed signal shower distribution, enhancing the robustness of our results.

6.11.2 Limitations and future perspectives

While our work has yielded promising results, it is important to acknowledge its limitations and
outline future directions for improvement. We summarize the directions pointed out in more detail

in Section 6.9 and refer to recent developments in those directions when available:

1. Raising the maximum neutrino energy: We recommend increasing the maximum allowed
neutrino energy in future versions of NUPROPEARTH to expand our understanding of UHE

neutrinos beyond 10'° GeV.

2. Incorporating LPM effect: Future work should incorporate the Landau-Pomeranchuk-Migdal
(LPM) effect into the relationship between neutrino and shower energies to provide a more
accurate representation, especially at the highest energies. A recent study has exploited deep
neutral networks to account for the impact of the LPM effect in the shower development for

electron neutrino CC interactions [334].

3. Secondary leptons: The contribution of secondary charged leptons in effective volumes for v,
and v initiated CC showers should be included in future simulations to refine our results.
A recent work focused on the Askaryan Radio Array showed that these secondaries could

make up to 30% of the total number of events in a radio-based UHE neutrino detector [335].
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Improved angular resolution: Enhancing the modeling of angular resolution, considering event

quality and azimuth angle, can lead to more precise measurements.

. Unbinned likelihood analysis: Transitioning to an unbinned likelihood analysis for cross-section

measurements, similar to IceCube TeV-PeV cross-section measurements, can provide better
insights. This limitation was later addressed in Ref. [336], and discussed in Ch. 8 of this
thesis, by implementing an unbinned analysis framework. This paves the road for a future
implementation of an event-by-event angular and energy resolution, eventually solving the

issue pointed out in the previous item.

. Cosmic ray-induced showers: Addressing the background of cosmic ray-induced showers,

particularly air-shower cores propagating into the ice, is crucial for more accurate cross-
section measurements. Recent progress has been achieved on improving the characterization
of the radio signal triggered by developing cosmic ray initiated showers in in-ice Askaryan

radio detectors [337].

. Nuclear effects in cross section: Future studies should explore the impact of nuclear effects on

the vN cross section to account for modifications in neutrino detection.

. Flavor identification: Efforts to improve flavor identification in neutrino radio-detection and

combining data from different neutrino telescopes can advance our understanding of UHE

neutrinos.

. Energy-dependent new physics: Exploring energy-dependent modifications of the vN cross

section and potential resonant interactions can provide insights into new physics. In Ref. [336]
we came closer to explore energy-dependent effects by inferring the vN cross section in three

different energy bins, one for each energy decade between 107 and 10'° GeV.

Jointly measuring cross section, flux, and spectral shape: Future research should aim to simulta-
neously measure the vN cross section, flux normalization, and spectral shape to refine our
understanding of UHE neutrinos. This was the central problem addressed in Ref. [336]. We
found that such measurement is possible modeling the neutrino flux with a piecewise cubic

hermite interpolating polynomial or with a piecewise analysis, see Ch. 8 for more details.
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In addition to the limitations and future opportunities for improvement pointed out in the
manuscript, the nominal configuration of radio stations for IceCube-Gen2 has been updated since
the publication of this work [338]. The latest design has a similar total effective volume, and the
validity of the results in our work is preserved. Furthermore, the computational and statistical
methods developed in this work can be adapted to new configurations of the radio component
of IceCube-Gen2, or in general any UHE neutrino telescope (see Fig. 22). The updated detector
configuration might not be final and improvements are constantly being implemented as we
improve our understanding of in-ice Askaryan neutrino detection. For that purpose, detailed
research works as the ones presented in this thesis are used as reference.

In summary, our research has paved the way for significant advancements in the study of UHE
neutrinos and the measurement of the vN cross section at a new energy frontier. Despite the
challenges and limitations, the prospects for exploring new physics and refining our knowledge
in this field are promising. Further work in the outlined directions will continue to expand our

understanding of astroparticle physics.
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UHE NEUTRINO FLUX DISCOVERY POTENTIAL

Based on: Victor B. Valera Baca, Mauricio Bustamante, Christian Glaser, Near-future discovery of the

diffuse flux of ultra-high-energy cosmic neutrinos, Phys. Rev. D 107, 043019, arXiv:2210.03756

ABSTRACT Ultra-high-energy (UHE) neutrinos, with EeV-scale energies, carry with them
unique insight into fundamental open questions in astrophysics and particle physics. For fifty years,
they have evaded discovery, but maybe not for much longer, thanks to new UHE neutrino tele-
scopes, presently under development. We capitalize on this upcoming opportunity by producing
state-of-the-art forecasts of the discovery of a diffuse flux of UHE neutrinos in the next 10-20 years.
By design, our forecasts are anchored in often-overlooked nuance from theory and experiment; we
gear them to the radio array of the planned IceCube-Gen2 detector. We find encouraging prospects:
even under conservative analysis choices, most benchmark UHE neutrino flux models from the
literature may be discovered within 10 years of detector exposure—many sooner—and may be
distinguished from each other. Our results validate the transformative potential of next-generation

UHE neutrino telescopes.

7.1 INTRODUCTION

Ultra-high-energy (UHE) neutrinos, with energies in the EeV scale (1 EeV = 108 eV), were
first predicted in the late 1960s [65], as a natural consequence [27, 28] of the interaction of UHE
cosmic rays (UHECRs), with comparable energies, and cosmological photon fields, like the cosmic
microwave background. They are the most energetic neutrinos expected to be produced from
standard particle processes, at least 10-100 times more energetic than the TeV-PeV neutrinos

discovered by the IceCube neutrino telescope [34, 35, 37, 184-186, 188] (there may be higher-energy
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7.1 INTRODUCTION

neutrinos made in exotic processes [29, 339-341], but we do not consider them). UHE neutrinos
provide unique insight into long-standing open problems in astrophysics—what are the most
energetic astrophysical sources in the Universe—and particle physics—how do neutrinos, in
particular, and fundamental physics, in general, behave at the highest energies [82, 83, 125, 187,
189-191, 216, 342, 343]. Yet, despite efforts, they remain undiscovered; however, maybe not for
much longer.

Over the last fifty years, UHE neutrinos have received considerable attention from experiment
and theory. Progress, while steady, has been challenging: past and present experiments have
placed upper limits on their flux [66-69, 150], but even the tightest present-day limits [66, 67]
leave vast swathes of the space of UHE neutrino flux models unconstrained; see Fig. 26. On the
experimental front, the main challenge is that the flux of UHE neutrinos is possibly tiny [344, 345].
This motivates the need to build larger neutrino telescopes and explore more suitable detection
strategies [83]. On the theory front, the main challenge is that predictions of the UHE neutrino
flux are uncertain because they depend on properties of UHECRs and their sources, which are
known only uncertainly, such as the evolution with redshift of the source number density, the
UHECR mass composition, the UHECR acceleration mechanism, including the maximum cosmic-
ray energies achievable, and the neutrino production mechanism, among others; for details, see,
e.g., Refs. [171-174, 255]. This motivates the need to consider a host of competing, representative
flux predictions [174-180, 193]. We tackle both challenges.

Upcoming UHE neutrino telescopes, presently in different stages of planning, design, and
prototyping, and built around different detection strategies, will have a real chance of discovering
UHE neutrinos in the next 1020 years, even if their flux is low [83, 216, 343]. We carve out this
opportunity by providing the most detailed forecasts, to our knowledge, of the prospects of
discovering a diffuse flux of UHE neutrinos. Our results, even under conservative analysis choices,
are encouraging.

To include realistic experimental nuance, we gear our forecasts to the radio array of IceCube-
Gen2 [39] (“IceCube-Gen2 Radio" in our figures), the planned high-energy upgrade of IceCube,
whose target UHE neutrino flux sensitivity is among the best [83]. The array will instrument

Antarctic ice with radio antennas that look for radio signals emitted by showers induced by UHE
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Figure 25: Discovery potential of benchmark diffuse ultra-high-energy (UHE) neutrino flux models 1-12 [37, 174-180, 188, 193] (Fig. 26) in
the radio array of IceCube-Gen2. The background to discovery consists of atmospheric muons [77, 213], for all models, plus the
tentative UHE tail of the IceCube 9.5-year through-going v, flux [37], for models 3-12; see Section 7.4.5. All analysis choices are
baseline and conservative; see Table 4 and Section 7.5.2.1. Decisive discovery may be achievable for most flux models after only a handful

of years. See the main text, especially Sections 7.5.1 and 7.5.2.2, for details.

neutrinos [165, 166, 304], a technique tested by ARA [68] and ARIANNA [69] (and by ANITA [150],
from the air). RNO-G [84], currently under deployment, will serve as a pathfinder for the radio
array of IceCube-Gen2. To make our forecasts comprehensive, we consider a large number of
benchmark UHE neutrino flux models that span the full allowed space of models, in size and

shape, from optimistic to pessimistic [37, 174-180, 188, 193].
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To produce our forecasts, we adopt the same flow of calculations as Ref. [346]. For each UHE
neutrino flux model, we propagate it through the Earth, computing neutrino interactions with
matter along the way, and model its detection in the radio array of IceCube-Gen2. We use the
same state-of-the-art ingredients at every stage of the calculation as Ref. [346]: in the choice of
diffuse UHE neutrino flux models (Section 7.2), the UHE neutrino-nucleon cross section, the
propagation of neutrinos through the Earth (Section 7.3), the neutrino detection, including the
emission, propagation, and detection of radio signals in ice, and the neutrino and non-neutrino
backgrounds (Section 7.4). See Section II of Ref. [346] for an overview. Further, our forecasts
account for random statistical fluctuations in the predicted event rates (Sections 7.5 and 7.6). Below,
we expand on all of the above.

Figure 25 shows our main results: the discovery prospects of the benchmark UHE neutrino flux
models, computed under our baseline analysis choices, chosen to be largely conservative. Because
our statistical analysis is Bayesian, we report the flux discovery potential—and, later, the potential
to tell apart different flux models—via Bayes factors. Figure 25 reveals encouraging prospects:
conservatively, most benchmark UHE neutrino flux models may be discovered after only a handful of years.
Later, we show that less conservative analysis choices, still well-motivated, lead to even better
prospects.

The overarching goal of our detailed forecasts is to help map the potential science reach that
upcoming UHE neutrino telescopes will usher in in the next 10-20 years. We make our forecasts
realistic by factoring in nuance, from experiment and theory, that is often considered only partially,
or not at all. We present our methods in considerable detail so that they can be readily adapted to
produce forecasts for other upcoming UHE neutrino telescopes. We hope that they help to assess
and compare the complementary capabilities of competing designs.

This paper is organized as follows. Section 7.2 presents the benchmark diffuse UHE neutrino flux
models that we use in our forecasts. Section 7.3 sketches the effects of neutrino propagation inside
Earth on them. Section 7.4 introduces the method that we use to compute neutrino-induced event
rates and the backgrounds that we consider. Section 7.5 contains forecasts of the discovery potential

of the benchmark flux models. Section 7.6 contains forecasts of the separation between different
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Figure 26: Benchmark diffuse ultra-high-energy neutrino flux models [37, 174-180, 188, 193] used here to assess the flux discovery capabilities
of the radio array of IceCube-Gen2 [39] (“IceCube-Gen2 Radio"). These flux models are representative of the breadth of theoretical
predictions in the literature. The upper limits on the flux are from IceCube [66] and the Pierre Auger Observatory [67]. The shaded
region indicates the approximate neutrino energy range to which the radio array of IceCube-Gen2 will be sensitive. In this figure,
fluxes are all-flavor, i.e., summed over all neutrino flavors, but our analysis treats individually the flux of each neutrino species,
Ve, Vyu, Vr, Ve, Uy, and ;. See Fig. 6 in Ref. [346] for a breakdown of the flux of each neutrino species for each flux model. See

Section 7.2 for details.

benchmark flux models. Section 7.7 outlines possible directions for future work. Section 7.8

summarizes and concludes.

7.2 ULTRA-HIGH-ENERGY NEUTRINOS

Ultra-high-energy neutrinos [27], with energies above 100 PeV, are expected to be produced in the
interaction of UHECRSs [28, 65], with energies up to 1012 GeV, with matter and radiation, inside the
UHECR sources (soutce neutrinos), outside them and en route to Earth (cosmogenic neutrinos), or
both. See Ref. [83] for a review.

The interaction of UHECR protons on matter (pp) and radiation (p<y) produces a short-lived
A(1232) resonance that decays into charged pions. Upon decaying, they produce high-energy
neutrinos, via 7t — u* 4 v, followed by u* — et + v, + 7, and their charge-conjugated
processes. Each final-state neutrino carries, on average, 5% of the energy of the parent proton.

En route to Earth, neutrino oscillations change the flavor composition of the flux, i.e., the relative
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content of v,, Vy, and v¢ in it. (Our benchmark UHE neutrino flux models below account for this
change; more on this later.)

In realistic neutrino production models, including in some of our benchmark UHE neutrino flux
models below, different production channels become accessible or dominant at different energies.
In py interactions, neutrino production occurs via resonances heavier than A(1232) at intermediate
energies, and via multi-pion production at high energies [256-258]. In pp interactions, the pion
multiplicity changes with energy and affects the neutrino yield [130]. The physical conditions
inside the sources may affect neutrino production, too. For instance, neutrino energies might
be damped by strong magnetic fields that cool intermediate charged particles—protons, pions,
muons—yvia synchrotron radiation [104, 133, 259, 260], or by UHECR interactions in dense source
environments [262, 263].

For UHE neutrinos produced in pp interactions, their energy spectrum is a power law that
follows the power-law spectrum of the parent protons, and that may extend to low neutrino ener-
gies [177]. For UHE neutrinos produced in p7y interactions, their energy spectrum is determined
by the spectra of the parent protons and photons. Because the photon spectrum is typically peaked
around a characteristic energy, the resulting neutrino energy spectrum is also peaked, at an energy
set by the energy requirements to produce a A resonance.

Figure 26 shows the energy spectra of the benchmark UHE neutrino flux models 1-12 [37,
174-180, 188, 193] that we use in our forecasts below. They span predictions from optimistic to
pessimistic. The wide variety in their size and shape is indicative of the present-day spread of the
flux predictions available in the literature, and reflects large extant uncertainties in the properties
of UHECRs and of their sources [29, 125]. The benchmark flux models in Fig. 26 are the same ones
that Ref. [346] used to forecast the measurement of the UHE neutrino-nucleon cross section. Below,
we only sketch the main features of the models; we defer to Ref. [346] for a detailed overview, and
to the original Refs. [37, 174-180, 188, 193] for full details.

Our benchmark UHE neutrino flux models are grouped in four classes, depending on the origin

of the flux:
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UHE extrapolation of the IceCube neutrino flux (“IceCube v extrapolated", ® models 1 and

2): These are unbroken extrapolations to ultra-high-energies of the power-law («x E, ) neutrino

flux measured by IceCube in the TeV-PeV range.

Flux model 1 (“IceCube HESE (7.5 yr) extrapolated") extrapolates the soft-spectrum flux

(v = 2.87) of the IceCube 7.5-year HESE analysis [188].

Flux model 2 (“IceCube v, (9.5 yr) extrapolated") extrapolates the hard-spectrum flux (y = 2.37)

of the IceCube 9.5-year through-going v, analysis [37].

[In our forecasts below, we consider flux models 1 or 2, augmented with a high-energy cut-
off (Section 7.4.5.2), as a background to the discovery of the other flux models, 3-12; see

Section 7.5.1. Section 7.5.2.9 forecasts the discovery of flux models 1 and 2 themselves.]

Models of cosmogenic neutrinos (“Cosmogenic ", Bl models 3-5, 7): These are models of
cosmogenic neutrinos made either by a population of nondescript sources of UHECRs, or by

known classes of potential UHECRs sources.

Flux model 3 [174] (“Heinze al., fit to Auger UHECRs") considers UHECRs produced by
nondescript sources, and fits their flux and mass composition to recent UHECR observations
by the Pierre Auger Observatory [275, 276]. (References [172, 173] predict similar fluxes using

similar procedures and data.)

Flux model 4 [193]) (“Bergman & van Vliet, fit to TA UHECRs") is produced similarly to flux
model 3, but using instead recent UHECR observations by the Telescope Array (TA) [278, 279].
(Reference [280] predicts a similar flux.) Flux model 3 is significantly smaller than flux model 4
because Auger observations favor a heavier UHECR mass composition at the highest energies,

and because the fit of the UHECR spectrum to Auger data favors a lower cosmic-ray maximum

rigidity [172-174] than the fit to TA data.

Flux model 5 [179] (“Rodrigues et al., all AGN") is the cosmogenic neutrino flux expected from
the full population of active galactic nuclei (AGN), which are taken to be UHECR accelerators,
including low- and high-luminosity BL Lacs and flat-spectrum radio quasars. The resulting

UHECR flux is fit to Auger data [275], and the associated cosmogenic neutrino flux satisfies the
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IceCube upper limit on the UHE neutrino flux [66]. We adopt the maximum allowed predicted

cosmogenic neutrino flux from the entire AGN population (Fig. 2 in Ref. [179]).

Flux model 7 [179] (“Rodrigues et al., HL BL Lacs") isolates the contribution of high-luminosity

(HL) BL Lacs to the cosmogenic neutrino flux of model 5.

Models of UHE neutrinos made inside astrophysical sources (“Source 1", ¢ models 6, 9,
10): These are models based on more detailed descriptions of the physical properties of known

UHECR and neutrino source classes.

Flux model 6 [179] (“Rodrigues et al., all AGN") is the counterpart source neutrino flux to the
cosmogenic flux model 5. We adopt the maximum allowed predicted source neutrino flux

from the entire AGN population (Fig. 2 in Ref. [179]).

Flux model 9 [175] (“Fang et al., newborn pulsars") is the neutrino flux predicted from newborn,
fast-spinning pulsars with intense surface magnetic fields that may accelerate UHECRs in the
pulsar wind. UHECR pp interactions on the surrounding supernova ejecta produce neutrinos.
We adopt the flux prediction from Ref. [175] for which the number density of pulsars evolves
with redshift following the star formation rate. (We include only the contribution of neutrinos

made inside the pulsar environment.)

Flux model 10 [176] (“Padovani ef al., BL Lacs") is the neutrino flux produced by py interactions
inside the jets of BL Lacs, computed within the framework of the simplified view of blazars.
Following Ref. [291], the ratio of the neutrino intensity to the gamma-ray intensity, a key
parameter of the model [176], is set to Y, = 0.13 to satisfy the present IceCube upper limit on

the UHE neutrino flux [66].

Models of joint cosmogenic and UHE source neutrinos (“Cosmogenic + source 1", ® models
8, 11, 12): These are multi-messenger models that aim to explain the joint production of

UHECRs and TeV-EeV neutrinos.

Flux model 8 [177] (“Fang & Murase, cosmic-ray reservoirs") is the flux of UHE neutrinos
produced, via pp and p7y interactions, by UHECRs accelerated in the jets of radio-loud AGN

embedded in galaxy clusters that act as cosmic-ray reservoirs, within a grand-unified multi-
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messenger model. The predicted UHECR flux and mass composition are fit to Auger data [288]

and the predicted TeV-PeV neutrino flux, to IceCube data [186, 289].

Flux model 11 [178] (“Muzio et al., maximum extra p component") is the neutrino flux produced
in p interactions within the UFA15 multi-messenger framework [292], where the UHECR
flux and mass composition are fit to Auger data. The model includes a sub-dominant UHECR
pure-proton component beyond 10° GeV that enhances the UHE neutrino flux. We adopt
the maximum allowed neutrino flux from the joint single-mass UFA15 plus pure-proton
components, computed using the SYBILL 2.3C [293] hadronic interaction model (Fig. 9 in

Ref. [178]).

Flux model 12 [180] (“Muzio et al., fit to Auger & IceCube") is the neutrino flux produced in py
interactions within the UFA15 multi-messenger framework, and in pp interactions of UHECRs
in the source environment. The UHECR flux and mass composition are fit to Auger data, and
the neutrino flux is fit to the IceCube TeV-PeV neutrino flux [243, 294]. We adopt the best-fit

total neutrino flux, “"UHECR v" plus “Non-UHECR v", from Fig. 1 in Ref. [180]).

In each UHE neutrino flux model above, we treat individually the flux of each neutrino species,
Ve, Vy, Vr, Ve, Uy, 7r. To compute the flavor composition at Earth, after oscillations, we follow
the same detailed prescription as in Ref. [346], based on recent values of the neutrino mixing
parameters from the NUFIT 5.0 [268, 269] global fit to neutrino oscillation data. See Section 7.4.5.2
for a sketch of our prescription (in the particular context of flux models 1 and 2 as background
fluxes) and Ref. [346] for full details of the flavor composition of each flux model. We maintain
the individual treatment of the flux of each neutrino species during their propagation through the
Earth (Section 7.3) and when computing their contribution to the predicted event rate (Section 7.4).
However, we conservatively assume no capability to distinguish events made by different flavors

in the radio array of IceCube-Gen?2.

7.3 PROPAGATING NEUTRINOS THROUGH EARTH

Once UHE neutrinos arrive at the surface of the Earth, they propagate underground toward the

detector, from all directions. Because the neutrino-matter cross section grows with energy (see
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below), for UHE neutrinos interactions with matter underground are significant, and attenuate the
flux of neutrinos that reaches the detector. The attenuation is energy- and direction-dependent: the
higher the energy and the longer the distance traveled by a flux of neutrinos inside the Earth, the
stronger it is attenuated. The attenuation is also flavor-dependent: v; are relatively less affected
compared to v, and v. In our forecasts, we account in detail for the in-Earth propagation of UHE
neutrinos from the surface of the Earth to the radio array of IceCube-Gen2. Below, we elaborate.

At neutrino energies above a few GeV, the leading neutrino interaction channel is neutrino-
nucleon (vN) deep inelastic scattering (DIS) [217, 218, 220]. In it, a neutrino scatters off of one of the
partons, i.e., a quark or a gluon, inside a nucleon, N, i.e., a proton or a neutron. The final-state parton
promptly hadronizes into final-state hadrons, X. A neutral-current (NC) DIS interaction, mediated
by a Z boson, produces in addition a final-state neutrino, i.e., vs + N = v, + X (« = ¢, 4, 7). A
charged-current (CC) DIS interaction, mediated by a W boson, produces in addition instead a
final-state charged lepton, i.e., v, + N — I, + X. The vN DIS cross section has been measured at
sub-TeV neutrino energies by a variety of accelerator neutrino experiments [42-59]; in the few-TeV
range, by FASER [347] (and the upcoming FASERv [183]), and in the TeV-PeV range, using IceCube
data [60, 61, 63]. At higher energies, the cross section is predicted [134, 194, 203, 205, 221, 225-229]
and may be measured in upcoming UHE neutrino telescopes [192, 215, 346, 348].

Computing the UHE vN DIS cross section requires knowing the parton distribution functions in
protons and neutrons, which are measured in lepton-hadron collisions, and extrapolating them
beyond the regime where they have been measured. (Concretely, it requires extrapolating them to
values of Bjorken-x—the fraction of nucleon momentum carried by the interacting parton—beyond
the measured ones.) At ultra-high energies, the NC and CC vN cross sections, (711/\}\? and avczg,
respectively, grow roughly o EJ% [134], are essentially equal for all flavors of v, and 7,, and
oN¢ ~ 055 /3. Below, to produce our forecasts, we adopt the state-of-the-art BGR18 calculation of
the vN DIS cross sections [194] in the propagation and detection of neutrinos. The BGR18 is built
using recent experimental results and sophisticated next-to-leading-order calculations, including

the major corrections described in Appendix B4 of Ref. [194]; for details, see Ref. [194] andRef. [236],

for a summary, see Ref. [346].
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In a DIS interaction, the final-state hadrons receive a fraction y—the inelasticity—of the neutrino
energy, and the final-state lepton receives the remaining fraction (1 — y). In each interaction, the
value of y is randomly sampled from a probability density that is proportional to the differential
DIS cross sections, do?\ /dy and do$§ /dy. At the energies relevant for our work, the average
value of y is about 0.25 [221]. However, because the distribution of values of y has a large spread
(see Fig. 4 in Ref. [346]), when propagating neutrinos through the Earth below (and also when
computing the event rates that they induce, in Section 7.4.4), we do it by using the distributions of
y, separately for NC and CC DIS, rather than by using its average value.

Inside the Earth, NC interactions shift the UHE neutrino flux to lower energies, by regenerating
lower-energy neutrinos, while CC interactions dampen the flux altogether, by replacing neutrinos
with charged leptons. The one exception is the CC interaction of v;: in them, the final-state
tauon may propagate for some distance inside the Earth before decaying and generating a new,
high-energy v;. As a result of this “v; regeneration," the flux of v; is less attenuated than that of v,
and vy,.

The severity of the effects of in-Earth propagation on the neutrino flux varies with neutrino
energy, E,, and direction, expressed via the zenith angle, 8,, measured from the South Pole, where
IceCube-Gen2 will be located. Higher energies and directions corresponding to longer path lengths
inside the Earth yield more severe effects. To illustrate this, we use a simplified calculation of the

number of neutrino-induced events in the detector, Nsimp, similar to the one in Ref. [61], i.e.,
NS™P(E,,0,) o« @y (Ey)oyn (Ey )e L0/ L (Euvbe) 7.1)

where @, is the neutrino flux at the surface of the Earth, o,y is the vN cross section (for this

simplified calculation, it is the sum of NC and CC cross sections), L(; ), defined as,

L(6.) = \/ (R — 2Red) cos? 0, + 2Red — (Re, — d) cos s, 7.2)

is the distance traveled inside the Earth by a neutrino with incoming direction 6, where Rg =
6371 km is the radius of Earth, d is the detector depth, approximately 200 m for the radio array
of IceCube-Gen2, L,y = (oynn N)’l is the neutrino mean free path inside the Earth along this
direction, and ny is the average number density of nucleons along this direction, based on
knowledge of the internal matter density of Earth (more on this later). (We use Eq. (7.1) only for

illustration; later we describe the detailed calculation with which we produce our results.)
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Equation (7.1) accounts for flux attenuation during in-Earth propagation, via the exponential
dampening term, but ignores the regeneration of lower-energy neutrinos. Even so, it embodies
essential features of the propagation and detection of high-energy and ultra-high-energy neutrinos.
Upgoing neutrinos (cos 8, < 0), i.e., neutrinos that reach the detector from below after traveling
underground a distance of up to the diameter of the Earth, are more strongly attenuated than
downgoing (cos 8, > 0) and horizontal neutrinos (cos 8, ~ 0). For UHE neutrinos, the attenuation
is so strong that virtually no upgoing neutrinos reach the detector (see Fig. A2 in Ref. [61]), unless
the neutrino flux at the surface is extraordinarily large; e.g., benchmark flux model 4 in Figs. 26, 27,
and 28. This means that our forecasts below, which factor in the contribution of neutrinos from all
directions, are driven primarily by downgoing and horizontal neutrinos.

Further, Eq. (7.1) shows that while flux attenuation is o e~vN, the rate of neutrino interactions
in the detector is « ¢, y. The interplay between these competing effects is accentuated at high
energies, where the cross section is larger: a larger cross section makes the already tiny flux of
upgoing neutrinos vanish, which has little marginal effect, but it appreciably increases the number
of downgoing and horizontal neutrinos detected.

Finally, Eq. (7.1) reveals important nuance in the rate of neutrino interactions, which is & ®, 0, N.
In a realistic setting, given that neither the UHE neutrino flux nor the UHE vN cross section have
been measured so far, or that they are known only uncertainly at best, the detection of a number
of neutrinos Nﬁimp implies a degeneracy between ®, and o,y [205, 244-247]. Reference [346]
accounted for the uncertainty on ®, and o,y when forecasting the potential of IceCube-Gen?2 to
measure the UHE vN cross section. Here, we account for the uncertainty on the UHE vN cross
section when forecasting the potential of IceCube-Gen2 to discover benchmark UHE neutrino
flux models 1-12, and to distinguish between them. As in Ref. [346], we do so via the energy-
independent scaling parameter f; = 0,n /0%, where ¢t is the central BGR18 prediction [194].
The nominal value is f, = 1, and the value of f; is common to the NC and CC cross sections.
Values of f, # 1 scale the central BGR18 cross section up or down, but do not affect its energy
dependence.

The effect of changing f, on the flux attenuation is most evident in neutrinos that reach the

detector from around the horizon, i.e., 80° < 6, < 120°, for which flux attenuation is present
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but milder than for upgoing neutrinos. Changing f, affects the directional distribution of events
induced by horizontal neutrinos: a larger value of f, sharpens the drop in the event rate from
horizontal to upgoing neutrinos, while a smaller value softens it. These effects are intrinsic to our
event-rate calculation in Section 7.4.4; Ref. [346] illustrates them explicitly. Below, as part of our
statistical methods in Sections 7.5.1 and 7.6.1, we allow the value of f, to float in fits to predicted
mock event rates in IceCube-Gen2. When doing so, for a given test value of f;, we modify equally
the cross section used in in-Earth propagation and in neutrino detection.

While Eq. (7.1) is useful to understand the essential features of in-Earth propagation, in our
forecasts we propagate neutrinos inside the Earth in a more detailed manner, using the state-
of-the-art Monte Carlo code NUPROPEARTH [209, 210]. NUPROPEARTH propagates neutrinos
accounting for the leading contribution from CC and NC vN DIS, using the BGR18 cross sections,
and for the subdominant contribution of other neutrino-matter interaction channels that, taken
together, can attenuate the flux attenuation by up to an additional 10% [209]. It also includes
7, scattering on atomic electrons, via the Glashow resonance [242, 243], v; regeneration, energy
losses of intermediate tauons, and the regeneration of lower-energy neutrinos in NC interactions.
It takes the internal matter density profile of Earth to be that of the Preliminary Reference Earth
Model [295], given as a set of concentric layers of different densities and mass compositions.
Reference [209] has a full description of NUPROPEARTH; for a summary, see Ref. [346].

Thus, to compute neutrino-induced event rates below, in Section 7.4.4, we first propagate the
fluxes of ve, vy, vz, ¥, 7y, and 7 separately, from the surface of the Earth to the simulated surface of
the radio array of IceCube-Gen?2 (Section 7.4.3), for multiple neutrino energies and across multiple
directions. Figures 10 and 11 in Ref. [346] illustrate the resulting neutrino fluxes at the detector.
(Later, when computing neutrino-induced event rates in Section 7.4.4, the energy and angular
dependence of the effective volume of IceCube-Gen2 that we use represents the detector response

only, not the effect of in-Earth propagation on the neutrino fluxes.)

122



7.4 FORECASTING ULTRA-HIGH-ENERGY NEUTRINO EVENT RATES

7.4 FORECASTING ULTRA-HIGH-ENERGY NEUTRINO EVENT RATES

7.4.1 Overview of the experimental landscape

In high-energy neutrino telescopes, neutrinos of TeV-scale energies and above interact with the
detector medium—ice, air, rock—predominantly via vN DIS; see Section 7.4.4. Final-state products
interact with the medium, or decay, and initiate high-energy particle showers. As a shower
develops, charged particles within it emit electromagnetic radiation, in the optical, ultraviolet,
or radio wavelengths, depending on the neutrino energy and on the medium where the shower
develops. Neutrino telescopes target this emission using a variety of techniques, which we
overview below; for a comprehensive review, see Refs. [82, 83]. From the properties of the detected
electromagnetic emission, neutrino telescopes infer the neutrino energy, direction, and flavor, with
varying degrees of precision.

Present TeV-PeV neutrino telescopes—IceCube [34], ANTARES [349], Baikal NT-200 [350]—
instrument large bodies of water or ice to detect the optical Cherenkov light emitted by showers,
initiated mostly by v, and v, and tracks, initiated mostly by v;,. IceCube is the largest among them:
it consists of about 1 km? of Antarctic ice instrumented by thousands of photomultipliers at depths
of 1.5-2.5 km. IceCube discovered [34, 35] and regularly observes TeV-PeV cosmic neutrinos [37,
188], but may not be large enough to either discover UHE neutrinos, of EeV-scale energies, whose
predicted flux may conceivably be significantly smaller [172-174, 344, 345], or to observe a large
number of them. Indeed, currently the most constraining upper limits on the flux of UHE neutrinos
come from IceCube [66] and the Pierre Auger Observatory [67]; see Fig. 26. Future in-ice and
in-water optical neutrino telescopes—Baikal-GVD [147], the optical array of IceCube-Gen2 [39],
KM3NeT [40], P-ONE [41], TRIDENT [148]—will be as large or larger than IceCube, and so will
have higher detection rates, but will remain mainly sensitive in the TeV-PeV range.

In the search for UHE neutrinos, the main limitation of optical detection is the attenuation length
of light in ice or water, of 100-200 m [351], which forces optical neutrino telescopes to use relatively
dense arrays of photomultipliers. Scaling the arrays up to the size required to achieve sensitivity to

a conceivably tiny UHE neutrino flux is technically and financially challenging. Instead, for UHE
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neutrinos, a variety of alternative techniques exist that can monitor a larger detection volume using
more sparse instrumentation. They target the particles, light, and radio emission from the showers
initiated by UHE neutrinos in the atmosphere, in ice, or from space [82, 83]. Large arrays of surface
particle detectors, like Auger [67] and the proposed TAMBO [73], are sensitive to showers from
Earth-skimming neutrinos [352]. Atmospheric imaging telescopes, like the Telescope Array [353],
the Cherenkov Telescope Array (CTA) [354], under construction, and the proposed Trinity [355] and
Ashra NTA [356], target the Cherenkov and fluorescence light from neutrino-initiated extensive
air showers, from different vantage points on the surface. The proposed POEMMA [74] satellites
target Cherenkov emission from space, while the proposed ANDIAMO [357] aims for acoustic
neutrino detection in water.

In recent years, the technique of radio-detection of UHE particles, including neutrinos, has
matured. Because the attenuation length of radio is roughly 1 km in ice and negligible in air [304],
radio-based neutrino telescopes can monitor large detector volumes using sparse arrays of radio

antennas. We focus on them below.

7.4.2  Radio-detection of UHE neutrinos

Reference [166] first proposed using radio emission from showers initiated by high-energy neu-
trinos as a means to detect them. In a dense, transparent, and dielectric medium, like ice, as the
shower develops it accumulates an excess of electrons on the shower front that can reach 20-30%
over the number of electrons plus positrons [166] at shower maximum, after which the charge
imbalance fades away. The time-varying excess charge produces a nanosecond-long pulse, known
as Askaryan radiation [165] with a frequency content of approximately 100 MHz-1 GHz. For a
comprehensive introduction to the in-ice radio-detection technique, see Ref. [358].

Pioneering experiments established the viability of the radio-detection of UHE neutrinos.
ANITA [150] was a balloon-borne detector that targeted radio emission from extensive air showers.
ARA [68] and ARIANNA [69], and RICE [359] before them, are underground antenna arrays in

Antarctica that target the radio emission from neutrino-initiated showers in ice. (They, and other ra-
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dio detectors like AERA [360], CODALEMA [361], LOPES [362], LOFAR [363], and Tunka-Rex [364],
also look for UHECRs that interact in the atmosphere.)

In spite of their larger effective volume, these experiments have not yet been able to dis-
cover EeV neutrinos. Thus, a number of radio-based neutrino telescopes currently in planning—
BEACON [153], GRAND [72], the radio array of IceCube-Gen?2 [39, 77], PUEO [75], RET [365],
RNO-G [84], TAROGE [366]—aim to do so by using larger detectors and refined techniques.

The main advantage of the radio-detection technique is the long attenuation length of radio
waves in ice: up to 1.5 km at the South Pole [310, 367], and roughly 1 km in Greenland [368,
369], vs. 100-200 m for optical signals [39, 351]. This makes it possible to build larger detectors
by placing a smaller number of radio antennas sparsely distributed, covering a larger area, and
reaching a flux sensitivity that would be technically and economically more demanding with an
optical detector.

Below, we gear our forecasts to the radio array of IceCube-Gen2, one of the detectors in an
advanced stage of planning and that envisions one of the best target flux sensitivities [83]. IceCube-
Gen2 [39] will be located in Antarctica, at the same site as IceCube, and will include an extension
of the optical array aimed at high-statistics measurements in the TeV-PeV range, and a new
underground radio antenna array aimed at discovering EeV neutrinos. RNO-G [84], in Greenland,
presently under construction, has an order-of-magnitude smaller sensitivity than foreseen for
IceCube-Gen2, but will field-test its design features. In our forecasts, we model in detail the
propagation of radio signals in ice, and their detection in antennas with the capabilities envisioned
in the IceCube-Gen2 baseline design [39, 77]. This allows us to make forecasts that include

experimental nuance.

7.4.3 IceCube-Gen2

The planned design of IceCube-Gen2 [39] includes an underground radio array that spans a total
surface area of 500 km2. The baseline design of the array [77], which we adopt for our work,
consists of 313 stations, each containing a cluster of antennas, and separated by 1-2 km from

each other. Because the stations are located far apart from each other, they function largely as
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stand-alone detectors, i.e., they have nearly independent effective volumes, unlike the strings of
digital optical modules used in optical detectors, a number of which typically need to be triggered
by the same shower in order to claim detection. Thus, the total effective volume of the radio array
grows roughly linearly with the number of stations.

The radio stations contain shallow antennas, buried close to the surface, and deep antennas,
buried up to 200 m in the ice [39, 77]. The final design of the stations and of the array is still
evolving. Placing antennas deeper in the ice increases the sky coverage, whereas shallow antennas
have a field of view of that is more concentrated around the horizon [358]. This is because signal
trajectories bend downward in the upper 200 m of the ice sheet due to a changing refraction
index that restricts the region of ice that can be effectively monitored. In our forecasts, we adopt
the current baseline design of 169 stations containing only shallow antennas and 144 stations
containing both shallow and deep antennas [77].

Regarding the angular resolution of the detector, the ability to reconstruct the incoming direction
of detected events is different for shallow and deep antennas. Shallow antennas have good angular
resolution, expected to be as good as 3° [314, 324], which translates into 2° when projected on
the zenith angle. Deep antennas have, on average, worse angular resolution due to the more
limited ability to measure the horizontal signal polarization component [312]. Presently, the
development of algorithms to reconstruct the energy and direction of detected events is still in
an early stage; future improvements are possible. To reflect this, below we repeat our analysis
for different assumptions of angular resolution. For our baseline results, in Section 7.5.2.2, we
assume a zenith angle resolution of 0y, = 2° for each radio station; see Table 4. (We assume a
common resolution of shallow and deep antennas.) This is optimistic, but not unrealistic given
likely improvements in reconstruction methods foreseen for the next decade, especially via the use
of deep learning [370]. In Section 7.5.2.7, we present results for a poorer resolution of oy = 5° and
10°. Angular resolution is especially important to break the degeneracy between flux and cross
section described in Section 7.3. It is also key to discovering point sources of UHE neutrinos; see
Refs. [371, 372].

Regarding the energy resolution of the detector, current estimates of the resolution of the shower

energy are of a factor of two, i.e., a standard deviation of 0.3 on logarithmic scale, or better [315,
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Figure 27: Mean distribution of events in reconstructed shower energy, EL°, expected in the radio array of IceCube-Gen?2 after 10 years
of exposure, for the benchmark UHE neutrino flux models 1-12 from Fig. 26. Figure 28 shows the corresponding distribution
in reconstructed direction. The neutrino-induced event rates are computed using the methods from Section 7.4.4 and, in this
plot (and also in Figs. 28 and 36), by adopting our baseline analysis choices (see Table 4 and Section 7.5.2.2); in particular, the
energy resolution is o = 0.1 and angular resolution is 0p, = 2°. Figures 25 and 38 show, respectively, the associated baseline flux
discovery potential and flux model separation. Table 3 shows the corresponding all-sky mean integrated event rates (however, to
obtain our main results, in Sections 7.5 and 7.6, we use binned event rates). We include the baseline background of atmospheric
muons (see Section 7.4.5.1), but not the background of the UHE tail of the high-energy IceCube neutrino flux (see Section 7.4.5.2),

though both enter our analysis; see Sections 7.5.1 and 7.6.1.

317, 324, 370], and as good as 30%, i.e., a standard deviation of 0.1 on logarithmic scale, for certain
conditions [315]. For our baseline results, in Section 7.5.2.2, we assume an uncertainty of o = 0.1
on the logarithm of the reconstructed shower energy; see Table 4. In Section 7.5.2.7, we present
results for a poorer energy resolution of g = 0.5 and 1.0. Energy resolution is especially important
to distinguish between signal and background event distributions (see Fig. 27), and between
predictions from alternative UHE neutrino flux models (Section 7.6).

Later, we describe in detail how the predicted event rates in IceCube-Gen2 are affected by the

angular and energy resolution of the detector, in connection to Eq. (7.5).
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Figure 28: Mean distribution of events in reconstructed direction, cos 61°°, expected in the radio array of IceCube-Gen?2 after 10 years of
exposure, for the benchmark UHE neutrino flux models 1-12 from Fig. 26. Figure 27 shows the corresponding distribution in
reconstructed shower energy. The neutrino-induced event rates are computed using the methods from Section 7.4.4 and, in this
plot (and also in Figs. 27 and 36), by adopting our baseline analysis choices (see Table 4 and Section 7.5.2.2); in particular, the
energy resolution is . = 0.1 and angular resolution is 0p, = 2°. Figures 25 and 38 show, respectively, the associated baseline flux
discovery potential and flux model separation. The uniform binning in this plot is only for illustration; the binning used in our
statistical analysis is finer for events around the horizon (80° < 6:° < 100°) and coarser for downgoing (0;° < 80°) and upgoing
directions (6% > 100°); it is described in Section 7.5.2.1. Table 3 shows the corresponding all-sky mean integrated event rates
(however, to obtain our main results, in Sections 7.5 and 7.6, we use binned event rates). We include the baseline background of
atmospheric muons (see Section 7.4.5.1), but not the background of the UHE tail of the high-energy IceCube neutrino flux (see

Section 7.4.5.2), though both enter our analysis; see Sections 7.5.1 and 7.6.1.

7.4.4 Computing event rates

To forecast neutrino-induced event rates in the radio array of IceCube-Gen2, we follow the same
methods introduced in Ref. [346]. We sketch them below, and defer to Ref. [346] for details. While
we make our predictions particular to neutrino radio-detection IceCube-Gen2, our methods can be

adapted to other neutrino telescopes, radio-based or otherwise; see Section 7.7.
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In-ice, radio-based neutrino telescopes, like ARA [68], ARIANNA [69], RNO-G [84], and IceCube-
Gen2 [39], measure the energy deposited in the ice by particle showers that emit Askaryan
radiation [165]. In a shower initiated by a neutrino-nucleon (vN) DIS event, the shower energy,
Egp, is a fraction of the parent neutrino energy, E,. The value of the fraction depends on the flavor
of the interacting neutrino and on whether the interaction is NC or CC; we elaborate on this below.
See also Section 7.3 for the effect of DIS in neutrino propagation inside Earth.

In the NC DIS interaction initiated by any flavor of v, or 7, (Vo + N = v, + X, & = ¢, y, T), only
the final-state hadrons, X, shower. The final-state hadrons receive a fraction y—the inelasticity—of
the parent neutrino energy, while the final-state neutrino, which escapes without interacting,
receives the remaining fraction 1 — y; so, in this case, Eg, = yE,. In the CC DIS interaction initiated
by a v, or 7. (ve + N — e + X), the showers initiated by the final-state electron and hadrons both
radiate, so the full neutrino energy is transmitted to the shower, i.e., Eg, = E,. Finally, in the CC
DIS interaction initiated by a v, v¢, 7y, or ¥r (Vy + N — a + X, & = p, 7), the shower initiated by
the final-state hadrons dominates the radiation; so, in this case, Eg, = yE,. (There is an additional
sub-dominant contribution to the shower rate, of up to 20%, coming from showers initiated by
the final-state muons and tauons [213, 214]. However, as in Ref. [346], we do not account it in
our simulations because it is computationally taxing to include. This makes our forecasts below

conservative.) In summary, for a given shower energy Eg},, the neutrino energy is

Eqw/y, forv,i=NC
Ei (Ey) =% Eg, forve,i=CC : (7.3)
Eg/y, forvyandve,i=CC
As during in-Earth neutrino propagation (Section 7.3), in each DIS interaction in the detector
the value of y is sampled at random from a probability distribution that is proportional to the
energy-dependent differential vN cross section, da&fc /dy for NC interactions and d(rﬁc /dy for CC
interactions; see Eq. (7.4) below. In our forecasts, we use the inelasticity distribution built from the
BGR18 UHE vN cross section [194]; see Fig. 4 in Ref. [346].
After a vN DIS event, Askaryan radiation propagates through the ice, attenuating en route to
the detector, and, upon reaching it, may or may not trigger the antennas, depending on the shower

energy and direction, the characteristics of the antenna, and the size and geometry of the detector
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array. We account for these features via dedicated Monte Carlo simulations of neutrino-induced
shower production, propagation, and detection using the same state-of-the-art computational
tools as the IceCube-Gen2 Collaboration, NURADIOMC [211] and NURADIORECO [212]. These
simulations characterize the expected detector response; we describe it via the detector effective
volumes, Vel}]fga and VeCffS/a below, which depend on the energy and direction of the shower.

In our forecasts, we adopt the same simulated effective volumes introduced in Ref. [346]. First,
we simulate separately the effective volumes for NC and CC interactions of a shallow and a
deep detector station; see Fig. 12 in Ref. [346]. The shallow-station components are triggered by
requiring a time-coincident high-and-low threshold crossing of two out of four LPDA antennas
in an optimized trigger bandwidth [320]. The deep-station components are triggered by an
interferometric phased array installed at a depth of 200 m [319]. These are the trigger settings
foreseen for IceCube-Gen?2 [77]. We simulate the interactions, for NC and CC separately, in several
cubic kilometers of ice surrounding the antennas, of a large number of neutrinos with different
energies and from different directions, and the ensuing production and propagation of showers
and Askaryan radiation. We keep record of which showers trigger the antennas and are deemed as
detected. With this, we compute the effective volume as the fraction of showers that are detected
times the simulated detector volume.

Second, we scale up the effective volumes obtained for the single detector component up to the

VNC

CC
eff,vy V.

and Vg,

size of the array to obtain the full-detector volumes, by multiplying the effective
volume of a single component times their total number in the array. To do that, we adopt the
baseline array design of Ref. [77], i.e., 144 hybrid stations, each containing a shallow component
and a deep component, plus 169 shallow-only stations; see Fig. 13 in Ref. [346]. Equation (7.4)
shows the role of the effective volume in the calculation of event rates. Unlike common practice,
the energy and direction dependence of the effective volume that we use stem exclusively from the

detector response, not from the neutrino propagation through the Earth. We account for the latter

in the neutrino flux that reaches the detector, @ﬂft, computed as described in Section 7.3.
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The differential rate of showers induced by the NC and CC interactions of v, is the convolution

of the effective volume, the differential cross section, and the neutrino flux at the detector, i.e.,

dZNv ! EII/\IC(Esh/y)
— %  —=27aT d aiv E 0
dESthOSGZ T nt/() 3/( Eq eff, vy ( sh, COS Z)
X vvziiycbvft(gw 05 62)|p, _pxcg, ) +NC — CC) , (7.4)
where T is the detector exposure time, 7y = Naypice/ Mice is the number density of water

molecules in ice, Ny, is Avogadro’s number, picc = 0.9168 g cm~2 is the density of ice, and
M = 18.01528 g mol ! is the molar mass of water. On the right-hand side of Eq. (7.4), the term
E},\ic/ Egy, and its CC equivalent, transforms the energy scale from neutrino energy to shower
energy; it is given by Eq. (7.3). The differential cross section is for neutrino DIS on one molecule
of water (H0), i.e., 0¥ = 10075 + 807G, where 0}YG and 0§ are the vy p and v,n BGR18 cross
sections [194], respectively, and similarly for CC interactions. The event rate induced by 7, is the

same as for vy, i.e., Eq. (7.4), but changing the cross section to o7, 1, which, at ultra-high energies, is

NG
nearly equal to (TEJSV (also true for CC interactions; see Fig. 3 in Ref. [346]), and the flux to CDgft.

Equation (7.4) computes the event rate in terms of the true shower energy, E,, and the true
shower direction, 6,. We account for the limited energy and angular resolution of the detector
by using energy and angular resolution functions, and by expressing the event rate in terms
of reconstructed shower energy, E3¢, and reconstructed direction, 8;°. The energy resolution
function, R, is a Gaussian probability density function of log;, E¢, centered at the true shower
energy, log, Egy, with a width or, = 107 Eg,, where € = log;,(EL°/Egp ). For our baseline results
(Table 4), we set 0. = 0.1 as discussed above. The angular resolution function, Ry_, is a Gaussian
probability density function of 07°, centered at the true direction, 6., with a width of ¢y_. For our
baseline results (Table 4), we set 0p, = 2° as discussed above. In Section 7.5.2.7, we show the impact
on our results of varying the values of e and oy, . Reference [346] contains explicit definitions of
the resolution functions.

Thus, the differential event rate of showers induced by 4, in terms of reconstructed energy and

direction, is

42N, d2N,
Erecdverec / d cos 6 / dESh dE hd Clgs 92 RE ( shC/ Sh) 7?’92 (eéecl GZ) . (75)
S.
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The CC interaction of v, and 7, dominates the event rate, since these are the two cases for which
Eg, = Ey. The NC interaction of each species, and the CC interaction of v, vz, 7, and 7, each
contributes at roughly the same level. For details, see Fig. 14 in Ref. [346]. To be conservative in our
forecasts, we do not assume that flavor identification will be possible, though there are promising
early results [214, 300]. Accordingly, we use only the total event rate induced by all flavors of v,
and 7,, i.e.,

(7.6)

’N, ff d*Ny, N d*Np,
dEedoree — 4 \ dEedore ' dEcdpree

Below, as part of our analysis, we compute event rates in bins of reconstructed energy and direction;
to do so, we integrate Eq. (7.6) in E3¢ and 67 inside each bin. For our baseline results, we use 12
bins of E¢, evenly distributed in logarithmic scale from 107 GeV to 10'° GeV, and 13 bins of 6%,
with a denser coverage around the horizon; see Table 4 and Section 7.5.2.1 for details.

Figure 27 shows the mean predicted energy distribution of events after 10 years of exposure in
the radio array of IceCube-Gen2, for the benchmark flux models 1-12 introduced in Section 7.2 and
Fig. 26. Because of the severe in-Earth attenuation of UHE neutrinos, the event rate is dominated by
downgoing events and, to a lesser extent, by near-horizontal events. For each flux model, the shape
of the event energy distribution traces the shape of its corresponding neutrino energy spectrum
from Fig. 26. Later, in Section 7.6, this feature will allow us to distinguish between different flux
models. For all flux models, below E¢ = 107 GeV the event rates dip because the effective volume
decreases at low neutrino energies as a result of Askaryan radiation weakening.

Figure 28 shows the corresponding mean predicted angular distribution of events for the
benchmark flux models. (The angular binning used in Fig. 28 is for illustrative purposes only. Our
analysis uses a finer binning around the horizon; see Table 4 and Section 7.5.2.1.) Above the horizon,
i.e., cos 7% > 0, where in-Earth attenuation is small or negligible, the angular event distribution
primarily traces the angular dependence of the effective volume. At the horizon and below it, i.e.,
cos 02°¢ < 0, the angular distribution has a sharp cut-off due to the strong in-Earth attenuation.
Only flux models with a large normalization, i.e., models 2, 4, 6-12, overcome the suppression and
yield a handful of events below the horizon. In contrast to the energy distribution of the events,
where differences between flux models are evident, differences in the angular distribution between

flux models are mild.
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The event rates computed using Egs. (7.4)—(7.6) and shown in Figs. 27 and 28 are the mean
expected rates. In a specific experimental observation, the number of events in each bin will be an
integer value, and might deviate appreciably from the mean, especially when it has a low value.
Therefore, later, as part of our statistical analyses in Sections 7.5.1 and 7.6.1, we account for random

statistical fluctuations around the mean.

7.4.5 Backgrounds

Below, in Sections 7.5 and 7.6, we forecast the potential to discover the benchmark UHE neutrino
flux models 1-12, and to distinguish between them, factoring in the contamination from back-
ground that may mimic the events induced by the flux models. We account for two expected
sources of background—atmospheric muons and the potential UHE tail of the IceCube neutrino
flux—and comment on the pressing need to characterize a third likely source of background—air-

shower cores.

7.4.5.1 Atmospheric muons

High-energy muons produced in the interaction of UHECRs in the atmosphere may trigger in-ice
showers whose Askaryan radiation is expected to generate a small, but irreducible background for
UHE neutrino searches [213]. We estimate the rate of muon-induced events in the radio array of
IceCube-Gen2 using the hadronic interaction model SYBILL 2.3C [293] and applying a surface veto
that mitigates its effect by detecting the air shower that accompanies the muon. This is the same
prescription that was used to compute the muon background in Refs. [346, 372]. In our forecasts
below, the background of atmospheric muons affects all benchmark flux models 1-12.

Figures 27 and 28 show the resulting energy and angular distribution of muon-induced events
in the radio array of IceCube-Gen2. They are concentrated at the lowest energies, E¢ < 10% GeV,
and in downgoing directions, cos 01 2> 0, since muons cannot penetrate far inside Earth. The
irreducible all-sky integrated rate of muon-induced events above 108 GeV, i.e., that cannot be
vetoed by the surface veto, is lower than 0.1 events per year. Hence, atmospheric muons represent

an obstacle only to the discovery of an UHE neutrino flux that is small and that peaks at low
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Table 3: Expected mean rates of neutrino-induced events in the radio array of IceCube-Gen2, after exposure time T, for the benchmark UHE

diffuse neutrino flux models used in this analysis (see Section 7.2 and Fig. 26), time needed for their decisive discovery, Tdisc je. for
the mean discovery Bayes factor (B45¢) > 100 (see Section 7.5.1), and mean number of events induced by them until the time of
their decisive discovery, N3 Flux models with blank entries (-) are not expected to be discovered within 20 years. Entries marked
with an asterisk (*) signal that the background includes only atmospheric muons (see Sections 7.4.5.1 and 7.5.2.9); unmarked entries
include in addition the background from the UHE tail of the IceCube high-energy neutrino flux (see Section 7.4.5.2). Flux types are
(Section 7.2): extrapolation to ultra-high energies (.), cosmogenic (W), source (4), and cosmogenic + source (®). Results in this
table are obtained using our baseline analysis choices (Table 4 and Section 7.5.2.1). Figure 25 shows the continuous evolution of
(B4is¢) with T; this table shows only snapshots. Results for alternative analysis choices are in Sections 7.5.2.3-7.5.2.9. The event rates
shown are all-sky, i.e., summed over all reconstructed directions, —1 < cos 02 < 1, and grouped in a single bin of reconstructed
shower energy, 107 < E¢/GeV < 10'°. However, all-sky rates are only illustrative; the statistical analysis with which we compute

(Bdis¢) uses instead binned event rates; see Section 7.5.1 for details.

All-sky integrated event rate, N,  Decisive flux discovery ((B45¢) > 100)

# Type UHE v flux model
T=1lyr T=3yr T=10yr T yr] Nlise
1 [ IceCube HESE (7.5 yr) extrapolated [188] 0.07 0.22 0.73 > 20* -
... with cut-off at EYE,, = 500 PeV 0.05 0.14 0.45 > 20* -
... with cut-off at Eﬂf‘m =100 PeV 0.02 0.07 0.22 > 20" -
... with cut-off at Eﬁfm = 50 PeV 0.01 0.04 0.13 > 20" -
2 L] TIceCube vy, (9.5 yr) extrapolated [37] 2.69 8.07 26.90 0.26* 0.70*
... with cut-off at E}E | = 500 PeV 1.02 3.06 10.20 1.05* 1.07*
... with cut-off at EFE,, = 100 PeV 0.35 1.04 347 497* 1.74*
... with cut-off at Eﬁffm = 50 PeV 0.18 0.53 1.75 11.10* 2.00*
3 | Heinze et al., fit to Auger UHECRs [174] 0.07 0.21 0.71 > 20 -
4 | Bergman & van Vliet, fit to TA UHECRs [193] 33.23 99.70 332.34 0.28 9.30
5 | Rodrigues et al., all AGN benchmark [179] 0.09 0.27 0.89 > 20 -
6 L 2 Rodrigues et al., all AGN benchmark [179] 10.72 32.15 107.16 1.31 14.04
7 u Rodrigues et al., HL BL Lacs [179] 2.42 7.27 24.24 13.03 31.53
8 ® Fang & Murase, cosmic-ray reservoirs [177] 5.74 17.22 57.41 6.16 35.36
9 | Fang et al., newborn pulsars [175] 12.54 37.61 125.38 1.89 23.70
10 ® Padovani et al., BL Lacs [176] 5.79 17.34 57.85 3.07 17.78
11 | Muzio et al., maximum extra p component [178] 5.66 19.97 56.55 248 5.97
12 [ ] Muzio et al., fit to Auger & IceCube [180] 1.71 5.14 17.12 8.05 13.77

- Atmospheric muon background (baseline) 0.05 0.16 0.54 - -
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neutrino energies, e.g., benchmark flux models 1, 3, and 9; Section 7.5.2 shows this in detail. In
Appendix B.3 we comment on the effect on the flux discovery potential of not using a surface veto;
in that case, the discovery potential is only degraded mildly.

The muon background shown in Figs. 27 and 28 constitutes our baseline analysis choice; see
Section 7.5.2.1, and Tables 4 and 5 for a full list of analysis choices. Below, we produce our main
results using it. In Section 7.5.2.3, we show that even if our baseline muon-induced background
was a significant underestimation of its true size, this would only erode mildly the prospects of
discovering most of our benchmark UHE neutrino flux models. (However, in Section 7.5.2.3, we
only change the normalization of the atmospheric muon flux, not the shape of its energy spectrum.
If the energy spectrum of atmospheric muons were to extend to higher energies than in our baseline

prescription of it, the conclusions about its importance in our forecasts might change.)

7.4.5.2 UHE tail of the IceCube high-energy neutrino flux

Presently, using roughly ten years of data, IceCube has found that the diffuse flux of high-energy
cosmic neutrinos that it measures spans the neutrino energy range from about 10 TeV to at least
a few PeV [37, 188]. In the PeV range, data is sparse because the neutrino energy spectrum falls
steeply with energy. As a result, it is presently unknown whether the flux measured at TeV-PeV
energies extends to ultra-high energies, beyond 100 PeV and, if so, what the size and shape of its
spectrum is at those energies.

In Fig. 26, benchmark UHE neutrino flux models 1 and 2 are straightforward UHE extrapola-
tions of two IceCube TeV-PeV power-law flux measurements [37, 188], without any high-energy
suppression (more on this later). They illustrate that if the UHE tail of the IceCube high-energy
neutrino flux is large enough to trigger events in the radio array of IceCube-Gen2, it would con-
stitute a background to the discovery of UHE neutrino flux models. In our forecasts below, the
background from the UHE tail of the IceCube high-energy neutrino flux affects benchmark flux
models 3-12. (In Section 7.5.2.9, we study separately the discovery of the UHE tail of the IceCube
high-energy neutrino flux itself.)

Currently, the TeV-PeV neutrino flux seen by IceCube is described well as a simple power law

« E, 7. Two properties of the TeV-PeV neutrino flux determine whether its UHE tail may be
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detectable in UHE neutrino telescopes: the value of the spectral index, , and whether the flux is
further suppressed, relative to the simple power law, at or above the few-PeV scale.

Regarding the spectral index, its value depends on the set of IceCube events that is used to
perform the fit. The neutrino spectrum is harder (y ~ 2.37) when derived from a fit to 9.5 years of
through-going muon tracks [37], created by v}, that interact outside the detector and make muons
that cross it. The spectrum is softer (v ~ 2.87) when derived from a fit to 7.5 years of High Energy
Starting Events (HESE), created by neutrinos of all flavors that interact inside the detector [188]. In
the TeV-PeV range, these results are compatible with each other within 10 [188]. However, because
a harder spectrum falls more slowly with energy, its UHE tail is more likely to be prominent and
trigger events in the radio array of IceCube-Gen2. In our forecasts, we explore different values
of the spectral index (and of the corresponding normalization of the flux), motivated by IceCube
results; see Sections 7.5.2.1 and 7.5.2.4, and Tables 4 and 5.

Regarding the possible further suppression of the IceCube flux in the few-PeV range, it is
unknown whether the flux extends beyond a few PeV as a simple power law, or whether it is

_ HE
Ev/Evae at a cut-off energy ngut

suppressed by an exponential cut-off e of a few PeV or more. A
lower value of the cut-off energy implies a smaller UHE tail of the flux, and a lower contribution of
it as a background in the radio array of IceCube-Gen2. Currently, there is no significant evidence for
the existence of a cut-off: a recent analysis using 7.5 years of HESE events [188] strongly disfavors

the presence of an exponential cut-off below 370 TeV and finds no substantial evidence for a cut-off

above 1.6 PeV. However, the measurement is hampered by the paucity of events in the PeV range.

In our forecasts, we explore different possibilities for the value of the cut-off energy, representative
of our present and possible future knowledge of it; see Sections 7.5.2.1 and 7.5.2.5, and Tables 4
and 5.

We model the background flux of high-energy (HE) v, + 7, as an exponentially suppressed

power law, i.e.,

E, \ 7 gk
1OOTeV) e 77

O (E) = fuo®l® (

where f, o is the ratio of the flux of v, + 7 to the all-flavor flux and ®§'E is the normalization of
the all-flavor flux. The flux shape in Eq. (7.7) is the same one used by searches for an exponential

suppression performed by the IceCube Collaboration, e.g., in Refs. [37, 188]. Equation (7.7) makes
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the typical simplifying assumption that the fluxes of neutrinos of all flavors share common values of

HE

v,cu

v and E;'5,, and that the flux of v, and 7, are equal, i.e., ,, = P, = Py, 45, /2, which is expected
from neutrino production in pp interactions [130] and, at high energies, in py interactions [256—
258].

For the flavor composition, fy e, in Eq. (7.7), we adopt the canonical scenario where high-energy
neutrinos come from the decay of pions produced in pp and p-y interactions in astrophysical sources
(S). Thus, at production, the flavor composition is approximately (fes, fus, frs) = (1/3,2/3,0).
Oscillations en route to Earth change the flavor composition into fy ¢ = Z;’” & Ppy fp,s, where
Pgy = Y3 Uil?| Ugi |2 is the average flavor-transition probability for v, — vg [266], and U is the
Pontecorvo-Maki-Nagawa-Sakata (PMNS) mixing matrix. We evaluate the PMNS matrix using the

present-day best-fit values of the mixing parameters from the NUFIT 5.0 global fit to oscillation

data [268, 269]. This yields flavor ratios at Earth () close to equipartition [267, 329], i.e.,

(feor fuer frm) = (0.298 : 0.359 : 0.342) . (7.8)

These are the flavor ratios that we use to evaluate Eq. (7.7). (These are also the flavor ratios
with which we build the benchmark UHE neutrino flux models that originally lacked detailed
flavor composition; see Ref. [346] for details.) We neglect uncertainties on f, ¢ that stem from
uncertainties in the mixing parameters. References [267, 346] showed that by the time that IceCube-
Gen2 is operating, in the 2030s, precise measurement of the mixing parameters in upcoming
oscillation experiments DUNE [271], Hyper-Kamiokande [272], JUNO [273], and the IceCube
Upgrade [373], will have rendered the uncertainty on the predicted values of f, ¢ negligible. (The
issue of inferring the flavor composition at the neutrino sources is related, but separate [267, 374].)

For the all-flavor flux normalization, CIDOHE, and the spectral index, v, in Eq. (7.7), we consider
three possibilities based on their best-fit values reported in IceCube analyses (see also Section 7.5.2.1,

and Tables 4 and 5):

* Hard flux motivated by the 9.5-year through-going v, analysis [37]: We set Ot =
Dy, 45,0/ fu,e, where @y 45 0 = 1.44 x 10718 GeV~! cm™2 57! sr7! is the best-fit value
of the normalization of the v, + 7, flux in Ref. [37], and v = 2.37. This is the hardest

background neutrino flux that we consider: it induces the largest background event rate.
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To be conservative, we adopt it as our baseline analysis choice. (Without a cut-off, i.e., for

EHE

v,cu

¢ — oo, this background matches flux model 2.)

* Intermediate flux motivated by the 9.5-year through-going v}, analysis: We keep the same

normalization as for the case of the hard flux above, but change the spectral index to y = 2.50.

* Soft flux motivated by the 7.5-year HESE analysis [188]: For this neutrino background
scenario, we set CDgIE =637x10718GeV1em2s1sr1and v = 2.87. This is the softest
background neutrino flux that we consider: it induces the smallest background event rate.

(Without a cut-off, i.e., for ng‘ut — o0, this background matches flux model 1.)

We make the reasonable assumption that, by the time that IceCube-Gen2 is operating the values of
®f!E and -y will be known precisely from measurements in TeV-PeV neutrino telescopes [83]. Thus,
in our forecasts we neglect the uncertainty on their values, and use only their present-day best-fit
values. Below, Sections 7.5.2.2 and 7.6.2 show results for our baseline choice of a hard background
high-energy neutrino flux; Section 7.5.2.4 and Appendix B.1 show results for the two alternative
choices.

EHE

veut 0 EQ. (7.7), we assume that its value lies between 107 GeV and

For the cut-off energy,
10'2 GeV. For our conservative baseline forecasts, we assume complete ignorance of its value in
the statistical analysis to reflect the present-day scenario; see Section 7.5.2.1 and Table 4. The lack
of knowledge of the size and shape of the UHE tail of the high-energy neutrino flux encumbers the

discovery of benchmark UHE neutrino flux models 3-12 and the separation between them. For

our forecasts made with alternative analysis choices, we assume limited and precise knowledge of

HE

. HE
v,cut’

the value of E v,cut

see Section 7.5.2.5. There, we show that our current ignorance of E erodes,
but does not destroy, the potential to discover benchmark flux models.

Some of the benchmark UHE neutrino flux models we consider predict a sizable flux of neutrinos
at < 10 PeV, around the high-energy end of current IceCube measurements; this is the case for
models 6 and 8-12 (see Fig. 26). In these cases, adding the high-energy tail of the IceCube flux may
naively seem to overshoot present-day IceCube flux measurements below 10 PeV. We argue that
this is not necessarily the case: in the 1-10 PeV energy range, present-day IceCube measurements

are rather limited, with only a handful of events detected so far. This is reflected in the fluxes

inferred from the IceCube HESE and through-going muon analyses in Fig. 26: they stop at about
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2 PeV and 5 PeV, respectively, and their allowed bands are rather wide. This allows for additional
flux components to coexist with the high-energy tail of the IceCube flux, like the flux models that
we study.

We compute event rates induced by the UHE tail of the IceCube high-energy neutrino flux using

the same methods introduced in Section 7.4.4.

7.4.5.3 Air-shower cores

In addition to the two sources of background described above, a likely third one is the background
from air-shower cores [327, 375, 376]. These are cores of particle showers initiated by cosmic-ray
interactions in the atmosphere, that develop downwards and penetrate the ice, where they may
trigger detectable Askaryan radiation. Reflection layers in the deep ice [376] may then reflect
the radiation upwards, resulting in signals that mimic those expected from neutrinos. Presently,
the estimates of the size and shape of this background are uncertain. (Reference [376] contains
early results on this front.) Thus, we do not account for it in our forecasts below. Nevertheless, as
in Ref. [346], we point out that characterizing the background of air-shower cores, and possibly
minimizing its effect, is a pressing issue in assessing the science reach of upcoming in-ice UHE

neutrino telescopes.

7.5 DIFFUSE FLUX DISCOVERY POTENTIAL

Below, we answer the question of how long it would take to discover benchmark flux models 1-12
(see Fig. 26) in the radio array of IceCube-Gen2. The UHE neutrino diffuse flux discovery potential
of the detector represents its ability to distinguish between a signal induced by a diffuse UHE
neutrino flux model plus background, i.e., the signal hypothesis, vs. a signal induced by background
only, i.e., the background-only hypothesis. We compute the discovery potential via a Bayesian
statistical comparison of the two hypotheses, accounting for random statistical fluctuations in
the predicted rate of detected events and for uncertainties in key analysis ingredients. Later, in
Section 7.6, we use similar methods to distinguish between different neutrino flux models, i.e.,

between different signal hypotheses.
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Because of the degeneracy between the neutrino flux and the vN cross section (Section 7.3), and
because both the event rates induced by the signal—i.e., one of the flux models (Section 7.2)—and
the background—i.e., atmospheric muons and the UHE tail of the IceCube high-energy neutrino
flux (Section 7.4.5)—scale roughly linearly with the cross section (see Eq. (7.1)), in our treatment
below we account for the uncertainty on the cross section when computing the flux discovery
potential. Reference [346] used similar methods to address the related issue of simultaneously

measuring the UHE neutrino flux and the UHE vN cross section.

7.5.1 Statistical analysis

For a given choice of UHE neutrino flux model, Mypg, out of models 3-12 in Fig. 26, and for a given
choice of the background UHE tail of the IceCube high-energy neutrino flux (Section 7.4.5.2), Mpg,
we quantify the discovery potential on the basis of a likelihood function binned in reconstructed

shower energy and direction. For the signal hypothesis (s+bg), this is

NErec Ngrec
(s+bg) s+bg
£ Vtre, Mige () H H L\t Mg (0) 5 (7.9)

and for the background-only hypothesis (bg), this is
NEree Nyrec
MHE H H MHW (7.10)
In Egs. (7.9) and (7.10), 6 = (log; fo, 10g,o(EFE . /GeV)) represents the free parameters on which
the neutrino-induced event rate depends, i.e., the vN cross section (Section 7.3), f = o,n/ 035\‘},
and the cut-off energy of the background IceCube high-energy neutrino flux (Section 7.4.5.2), EV cut
The number of bins of EZ¢ is N, Erec and the number of bins of cos 07 is Nyrec. (Because flux models
1 and 2 represent a particular realization of the background UHE tail of the IceCube high-energy
neutrino flux—i.e., one where the cut-off energy E}'E. — oo, we forecast their discovery separately
from models 3-12, in Section 7.5.2.9. Specifically, for them we only consider as background the
atmospheric muons.)
The total likelihood in Egs. (7.9) and (7.10) is the product of partial likelihoods over all bins of

reconstructed energy and direction. The partial likelihood in bin ij compares the predicted (pred)

average event rate in the radio component of IceCube-Gen2, computed following the procedure
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in Section 7.4.4, vs. a particular realization of the observed (obs) event rate, Nyps ;;. To account for

possibly low event rates, we take the partial likelihood to be Poissonian. For the signal hypothesis,

itis (osbg)
(S+bg) obs,ij -N i:d,ig' (6)
(s+bg) (6) _ Npred ij (9) Te  Precy (7.11)
Muyng,Mug,ij Nobsij! ¢ ‘
where the predicted event rate, Néi:;?j), is due to the UHE neutrino flux model being tested

(Section 7.2), N x[ UHE the background from the UHE tail of the IceCube high-energy neutrino flux

(Section 7.4.5.2), NMHE, and the background of atmospheric muons (Section 7.4.5.1), N, ;j, i

NGB (6) = NMUHE (f) + N (£, EFE ) 4 N5 (7.12)
Similarly, for the background-only hypothesis, the partial likelihood is
sag) (0) = Nlé(’kr)fc)l,ij(9)N°b5rfie7Nr(>]:§0)lfij(e) , o1
HE /1] Nobs,ij!
where the predicted event rate, ng . ec)l ij7 is due solely to the background, i.e.,
NEE) (8) = NI (£, EFE ) 4 N, (7.14)

Thus, the likelihood function in Eq. (7.11) represents the probability that the observed event rate
is due to the signal hypothesis, computed for a given UHE neutrino flux model Myyg out of
models 3-12, and the likelihood function in Eq. (7.13) represents the probability that it is due to the
background-only hypothesis. Broadly stated, the UHE neutrino flux model will be more easily
discoverable when the former is higher than the latter.

When computing the likelihood, Egs. (7.11)—(7.14), we sample the value of the observed event
rate, Nops,j, at random from a Poisson distribution with central value equal to ngi:; f’;) (6*), where

0" represents the set of real parameter values of the model, i.e., f, = 1 and Eﬁfut fixed at a value

between 107 and 10'? GeV, with the specific value depending on the scenario we are testing. To
account for statistical fluctuations, we perform the sampling many times. We elaborate on this
below.

For the signal hypothesis, the posterior probability distribution associated to the likelihood in

Eq. (7.9)is

(s+bg)
(s+bg) (6) = EMUHE’MHE( )7(6)
Muyng,Mug o Z(s+bg) !
MuynE,MHE

(7.15)
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where 77(0) = 7(logy fo)m(logyy(EVE,/GeV)) is the prior on the model parameters; we expand

on them in Section 7.5.2. The normalization factor in Eq. (7.15),

S+bg (s+bg)
Z Mune My — / d0L ) = gy (0)7(0) (7.16)

is the statistical evidence, i.e., the likelihood fully marginalized over the space of model parameters.
For the background-only hypothesis, the posterior and evidence, ’P( g) and Z (b g) .- are computed

as in Egs. (7.15) and (7.16), but using ﬁS\/lg})IE instead, i.e.,

£'%® (9)r(0)

(bg) M
PMHE (6) = I_;(bg) (7.17)
Myg
and
bg) bg)
ze / 4oL e (0)7(6) . (7.18)

We report the discovery potential of the UHE neutrino flux model Myyg via the ratio of the

statistical evidence of the signal and background-only hypotheses, i.e., the discovery Bayes factor,

§;+bg)M

disc _ UHE-“VIHE

B o M = — (7.19)
Myg

The Bayes factor represents the preference for the signal hypothesis over the background-only
hypothesis. Following convention, we ascribe qualitative significance to its value using Jeffreys’
table [377]: 10° < B < 10%° represents negligible evidence for the signal hypothesis; 10°° < B <
10!, moderate evidence; 10! < B < 105, strong evidence; 101° < B < 10?%, very strong evidence;
and B > 102, decisive evidence. In our discussion below we focus mainly on flux discovery with
decisive evidence.

To compute the statistical evidence, we use ULTRANEST [378], an efficient Bayesian nested-
importance sampler [379, 380]. ULTRANEST integrates Eqs. (7.16) and (7.18) numerically and
reports the result of each as In Z + Aln Z, where Aln Z is the numerical error of the integral. With

it, we compute the numerical error on the Bayes factor in Eq. (7.19) as

di _ (s+bg) (bg) \?
AlnBse o= \/ (amzire MHE) +(amziE ) (7.20)

For a given choice of UHE neutrino flux model, Myg, and background high-energy neutrino
flux, Myg, we account for the effect of random statistical fluctuations in the observed event rate

by repeating the above procedure Nsamples = 10* times. Each time, we draw a different random
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realization of the distribution of the observed event rate across all bins, Nyps ij, as explained above.
For each random realization, we compute the discovery Bayes factor and its error as in Egs. (7.16)
and (7.20).

Below, when presenting results, the value of the Bayes factor that we report is always the average
over all random realizations, (log, B%fémr My - Specifically, it is the weighted arithmetic mean

of log,, B?\EIS[CJHE, My (€qual to the weighted geometric mean of B?\EIS[CJHE, Mg )7 €7

N,

samples disc
(o Risc ) — 1 Yo w;In BMUHE/MHEzi (7.21)
glO MUHE/MHE n10 Nsamples ! .
Zi:1 wi

where Bdisc . is the Bayes factor computed in the i-th random realization and the weight, w;,
Muyne,Mug/i
is
= (AlnBjEe . 7.22

Wi = S Mune, Mg i ’ (7.22)

where Aln B%f’c M. 18 the error on the Bayes factor computed in the same realization. (Com-
UHE-/VIHE /!
puting the weighted arithmetic mean of log, Bji\ij';HE My instead of the weighted arithmetic
mean of B%fc M,..» avoids the bias that the mean Bayes factor would otherwise have towards
UHE//VHE

non-representative large values resulting from the pull of the relatively few random realizations
that yield significantly larger Bayes factors.) In Appendix B.4 we comment on the spread of the
distribution of values of the Bayes factor obtained from the different random realizations of the
observed event rate, and how much they may deviate from the mean value.

In some cases scenarios, the sum of the UHE tail of the IceCube high-energy neutrino flux plus
the UHE flux model 3-12 may exceed the present-day experimental upper limits from IceCube
and Auger shown in Fig. 26. However, those limits were derived assuming a fixed value of the
UHE neutrino-nucleon cross section while in our analysis the cross section is a free parameter with
a wide prior around its standard prediction. This means that for choices of the cross section that
are different from the ones used by IceCube and Auger in computing their limits, those limits need
not apply to our results. Beyond that, we do not attempt to incorporate the lack of observation of
UHE neutrinos by IceCube and Auger in our analysis, since doing so would required modeling
those two detectors to compute event rates for each of our flux predictions, which is beyond the

scope of this work.
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Baseline analysis choice

Parameter Location in text of results
Description

Flux discovery  Flux separation

Section 7.5.2.2 Section 7.6.2

Atmospheric muon background (Section 7.4.5.1) SYBILL 2.3C, mitigated by surface veto

Fig. 25 Fig. 38
Background UHE tail of the IceCube high- Hard flux: UHE extrapolation of the flux from 9.5-yr = Section 7.5.2.2 Section 7.6.2
energy neutrino flux, Myg (Section 7.4.5.2) IceCube track analysis (y = 2.37) Fig. 25 Fig. 38

Prior on the cut-off energy of the UHE tail of the Flat prior on log;,(EFE  /GeV) between 5and 12, Section 7.5.2.2 Section 7.6.2

v,cut

IceCube high-energy v flux, Effm (Section 7.4.5.2)  followed by averaging of Bayes factor over Eﬂfm Fig. 25 Fig. 38

Prior on the neutrino-nucleon cross section, Section 7.5.2.2 Section 7.6.2
Flat prior on log, fo from -1 to 2

fo (Section 7.3) Fig. 25 Fig. 38

Detector energy resolution, oe, and e =0.1 Section 7.5.2.2 Section 7.6.2

angular resolution, g, (Section 7.4.4) ap, = 2° Fig. 25 Fig. 38

Table 4: Baseline analysis choices used to forecast the flux discovery potential (Section 7.5) and flux model separation (Section 7.6) in the
radio array of IceCube-Gen2, and location in the text of corresponding results. See Section 7.5.2.1 for an overview and Table 5 for

alternative choices.

7.5.2 Results

7.5.2.1 Baseline analysis choices

Section 7.5.2.2 shows our main results for the flux discovery potential. To produce them, we
adopt baseline analysis choices for the atmospheric muon background, the high-energy neutrino
background, including the prior on the value of its cut-off energy, the detector energy and angular
resolution, and the prior on the neutrino-nucleon cross section. (Later, in Section 7.6, when
comparing flux models, we keep the same baseline choices.) Our baseline analysis choices, chosen to

be largely conservative, lead to promising results for the flux discovery potential.

Sections 7.5.2.3-7.5.2.6 show results obtained under well-motivated alternative analysis choices.

Different alternative choices may expedite or delay decisive flux discovery, but do not change
our main conclusion: fluxes that may be discovered within 20 years of exposure time under the

baseline analysis choices remain discoverable.

144



7.5 DIFFUSE FLUX DISCOVERY POTENTIAL

Parameter

Alternative analysis choices

Description

Location in text of results

Flux discovery  Flux separation

Atmospheric muon background (Section 7.4.5.1)

Background UHE tail of the IceCube high-
energy neutrino flux, Myg (Section 7.4.5.2)
Prior on the cut-off energy of the UHE tail of the

IceCube high-energy v flux, E1

v cut (Section 7.4.5.2)
Prior on the neutrino-nucleon cross section,
fo (Section 7.3)

Detector energy resolution, oe, and

angular resolution, o, (Section 7.4.4)

Baseline x 10, x100, x 1000

Soft flux: UHE extrapolation of the 7.5-yr IceCube
HESE flux (y = 2.87) / Intermediate flux: -y = 2.50
Wide Gaussian prior and delta-function prior
centered on log,,(E}E, /GeV) =8
Wide Gaussian prior and delta-function prior centered
on central value of BGR18 prediction, log,, fo = 0

e =05,1.0

05, = 5°,10°

Section 7.5.2.3
Fig. 30
Section 7.5.2.4 Appendix B.1
Figs 31 and B1 Fig. B2
Section 7.5.2.5
Fig. 32
Section 7.5.2.6
Fig. 33
Section 7.5.2.7

Appendix B.2

Figs. 34, B3, B4  Figs. B5 and B6

Table 5: Alternative analysis choices used to forecast the flux discovery potential (Section 7.5) and flux model separation (Section 7.6) in

the radio array of IceCube-Gen2, and location in the text of associated content. See Section 7.5.2.1 for an overview and Table 4 for

baseline choices.

Tables 4 and 5 summarize our baseline and alternative analysis choices, and show where in the

text to find associated content. Below we elaborate on our choices:

» Atmospheric muon background: Our baseline choice is the event rate computed using the

hadronic interaction model SYBILL 2.3C, mitigated by applying a surface veto [214]; see

Section 7.4.5 for details. Section 7.5.2.3 shows results obtained under a substantially larger

atmospheric muon background; with them, the discovery potential shrinks only mildly.

* Background UHE tail of the IceCube high-energy neutrino flux, Myg: Our baseline choice is to

adopt a flux motivated by the 9.5-year IceCube through-going track analysis [37] introduced

in Section 7.4.5.2. This choice is conservative because, due to its hard spectral index (y = 2.37),

this flux may extend to higher energies compared to alternative, softer spectra, and so yields

a larger background to the discovery of UHE neutrino flux models 3-12. Section 7.5.2.4

shows results for the less conservative, softer high-energy neutrino spectra introduced in

Section 7.4.5.2, motivated by alternative IceCube results; with them, the discovery potential

improves appreciably.
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e Prior on the cut-off energy of the UHE tail of the IceCube high-energy neutrino flux background,

EME .. Our baseline choice for 7(log;(E}E, /GeV)) in Eq. (7.16) is a flat distribution between

veut’ v,cu

log,(EME, /GeV) = 7 and 12. In addition, in our baseline analysis we average the mean
Bayes factor, Eq. (7.21), over all possible real values of log, (ngut /GeV), and report the result
of that. These choices of prior and averaging are conservative and reflect our present-day
ignorance on the existence and position of a cut-off in the IceCube high-energy neutrino flux.
Section 7.5.2.4 shows results obtained using alternative, informed priors that reflect possible

evidence of a cut-off found in upcoming measurements of the high-energy neutrino flux;

with them, the discovery potential improves significantly.

* Prior on the neutrino-nucleon cross section, fy: Our baseline choice for 77(log,, f-) in Eq. (7.16) is
a flat distribution between log,, fo = —1 and 2. This choice is conservative because it ignores
the pull from theory towards the central value of the BGR18 [194] prediction, i.e., towards
log,, fo = 0, when fitting to mock data. (Nevertheless, we always use log,, fo = 0 as the
true value to generate the mock observed event rate against which we fit; see Section 7.5.1.)
Our choice of a baseline wide prior reflects the current lack of direct measurement of the
UHE neutrino-nucleon cross section. Such a wide prior may even encompass new-physics
modifications to the cross section (see, e.g., Ref. [61]); the fact that it may be possible to dis-
cover most flux models even under such a loose prior (Fig. 25) is encouraging. Section 7.5.2.6
shows results for alternative informed priors on log,, fs; their use expedites decisive flux
discovery by up to a factor of roughly 3 compared to the baseline expectation, depending on

the flux model.

¢ Detector energy resolution, oe, and angular resolution, oy, : Our baseline choices for the resolution
on the reconstructed shower energy and reconstructed zenith angle are, respectively, ce = 0.1
and 0y, = 2°. These choices are motivated by dedicated simulations [212, 312, 314, 315, 317,
324, 326, 370]; see Section 7.4.4 for details. The detector energy and angular resolution affect
the event rate computed via Eq. (7.5) and determine the energy and angular binning used
to compute the likelihood, Egs. (7.9) and (7.10). For the baseline energy binning, we use 12
bins equally spaced in logarithmic scale from E° = 107 GeV to 10'° GeV. For the angular

binning, we use a single large bin for downgoing events, from 67°¢ = 0° to 80°; 10 bins of
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size 2° from 80° to 100°; and two large bins for upgoing events, one from 100° to 110°, and
another one from 110° to 180°. Section 7.5.2.7 shows results for alternative choices of poorer
detector resolution, and their associated binning; with them, the discovery potential shrinks
for poorer energy resolution—mainly because of features in the energy spectrum become
unresolved—and for poorer angular resolution—mainly because the uncertainty in the vN

cross section is allowed to have a larger impact.

We keep the design of the IceCube-Gen2 radio array fixed to the baseline design of Ref. [77], as de-
scribed in Section 7.4.3. We describe the detector response via the energy- and direction-dependent
effective volumes generated from dedicated simulations of radio generation, propagation, and
detection from Ref. [346]; see Section 7.4.4 and Ref. [346] for details. We adopt this detector design
to make concrete forecasts, but the final design remains under consideration at the time of writing.

We do not explore alternative detector designs in our forecasts, since doing so requires running
intensive simulations for each design choice. However, we discuss detector-related features
that may inform the design of upcoming detectors: the impact of detector energy and angular
resolution (Section 7.5.2.7), the importance of the detector response being sensitive to Earth-
skimming neutrinos (Section 7.5.2.8), and the impact of using an air-shower surface array veto to

mitigate the atmospheric muon background (Appendix B.3).

7.5.2.2  Baseline discovery potential of the benchmark UHE neutrino flux models

Even under conservative analysis choices, IceCube-Gen2 should be able to claim decisive evidence for the

discovery of most of the benchmark UHE neutrino fluxes models after one decade of operation.

Figure 25 shows our main result: the evolution with exposure time of the mean discovery Bayes
factor in the radio array of IceCube-Gen2, for the UHE neutrino flux models 1-12 from Fig. 26,
computed as detailed in Section 7.5.1 and under our baseline analysis choices from Section 7.5.2.1.
The figure reveals promising prospects, in spite of our baseline analysis choices being conservative.
Alternative, less conservative choices of background and priors may hasten discovery; we explore
them later. For flux models 3-12, we include as background of atmospheric muons and the UHE

tail of the IceCube high-energy neutrino spectrum; see Section 7.5.1. For flux models 1 and 2—
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unbroken UHE extrapolations of the IceCube TeV-PeV neutrino flux [37, 188]—we include only
the background of atmospheric muons; see Section 7.5.2.9.

Figure 25 sorts flux models 1-12 into three classes, depending on the time it takes for them
to be discovered with decisive evidence: models discoverable within 1 year (models 2, 4, 6, 9,
11), models discoverable in 1-10 years (models 7, 8, 10, 12), and models that are not discoverable
within 20 years (models 3 and 5). Flux model 1, the UHE extrapolation of the 7.5-year IceCube
HESE flux [188], can be discovered with very strong evidence after 20 years. This classification
conveys in detail what Fig. 26 shows roughly: fluxes above the IceCube-Gen?2 sensitivity are
discoverable within 10 years; fluxes below are not. Lowering the discovery threshold to “very
strong" or “strong" evidence expedites flux discovery; however, fluxes that are not discoverable
remain as such.

At short exposure times, the predicted event rate, made up of signal plus background events,
Eq. (7.12), for most benchmark UHE neutrino flux models is low and observations are compatible
with the background-only hypothesis. (The exception is flux model 4, the highest among all
benchmark models, which is compatible with the signal hypothesis even at short exposure times.)
With growing exposure time, the larger predicted event rates enhance the contrast between the
alternative hypothesis. Then the observations become more compatible with the signal hypothesis
in our statistical analysis; see Section 7.5.1 for details.

The growth rate of the flux discovery Bayes factor in Fig. 25 results from the interplay of two
factors: the size of the predicted event rate, integrated across all energies and directions, induced
by the UHE neutrino flux model—i.e., larger rates lead to larger Bayes factors—and the shape of
the event rate induced by the UHE neutrino flux model—i.e., flux models whose energy spectrum
peaks at high energies, far from the background concentrated at E};¢ < 10® GeV (see Fig. 27), lead
to larger Bayes factors. This explains the difference in the growth rate of the Bayes factor in Fig. 25
at short and long exposure times. We elaborate below.

At short exposure times, Fig. 25 shows that the Bayes factor grows fast. There, the growth is
dominated by the notable difference between the energy distributions of the event rates induced
by the signal and the background; see Fig. 27. Differences between their angular distributions

are smaller and contribute weakly to the growth rate; see Fig. 28. Because our analysis is binned
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in energy and direction (see the likelihood functions in Egs. (7.9) and (7.10)), it is able to resolve
differences in the energy distributions of the signal hypothesis vs. the background-only hypothesis
even if their associated events rate are low, i.e., even at low exposure times. [For flux models 10 and
12, whose energy spectra peak at lower energies, closer to the background, the Bayes factor grows
more slowly because distinguishing between them is harder. This subtle feature is most clearly
seen by comparing flux models 10 and 11: their integrated event rates are similar (see Table 3), but
the rate for flux model 10 peaks at significantly lower energies than for flux model 11 (see Fig. 27).]

At longer exposure times, Fig. 25 shows that the Bayes factor grows more slowly. There, the
growth rate is dominated by the large difference in integrated event rate induced by the signal and
by the background; see Table 3. At large exposure times, the posterior distributions, Egs. (7.15)
and (7.17), become narrow due to the lessening of the impact of random statistical fluctuations. As
a result, the Bayes factor, Eq. (7.19), is dominated by the peak value of the posteriors. The event
rate, Nops ij, grows linearly with time for all flux models; see Eq. (7.4). Therefore, the logarithm
of the likelihood function, Eq. (7.11), also grows linearly with time, and so does the logarithm of
the discovery Bayes factor, Eq. (7.19), as seen in Fig. 25. (For flux model 12, this growth regime is
reached beyond 20 years, so it is not seen in Fig. 25.)

Figure 29 illustrates the roles that binning events in reconstructed energy and direction have
on the UHE neutrino flux discovery potential. Binning in energy allows our statistical analysis
to distinguish between the energy distributions of events induced by the UHE neutrino flux
model vs. events induced by the atmospheric muon background—which are concentrated at low

energies—and by the UHE tail of the IceCube high-energy neutrino flux—when it has a low cut-off

HE
v,cut’

energy, £ compared to the energy at which the UHE neutrino flux model 3-12 peaks. Binning
in direction allows our statistical analysis to break the innate degeneracy between neutrino flux
and cross section described in Section 7.3 and, by doing so, to claim a higher evidence for the
discovery of the UHE neutrino flux model 3-12. This is especially true when using a flat prior on

the cross section, i.e., when there is little to no knowledge of the cross section and, thus, a larger

degeneracy with the neutrino flux; see Section 7.5.2.6.
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Figure 29: Impact of binning the detected events only in reconstructed shower energy, EL°, only in reconstructed direction, 0;°, and in both,
on the discovery potential of the UHE neutrino flux model 6 [179]. Results are for our conservative baseline assumption of a flat
prior on the v cross section, f,—representing little to no prior knowledge of the cross section. In the absence of precise knowledge of
the vN cross section, early flux discovery hinges on using both the energy and, especially, angular distribution of events. See Section 7.5.2.2

for details.

7.5.2.3 Impact of the atmospheric muon background

The UHE flux discovery potential of IceCube-Gen2 is robust against large uncertainties in the predicted size

of the muon background, because it is concentrated mainly at the lowest energies, i.e., ¢ < 108 GeV.
Figure 30 shows that artificially increasing the size of the atmospheric muon background only
impacts mildly the UHE neutrino flux discovery potential. (We comment on the impact of changes

to the shape of the energy spectrum of the atmospheric muon background later.) To single out



7.5 DIFFUSE FLUX DISCOVERY POTENTIAL

[
-]
N

C T T T T T LI T T T T T ZT-T T -
- Atmospheric  background UHE v flux model .
i x 1 (baseline) @ Rodrigues et al., all AGN ]|

______ x 10 Rodrigues et al., HL BL Lacs 7

| ——— % 100 e '// i

—
S
—

I
—

Decisive
Very strong
Strong
Substantial

Negligible

Mean UHE v flux discovery Bayes factor, (log,, B)

1 10
IceCube-Gen2 Radio exposure time, T [yr]

e
Y

Figure 30: Impact of an enlarged atmospheric muon background on the flux discovery potential of UHE neutrino flux models 6 and 7 [179];
see Fig. 26. Results for other flux models are similar. For this plot only, the cut-off energy of the high-energy neutrino flux

background is fixed at E}'%,, = 10 PeV, so that the main background is from atmospheric muons. All other analysis choices are

baseline; see Table 4 and Section 7.5.2.1. Even a thousand-fold increase in the muon background over its baseline expectation reduces the

discovery potential only mildly. See Section 7.5.2.3 for details.

the impact of the atmospheric muon background, in Fig. 30 we mitigate the contribution to the
background from the UHE tail of the IceCube high-energy flux by fixing its cut-off energy to
a relatively low value of ngut = 10 PeV. (In most other results, we let the value of Eﬂfut float
generously; see Section 7.5.2.1.) Even a hefty thousand-fold increase in the muon background
over its baseline expectation (see Section 7.4.5), which yields an integrated mean yearly rate of

fewer than 100 detected muon events, only delays discovery of flux model 6 [179] by about three
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months and of flux model 7 [179] by about one year. The illustrative choice of ngut = 10 PeV
is conservative: a higher value would increase the contribution of the UHE tail of the IceCube
high-energy neutrino flux to the background and reduce the relative contribution of the muon
background, weakening further its impact on the flux discovery potential.

The mild impact that a larger muon background has on the flux discovery potential is due to
the difference in the energy and angular distributions of events induced by the muon background
and events induced by a UHE neutrino flux model 3-12; see Figs. 27 and 28. Events induced
by the muon background lie at low energies, EZ¢ < 10® GeV, and above the horizon, but not in
downgoing directions, i.e., they lie at 0 < cos 62° < 0.8. In contrast, events induced by the UHE
neutrino flux reach higher energies, may be downgoing, but may also come from just below the
horizon, especially if the flux is large. Because our analysis (Section 7.5.1) is binned in energy
and direction, it is sensitive to the above differences in the distributions, which renders the flux
discovery potential largely insensitive to increases in the size of the muon background.

The flux discovery potential is robust to changes in the size of the atmospheric muon background,
but may not be so to changes in the shape of its event energy distribution. In particular, a muon-
induced event energy distribution that extends to E* > 10% GeV would hinder the discovery of
flux models that peak at neutrino energies above 10® GeV that, under our baseline choice for the
muon background, are expected to be discoverable.

We have checked that replacing our baseline muon background, produced using the SYBILL
2.3C [293] hadronization model, with the central value of the predicted muon backgrounds
computed in Ref. [213] using the EPOS-LHC [381] or QGSJET-11-04 [382] hadronization models,
has negligible impact on the flux discovery potential. However, that exploration is not exhaustive,
and may not be representative of all possible variations in the shape of the muon-induced event
energy spectrum. Hence, analyses beyond the scope of this work should account, within their
statistical procedures, for the impact that the systematic uncertainties in the hadronization model,
and in the size, shape, and mass composition of the parent UHECR energy spectrum have on the
energy spectrum of atmospheric muons. Reference [188] contains a recent implementation of this

in an IceCube analysis.
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In reality, a factor-of-100 or factor-of-1000 underestimation of the muon background, like the
ones in Fig. 30, is unlikely. However, such a large contribution could come from other, non-muon
and non-neutrino backgrounds, like air-shower cores; see Section 7.4.5.3 for details. Its size and
shape are presently uncertain, but it may conceivably extend to higher energies than the muon
background; see Ref. [327] for early estimates. What Fig. 30 suggests is that, even in such a case, a
non-neutrino background that is relatively well characterized in energy and direction, even if large

in size, may have limited impact on the UHE neutrino flux discovery potential.

7.5.2.4 Impact of the background UHE tail of the IceCube high-energy neutrino flux, Myg

The UHE neutrino flux discovery potential of IceCube-Gen2 may be enhanced significantly if the background
from the UHE tail of the IceCube high-energy neutrino flux is small, i.e., if its energy spectrum is soft and

consistent with the IceCube 9.5-year HESE analysis.

Figure 31 shows the impact on the flux discovery potential of the radio array of IceCube-Gen2 of
adopting a different choice for the UHE tail of the IceCube high-energy neutrino background (Sec-

tion 7.4.5.2). These are extrapolations to ultra-high energies of the power-law neutrino fluxes mea-

—Ey /EII/—EEut
’

sured by IceCube in the TeV-PeV range, suppressed by a high-energy cut-off, i.e.,, « E, "e
following Eq. (7.7). We compare the three possibilities introduced in Section 7.4.5.2: our baseline
choice of a hard spectrum (spectral index of ¢y = 2.37) motivated by the 9.5-year IceCube through-
going v, analysis [37], an intermediate spectrum (v = 2.50) with the same flux normalization, and
a soft spectrum (y = 2.87) motivated by the 7.5-year IceCube HESE analysis [188]. Here we study
the impact of the choice of the normalization and spectral index of the background neutrino flux;

EHE

in Section 7.5.2.5, we study the impact of our degree of ignorance of E; ;.

Figure 31 shows that using the softer spectrum may expedite decisive flux discovery significantly:
for flux models 6 and 7, decisive discovery is reduced roughly from 1.3 and 13 years, respectively,
to 4 months and 1.2 years. This is because a softer UHE tail of IceCube high-energy neutrino
flux corresponds to a lower background. Figure 31 also shows that the improvement stems
predominantly from the shape of the spectrum, rather than from its size, viz., when comparing
the results using the hard and intermediate background spectra, which share the same flux

normalization (see Section 7.4.5.2).
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Figure 31: Impact of the choice of high-energy neutrino flux, whose UHE tail constitutes a potential background at ultra-high energies, on

the flux discovery potential of UHE neutrino flux models 6 and 7 [179]; see Fig. 26. All other analysis choices are baseline; see

Table 4 and Section 7.5.2.1. The hard and soft background fluxes are UHE extrapolations of the IceCube through-going track [37]

and HESE [188] results, respectively; we also show an intermediate case. In all cases, the background flux has a high-energy

exponential cut-off; see Section 7.4.5. Results for other flux models are similar. A softer UHE tail of the high-energy neutrino flux

background may expedite the discovery of an UHE flux model appreciably, by months or years. See Section 7.5.2.4 for details.

Changes to the background UHE tail of the IceCube high-energy neutrino flux differ from

changes to the atmospheric muon background (Section 7.5.2.3) mainly in two aspects. First, if

the cut-off energy is known to be E

HE >

Vieut & 10® GeV or if, as in our baseline treatment, its value is

unknown but allowed to be possibly high, then the UHE tail of the IceCube high-energy neutrino
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flux constitutes the dominant background contribution; see Section 7.4.5. Therefore, changes to it
naturally affect the flux discovery potential significantly.

Second, unlike the atmospheric muon background, the background from the UHE tail of the
IceCube high-energy neutrino flux depends on the vN cross section, i.e., on f,. Because our baseline
analysis allows the value of f, to float (Section 7.5.2.1), this grants the UHE tail of the IceCube
high-energy neutrino flux, when computed under the background-only hypothesis, the freedom
to find values of f, with which it can reproduce closely the observed rate (supplemented, at low
energies, by the sub-dominant atmospheric muon background). (Section 7.5.2.6 explains in detail
how a larger or smaller cross section affects internally the statistical analysis.) Letting the value of
fo float leads to larger values of the posterior and evidence in the background-only hypothesis,
Egs. (7.17) and (7.18), and, consequently, lower values of the Bayes factor, Eq. (7.19), and to a longer
exposure time required to claim decisively the discovery of a given UHE neutrino flux model 3-12.
In Section 7.5.2.6 we explore how the impact of the IceCube high-energy neutrino flux is reduced

by more precise prior knowledge of f;.

7.5.2.5 Impact of the prior on the cut-off energy of the UHE tail of the IceCube high-energy neutrino flux

HE
E v,cut

background,

The UHE neutrino flux discovery potential of IceCube-Gen2 may be significantly enhanced by even limited

knowledge of the ultra-high-energy tail end of the high-energy neutrino flux, i.e., of its cut-off energy.

Figure 32 shows the impact that the choice of prior on the cut-off energy of the background UHE
tail of the IceCube high-energy neutrino flux, 7z(log,,(E}E, /GeV)) in Egs. (7.15)~(7.18), has on
the UHE neutrino flux discovery potential. We compare results obtained using our conservative
baseline analysis choice of a flat prior, followed by an average of the Bayes factor over the real value
of the cut-off energy (see Section 7.5.2.1), against results obtained using two alternative, informed
priors: a wide Gaussian prior and a Dirac J-function prior. These alternatives reflect, respectively,
the possible outcome of limited and precise measurement of the tail end of the high-energy neutrino
flux by present and future TeV-PeV neutrino telescopes, e.g., IceCube, IceCube-Gen2 [39], via
its optical array, KM3NeT [40], Baikal-GVD [147], P-ONE [41], TAMBO [73], TRIDENT [148],

Trinity [355], or a combination of detectors [78].
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Figure 32: Impact of the choice of prior on the cut-off energy of the UHE tail of the background IceCube high-energy neutrino flux, EF'%,, on

the flux discovery potential of UHE neutrino flux models 6 and 7 [179]; see Fig. 26. All other analysis choices are baseline; see

Table 4 and Section 7.5.2.1. The baseline choice of a flat prior followed by an average of the Bayes factor over the value of the cut-off

energy is conservative and represents complete ignorance of EF'E, . A wide Gaussian prior and delta-function prior, both centered

at EFE

v,eut T

100 PeV, represent limited and precise knowledge of its value, respectively. Results for other flux models are similar.

Even limited evidence for the existence and value of a cut-off in the UHE tail of the IceCube high-energy neutrino flux, possibly gathered in

upcoming astrophysical TeV-PeV neutrino measurements, may significantly expedite UHE neutrino flux discovery. See Section 7.5.2.5 for

details.

In Fig. 32, as illustration, we choose the real value of the cut-off energy to be E

HE
v,cut

for the Gaussian prior, we choose a width of 0.25 in log,, (E{'t,/GeV). In both cases, the analysis

is the same as the one described in Section 7.5.1, with the exception of using a different prior on

log,(Ef',:/GeV) and, unlike the baseline analysis choice, of not averaging the Bayes factor over

= 100 PeV;

156



7.5 DIFFUSE FLUX DISCOVERY POTENTIAL

the real value of log;,(ES' . /GeV) anymore, since when using informed priors we are no longer
in a situation of complete ignorance of the value of the cut-off energy.

Figure 32 shows that using informed priors on log; , (ES't, /GeV) brings significant improvement
to the UHE flux discovery potential. Because the UHE tail end of the IceCube high-energy neutrino
flux is the dominant background in our analysis (see Section 7.4.5), understanding it better, as
reflected by using informed priors on log,,(ES',/GeV), significantly improves the separation
between the signal and background-only hypotheses. In Fig. 32, the improvement is striking for
flux model 7. Using our conservative baseline prior on the cut-off energy, we would need about
10 years of exposure time to decisively discover flux model 7. In contrast, using the wide Gaussian
prior reduces the exposure time needed to about 7 months, and using the J-function prior reduces
it to about 4 months. Similar improvements are achievable for the other benchmark UHE neutrino
flux models 1-12.

This significant reduction in the exposure time required for UHE flux discovery highlights the
importance of the simultaneous development and deployment of neutrino telescopes that operate

in the high-energy (TeV-PeV) and ultra-high-energy (> 100 PeV) ranges, and their combined

observations [82, 83, 189, 190].

7.5.2.6 Impact of the prior on the neutrino-nucleon cross section, fy

The UHE neutrino flux discovery potential of IceCube-Gen2 may be enhanced moderately by limited
knowledge of the UHE neutrino-nucleon cross section, especially at low exposure times, and substantially

enhanced by precise knowledge of it, for any exposure time.

Ultra-high-energy neutrinos can be used to measure the UHE deep-inelastic-scattering neutrino-
nucleon (vN) cross section, 0. Reference [346] made detailed forecasts of this for IceCube-Gen2,
based on the same detector design, effective volume, and calculation framework that we use
here; see also Refs. [215, 348] for complementary forecasts. In Ref. [346], the best-fit value and
uncertainty on ¢ were determined using a statistical analysis similar to the one we introduced in
Section 7.5.1: after 10 years, as long as at least a few tens of events are detected, the UHE vN cross
section may be measured to within 50% of its BGR18 prediction [194]. Here, while our goal is not

to measure the vN cross section, we nevertheless account for the important effect that it has on
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Figure 33: Impact of the choice of prior on the UHE neutrino-nucleon (vN) cross section, f, = 0/0xq, on the flux discovery potential of
UHE neutrino flux models 6 [179] and 7 [179]; see Fig. 26. All other analysis choices are baseline; see Table 4 and Section 7.5.2.1.
Here, 0 is the cross section, whose value is allowed to float in the statistical procedure, and oq is its BGR18 prediction [194]. The
baseline choice of a flat prior on log,, f; is conservative and represents complete ignorance of f,. A wide Gaussian prior and
delta-function prior, both centered at the central BGR18 prediction of log,, f, = 0, represent limited and precise knowledge of
its value, respectively. Results for other flux models are similar. Using even a limited informed prior on f, expedites flux discovery,
especially at low exposure times, where the event rate may be low; at long exposure times, where the event rate is higher, only a precise informed

prior helps. See Section 7.5.2.6 for details.

the discovery Bayes factor, via the prior 7r(log,, fr), where fr = 0/04q (Section 7.5.1). Below, we
show how.
Figure 33 shows the impact that the choice of prior has on the UHE neutrino flux discovery

potential. We compare results obtained using our conservative baseline analysis choice of a flat
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prior on log,, f (see Section 7.5.2.1), against results obtained using two alternative, informed
priors: a wide Gaussian prior, with a half-decade width, and a Dirac J-function prior, both centered
on the central value of the BGR18 prediction of the vN cross section, i.e., on log;, fo = 0.

Figure 33 shows that using informed priors expedites flux discovery. The improvements over
the baseline expectations when using the wide Gaussian prior are moderate at short exposure
times and negligible at long exposure times. The improvements when using the é-function prior
are substantial for any exposure time. For both informed priors, improvements are more evident
at short exposure times, where signal event rates are lower, which makes separating them from
background event rates more challenging. At longer exposure times, where event rates are higher
and the separation is clearer even when f;; is known uncertainly, there is sizable improvement only
when using the J-function prior. For example, using our conservative baseline prior on the cross
section, we would need roughly 1.3 years of exposure time to decisively discover flux model 6. In
contrast, using the wide Gaussian prior reduces the exposure time needed to about 1 year, and
using the J-function prior reduces it to about 4 months. Similar improvements are achievable for
the other benchmark UHE neutrino flux models.

There is nuanced insight to be gained from how the vN cross section affects the flux discovery
potential; we describe it below. Changing the cross section affects the neutrino-induced event rate,
Eq. (7.4), in two ways. (The illustrative simplified event-rate calculation, Eq. (7.1), also captures
these features, as described in Section 7.3.)

First, a larger or smaller cross section, respectively, increases or decreases the interaction rate
of neutrinos in the detector. This affects the total event rate, i.c., the rate integrated over all
reconstructed energies and directions. See Ref. [346] for a detailed study.

Second, a larger or smaller cross section, respectively, strengthens or weakens the attenuation
of the neutrino flux as it propagates through the Earth. This affects the angular distribution
of neutrino-induced events: a larger cross section induces a steeper decline in the event rate
around the horizon, i.e., at 82°¢ ~ 90°, since upgoing neutrinos are attenuated more strongly.
Reference [346] showed that the sensitivity to the cross section stems from events coming from

around the horizon, where in-Earth attenuation is significant, but not overbearing.
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It is from the interplay of the above two effects that more precise prior knowledge of f leads
to a larger UHE neutrino flux discovery potential. Since information about the cross section is
extracted from the angular dependence of the event rate around the horizon, a detector angular
resolution that allows us to resolve this accurately is essential (more on this in Section 7.5.2.7).

Further, because the vN cross section grows with neutrino energy, flux models that peak at low
energies are less attenuated inside the Earth vs. flux models that peak at high energies. Figure 27
illustrates this: the relative contributions of upgoing events and downgoing events resemble each
other more closely for flux models that peak at low energy, e.g., models 10 and 12, than for flux
models that peak at high energy, e.g., models 4 and 7. Thus, for flux models that peak at low
energies, the relatively larger number of events at the horizon and below it helps to pin down f,.
This impacts the evolution of the discovery Bayes factor with exposure time: flux models that peak
at low energy but have a relatively low integrated event rate reach Bayes factors as high or higher
than flux models that predict larger integrated event rates. For example, Fig. 25 shows that, after a
few years, flux model 12 can be discovered with a significance comparable to flux models 7 and 8,

even though it only yields about 70% and 30% of their event rates, respectively; see Table 3.

7.5.2.7 Impact of the detector energy resolution, oe, and angular resolution, op,

The UHE neutrino flux discovery potential of IceCube-Gen2 may be appreciably weakened by poor detector
energy resolution—which impairs resolving signal vs. background features in the event energy distribution—
and poor angular resolution—which preserves the innate degeneracy between neutrino flux and vN cross

section

Figure 34 shows the impact that the detector resolution in reconstructed shower energy, o,
where € = log,(EL/ Eqh), and the reconstructed zenith angle, 0p_, have on the UHE neutrino flux
discovery potential. The detector resolution affects the computation of event rates via Eq. (7.5);
see Section 7.4.4 for details. Figure 34 shows that alternative choices of the energy and angular
resolution, poorer than the baseline choices, delay UHE flux discovery, but may not prevent it.

Poorer energy resolution lessens the difference between the distributions in reconstructed energy
of the signal and background events (see Fig. 27 for a comparison vs. the muon background); see

Section 7.5.2.2. Thus, a significantly poorer energy resolution may appreciably weaken the UHE
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Figure 34: Impact of the resolution of the radio array of IceCube-Gen2 in measuring reconstructed energy, 0., and reconstructed direction,
0y, , on the flux discovery potential of UHE neutrino flux model 6 [179]; see Fig. 26. All other analysis choices are baseline; see
Table 4 and Section 7.5.2.1. Results for other flux models are similar; see Figs. B3 and B4 in Appendix B.2. Poorer detector resolution
delays flux discovery, but does not prevent it; energy resolution has a stronger impact, because it weakens the distinction between the energy

distributions of signal and background. See Section 7.5.2.7 for details.

flux discovery potential. Figure 34 shows that, under our baseline choices of detector resolution,
with . = 0.1, i.e,, one-tenth of a decade in shower energy, flux model 6 may be decisively
discovered in roughly 1.3 years. With 0. = 0.5, i.e., a resolution of half a decade in shower energy,
decisive discovery is delayed to roughly 2 years. With . = 1, i.e., a resolution of a full decade in
shower energy, it is delayed to roughly 3 years. Similar delays occur for the other benchmark UHE

neutrino flux models 3-12; see Fig. B3 in Appendix B.2. The delays are substantially longer for the
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flux models with the lowest event rates, for which the separation between signal and background
events is more challenging i.e., models 1, 3, 5, 7, and 12; see Fig. 27 and Table 3. (When changing
oe, we change the binning in reconstructed energy accordingly. For o, = 0.1, 0.5, and 1, we use,
respectively, 30, 6, and 3 bins equally spaced in logarithmic scale from E3f¢ = 107 GeV to 10'° GeV.)

Poorer angular resolution lessens the difference between the distributions in reconstructed direc-
tion of the signal and background events; see Fig. 28 for a comparison vs. the muon background.
However, this has only a mild impact on the flux discovery potential. The dominant impact comes
instead from the fact that, since our baseline results assume no prior knowledge of the vN cross
section, i.e., a flat prior on log,, f, poorer angular resolution preserves the innate degeneracy
between the neutrino flux and the cross section, illustrated in Eq. (7.1). Ordinarily, the degeneracy
would be broken by comparing the angular distribution of events coming from around the horizon,
but a poor angular resolution obfuscates this. For details, see Section 7.3 and, especially, the
discussion in connection to Fig. 29 in Sections 7.5.2.2 and 7.5.2.6. (Separately, angular resolution is
critical for discovering point sources of UHE neutrinos [371, 372] and important when measuring
the UHE neutrino-nucleon cross section [205, 215, 346, 348]).

Figure 34 shows that, under our baseline choices of detector resolution, with gy = 2°, flux model
6 may be decisively discovered in roughly 1.3 years. With 5, = 5° and 10°, decisive discovery
is delayed to roughly 2.5 and 4 years, respectively. Similar delays occur for the other benchmark
UHE neutrino flux models 3-12; see Fig. B4 in Appendix B.2. As for the case of poorer energy
resolution, the delays are longer for the flux models with the lowest event rates. (When changing
0p,, we change the binning in reconstructed direction accordingly. For 0y, = 2°,5°, and 10°, we use,
respectively, 10, 4, and 2 equally spaced bins for events around the horizon, i.e., from 67°¢ = 80° to
100°. We leave the binning of downgoing and upgoing events unchanged).

In our forecasts, we have considered a common detector angular and energy resolution for all of
the events. However, in a real experiment every event will be reconstructed, in general, with a
different angular and energy error. Future, revised versions of our analysis should include this

event-by-event treatment [336].
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Figure 35: Flux discovery potential of the UHE neutrino flux model 6 [179] computed using events from all directions vs. using only
Earth-skimming, or horizontal, events. All other analysis choices are baseline; see Table 4 and Section 7.5.2.1. Results for other flux
models are similar. Earth-skimming events are largely responsible for the flux discovery potential, so optimizing a detector to observe them is

a sensible strategy. See Section 7.5.2.8 for details.

7.5.2.8 Importance of Earth-skimming events

Most of the UHE neutrino flux discovery potential comes from Earth-skimming events, i.e., events that

reach the detector from around the horizon (83%¢ ~ 90°).

Section 7.3 showed that the flux of Earth-skimming, or horizontal, i.e., 63°¢ ~ 90°, neutrinos
is attenuated by neutrino-matter interactions inside the Earth, but is not obliterated by them,

unlike upgoing events, and so they induce a sizable number of events in the detector. In contrast,
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downgoing neutrinos reach the detector mostly unattenuated, and the number of neutrinos
reaching the detector is much larger. Figures 27 and 28 show these features for the UHE neutrino
flux models 1-12.

Because the design of IceCube-Gen2 is still under consideration, its final form might conceivably
have a response to downgoing and horizontal events that is different from that of the baseline
design [77] that we have adopted; see Section 7.4.3 for details on it. Further, other UHE neutrino
telescopes presently under planning target mainly Earth-skimming events induced by v, i.e.,
Ashra-NTA [356], AugerPrime [162], BEACON [153], EUSO-SPB2 [383], GCOS [384], GRAND [72],
POEMMA [74], PUEO [75], RET [365], TAROGE [366], TAx4 [385], TAMBO [73], Trinity [355]; see
Ref. [83] and Fig. 53 in Ref. [82] for an overview. This prompts us to study the importance that
Earth-skimming events have in our forecasts of flux discovery potential.

Figure 35 shows, for flux model 6, the extreme case where our forecasts use only Earth-skimming
events, with 07°¢ = [80°,100°], which make up roughly 35% of the all-sky event rate. To understand
this result, consider naively that if events from all directions were equally relevant for flux discovery,
then using a subset of only one third of them, with randomly chosen directions, should delay flux
discovery by roughly a factor of 3. However, Fig. 35 shows that using only Earth-skimming events
delays the decisive flux discovery of flux model 6, which takes 1.31 years in our baseline predictions
(Table 3), by only about 1.5 years, rather than by the naive expectation of about 2.6 years. This is
because flux discovery stems largely from resolving the angular distribution of Earth-skimming
events, especially if the VN cross section is unknown; see Sections 7.5.2.6 and 7.5.2.7 for details.

To further illustrate the point above, we imagine an extreme alternative design of the radio
array of IceCube-Gen2 that detects exclusively Earth-skimming events, but preserves the same
total effective volume, integrated over all energies and directions, as our baseline design. That
alternative design should detect roughly three times as many events as are used in the result in
Fig. 35 based on Earth-skimming events only. Increasing the event rate by a factor of 3 is equivalent
to increasing the exposure time by the same factor. Because, at long exposure times, the discovery
Bayes factor grows linearly with time (Section 7.5.2.2), the alternative detector design could claim
decisive flux discover a factor-of-3 sooner than the baseline result using Earth-skimming events

only in Fig. 35, i.e., a reduction from about 3 years to 1 year. In turn, this would be a reduction of
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about 30% compared to the 1.3 years needed for decisive flux discovery in our baseline forecast in
Fig. 35 using events from all directions. This demonstrates that optimizing the detector response

to detect Earth-skimming vs. downgoing events is a strategy that merits exploration.

7.5.2.9 Discovering the UHE tail end of the IceCube high-energy neutrino flux

The UHE tail of the IceCube high-energy neutrino flux, based the hard-spectrum (v = 2.37) flux measured
in through-going vy, may be decisively discovered within 10 years of exposure of the radio array of IceCube-

Gen2, even if suppressed by a low-energy cut-off at 50 PeV.

So far, we have forecast the discovery potential of UHE neutrino flux models 3-12, and consid-
ered the UHE tail of the IceCube high-energy neutrino flux as a background to their discovery,
together with the background of atmospheric muons; see Section 7.5.1. Here, we forecast instead
the discovery of the UHE tail of the IceCube high-energy neutrino flux by itself, and consider atmo-
spheric muons as a background to their discovery. Following the discussion in Section 7.4.5.2, we

expect that to discover the UHE tail of the high-energy neutrino flux, it must have a hard spectrum,

HE

v,cut i0 the tens of

i.e., a value of the spectral index, 7, not too far from 2, and a cut-off energy, i.e., E
PeV, or no cut-off at all. If these conditions are met, the UHE tail of the high-energy neutrino flux
could induce a sizable number of neutrino events in the radio array of IceCube-Gen2 and in other
UHE neutrino telescopes, and become detectable over the atmospheric muon background. Below
we quantify this.

Figure 36 compares, for different choices of the cut-off energy, the mean expected event rate
induced by our alternative soft-spectrum choice and our baseline hard-spectrum choice for the
UHE tail of the IceCube high-energy neutrino flux introduced in Section 7.4.5.2. They are based
respectively, on the flux measured in the 7.5-year HESE analysis [188], with v = 2.87, and in
the 9.5-year through-going v;, analysis [37] by the IceCube Collaboration, with v = 2.37, both
augmented by a high-energy exponential cut-off, Eq. (7.7). When without a cut-off, i.e., with

EHE

veut — 09, they correspond to our benchmark UHE neutrino flux models 1 and 2, respectively.

HE

Figure 36 shows that lower values of E}’5,

¢ reduce the integrated event rate and, especially, the
event rate at high energies, thus concentrating events at low energies, and making their energy

distribution resemble that of the atmospheric muon background. Below we show how this erodes
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Figure 36: Mean event distribution in reconstructed shower energy, Ef¢, expected in the radio array of IceCube-Gen2 after 10 years of
exposure for flux models 1 and 2, i.e., the UHE extrapolation of the IceCube high-energy neutrino flux from the 7.5-year HESE [188]
and 9.5-year through-going muon analyses [37], respectively (see Fig. 26), augmented with a high-energy exponential cut-off

atenergy E'E; see Eq. (7.7). Event rates are computed using the procedure from Section 7.4.4, and under our baseline analysis

choices; see Section 7.5.2.1. See Table 3 for integrated event rates, Fig. 37 for the associated flux discovery potential, and

Section 7.5.2.9 for details.

their prospects of being discovered. Table 3 shows event rates for flux models 1 and 2, for different
choices of the cut-off energy. Flux model 1 yields, on average, fewer than one event in 10 years,
and versions of it with a cut-off yield even less. Flux model 2 yields, on average, about 27 events in

10 years, and about 2 events even with an early cut-off at 50 PeV.

HE
v,cut

Figure 37 shows the impact that the value of E; 3, has on the discovery potential of the UHE

HE

tail of the IceCube high-energy neutrino flux. As expected from Fig. 36, lower values of E;
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Figure 37: Impact of the cut-off energy, E}'L,, on the discovery potential of flux model 2, i.e., the UHE extrapolation of the high-energy flux
from the IceCube 9.5-year through-going muon analysis [37], augmented by a high-energy exponential cut-off at energy EIE ; see
Eq. (7.7). Unlike our baseline procedure, in this plot we do not average the Bayes factor over the real value of EFE | since it is
assumed to be known; however, we still use our baseline flat prior on log;,(E}E, /GeV) when computing the posterior, Eq. (7.15).

For this plot only, the sole background to flux discovery is from atmospheric muons. All other analysis choices are baseline; see

Table 4 and Section 7.5.2.1. See Fig. 36 and Table 3 for the event rates and Section 7.5.2.9 for details.

hinder discovery. To compute the flux discovery Bayes factor in this case, we follow the same
procedure introduced in Section 7.5.1, but using only atmospheric muons for the background, i.e.,

using NS:; :.3].) (6) = NII/{E(B) + N,,;j instead of Eq. (7.12) for the signal hypothesis and N}()Eegg)l’l.]. =

N, ;j instead of Eq. (7.14) for the background-only hypothesis. In addition, unlike our baseline

prescription (Section 7.5.2.1), when the value of EHE s fixed at 50, 100, or 500 PeV, we no longer

v,cut
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average the Bayes factor over it. Figure 37, and also Fig. 25, show that in the absence of a cut-off
flux model 2 could be discovered decisively within 4 months. The presence of a cut-off delays
its discovery, but does not preclude it: for a high cut-off at Eﬂfut = 500 PeV, the flux may be
discovered decisively within 1 year, and even for a low cut-off at 50 PeV, it may still be discovered
after roughly 10 years. Flux model 2, without a cut-off, may be discovered with very strong
evidence after 20 years, but versions of it with a cut-off are undiscoverable.

Figure 37 posits the intriguing possibility of using the IceCube high-energy neutrino flux to
calibrate the response of UHE neutrino telescopes, which is known uncertainly. If the value
of the cut-off energy of the IceCube flux can be measured or constrained by complementary
measurements in detectors with high sensitivity in the energy range of 1-10 PeV, like the optical
array of IceCube-Gen2 [39], TAMBO [73], or Trinity [355], then it may be possible to make informed
predictions about the contribution of its UHE tail to the event rate in UHE neutrino telescopes.
However, there is an unavoidable trade-off: a low cut-off energy would be easier to characterize

with 1-10 PeV telescopes, but it would also imply a low event rate in the UHE range (that is, in the

absence of other contributions, like UHE neutrino flux models 3-12).

7.5.2.10 Summary

Our forecasts—Figs. 25 and 37, and in Table 3—tempered by design by important nuance from
theory and experiment, reveal promising prospects for the discovery of an UHE neutrino flux
in the first decade of operation of IceCube-Gen2. Several of our benchmark UHE neutrino flux
models (Section 7.2) may even be decisively discovered within 5 years of detector exposure.

Less conservative, but still reasonable and well-motivated alternative analysis choices may
hasten or delay decisive flux discovery within a decade, but are unlikely to preclude discovery.
This renders our forecasts robust against analysis choices. In summary, the impact of the different

analysis choices on the UHE neutrino flux discovery potential is as follows:

* The size of the atmospheric muon background has only a mild impact—as long as it only

affects the lowest energy bins, as predicted by current hadronic models. See Section 7.5.2.3.
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¢ The normalization and, especially, the spectral index of the UHE tail of the background
IceCube high-energy neutrino flux has a large impact; a softer spectrum yields a smaller back-

ground, which hastens the discovery of UHE neutrino flux models 3-12. See Section 7.5.2.4.

* Using an informed prior on the cut-off energy of the background UHE tail of the IceCube

HE

high-energy neutrino flux, E;’5,

may significantly hasten flux discovery, even if the prior is

based on limited knowledge. See Section 7.5.2.5.

¢ Using an informed prior on the UHE vN cross section, f,, may hasten flux discovery mod-
erately, if the prior is based on limited knowledge, or substantially, if it is based on precise

knowledge. See Section 7.5.2.6.

* Poor detector resolution on shower energy, o¢, and zenith angle, 0y, may appreciably delay

flux discovery. See Section 7.5.2.7.

* Because Earth-skimming events, with 0 = [80°,100°], provide most of the UHE neutrino
flux discovery potential, a detector with a total effective volume equivalent to that of our base-
line design, but focused on the horizontal directions, could enhance discovery opportunities.

See Section 7.5.2.8.

Finally, we also found that the UHE tail of the IceCube high-energy neutrino flux, augmented
with a high-energy cut-off, Eq. (7.7)—which is typically a background for the discovery of other
flux models—may itself be discovered. Depending on the value of the cut-off energy, which
determines the UHE event rate induced by this flux, discovery may occur within months, if the

cut-off energy is high, or years, if it is low. See Section 7.5.2.9.

7.6 FLUX MODEL SEPARATION

In Section 7.5, we discussed the UHE neutrino flux discovery potential of benchmark flux models
1-12. Here we tackle a related question: how well can two UHE neutrino flux models be experi-
mentally distinguished from each other? To answer it, we consider two hypotheses: the true signal
hypothesis, built assuming knowledge of which is the “true" neutrino flux model, and the test signal

hypothesis, built for alternative, “test” models. Below, we forecast how well these hypotheses can
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be experimentally distinguished in the radio array of IceCube-Gen2. We focus on benchmark flux
models 3-12. Like in Section 7.5, we account for the background from atmospheric muons and
the UHE tail of the IceCube high-energy neutrino flux, for random statistical fluctuations in the
event rate, and for the uncertainty in analysis parameters. We adopt the same baseline analysis
choices as for the flux discovery potential (Table 4 and Section 7.5.2.1), but limit our exploration
of alternative analysis choices to the effect of different choices for the background UHE tail of
the IceCube high-energy neutrino flux (Appendix B.1) and of the detector energy and angular

resolution (Appendix B.2).

7.6.1 Statistical analysis

We model the statistical analysis used for model separation closely after the analysis used for
flux discovery introduced in Section 7.5.1. For a given choice of the true UHE neutrino flux,
M%‘I{IGE, of the test UHE neutrino flux, M{ﬁf{tE, and of the background UHE tail of the IceCube

high-energy neutrino flux, Myg, we compute the likelihood function under the true and test

[,(Serg) and E(s+bg)

hypotheses,
yp M Mg M Mue

, respectively, using Eq. (7.9). The true and test flux is any
of the benchmark flux models 3-12; see Section 7.2 and Fig. 26. When computing these likelihood

functions we sample the value of the observed event rate in each energy and angular bin, Nps j, at

random from a Poisson distribution with central value N (s+bg)

pred,ij equal to the event rate predicted by

the true UHE neutrino flux model, using Eq. (7.12), which includes the background of atmospheric
muons and the UHE tail of the IceCube flux. We use the same random realization to compute the
likelihood functions under the true and test hypotheses. (Like before, we repeat this procedure
using many random realizations; we explain this below.)

Z(s+bg) and Z(s+bg)

We compute the corresponding statistical evidence, , using Eq. (7.16),

M Mue MG Mue
and, with them, the model separation Bayes factor,
Z(Stbg)
M rue ,M
B ey = e T (7.23)

MU MMk Z(S+bg)
M Mg

170



7.6 FLUX MODEL SEPARATION

Separation between flux models Heinze et al., fit to Auger UHECRs Rodrigues et al., HL BL Lacs @Padovam’ etal., BL Lacs
[ Decisive = Substantial [ Bergman & van Vliet, fit to TA UHECRs () Fang & Murase, CR reservoirs () Muzio et al., max. extra p comp. W Cosmogenic v
Very strong B Negligible [ Rodrigues et al., all AGN OFang et al., newborn pulsars ® Muzio et al., fit to Auger & IceCube ‘ Source v
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T=1yr T=3yr T =10 yr (IceCube-Gen2 Radio design exposure)

Test UHE neutrino flux model

BEEESORNO OSSO

E0EOHOOGCO® BHHEHOHOOGOODODSG BOEHOGOHOOGOGD @
True UHE neutrino flux model
Figure 38: Confusion matrix showing the experimental separation between true and test UHE neutrino flux models in the radio array of
IceCube-Gen?2, after an exposure time T. The true flux model determines the observed event rate, and they are contrasted against

event-rate predictions from the test models. The color coding shows the mean model separation Bayes factor, (Bj;%‘}lleﬁ MBSt Aty ),

accounting for the background from atmospheric muons and from the UHE tail of the high-energy neutrino spectrum, and
interpreted qualitatively using Jeffreys’ table [377] (Section 7.5.1). All analysis choices are baseline; see Table 4 and Section 7.5.2.1.
After 10 years, the majority of UHE neutrino flux models that are discoverable (see Section 7.5.2.2), can also be distinguished from each
other; yet, some discoverable flux models with similar energy spectra can still be confused with each other. See Section 7.6 for details, and

Appendices B.1 and B.2 for results obtained under alternative analysis choices.

via which we report the model separation potential between two UHE neutrino flux models. It
represents the preference for the true signal hypothesis over the test signal hypothesis, given an
observed event rate.

Like we did for the flux discovery Bayes factor in Section 7.5.1, we use ULTRANEST [378] to
find the statistical evidence under the true and test hypotheses, compute the model separation
Bayes factor for Ngamples = 10* different random realizations of the observed event rate for each

choice of Mg‘ﬁfE, Mﬁf{tE, and Mpyg, and report only the mean Bayes factor, averaged over all the

sep

Mime st MHE>’ computed similarly to Eq. (7.21).

realizations, (B

7.6.2 Results

Figure 38 shows the confusion matrix for 1, 3, and 10 years of detector exposure time. In each matrix,
the horizontal axis shows the true UHE neutrino flux models, Mg‘I‘{eE, which we use to generate

the observed rate, and the vertical axis shows the test UHE neutrino flux models, M{ﬁf{tE Each
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entry in the confusion matrix represents the value of the model separation Bayes factor, Eq. (7.23),
interpreted qualitatively according to Jeffreys’ table [377]; see Section 7.5.1 for details.

Figure 38 shows that, as expected, at short exposure times most UHE neutrino flux models
cannot be distinguished from each other. (The exceptions are flux model 4 and, to a lesser extent,
flux model 6, which have the highest event rates; see Table 3.) This is because at short exposure
times the observed event rate is generally low, so features in the energy and angular distribution
of the observed events are resolved poorly, or not at all. Model separation is further marred by the
relatively large random statistical fluctuations that affect low event rates.

Atlonger exposure times, the observed event rate grows, features in the energy and angular event
distribution become better resolved and more robust against random fluctuations. Consequently,
the observed features can be more cleanly contrasted against the features predicted by different
flux models, and the true model may be more easily distinguished from others. Accordingly,
Fig. 38 shows that after 10 years most of the flux models that can be discovered (see Section 7.5.2.2)
can also be distinguished from each other with at least strong evidence, and many with decisive
evidence. There are a few exceptions. For instance, flux models 7 and 8 remain easy to confuse
even after 10 years, because the energy spectrum of model 7, supplemented by the background of
the UHE tail of the IceCube high-energy neutrino flux, resembles the energy spectrum of model 8.
Naturally, flux models that yield low event rates and that are not expected to be discovered within
a decade, i.e., models 1, 3, and 5 (see Fig. 25), cannot be distinguished from each other.

A subtle feature of the confusion matrix is that it is nearly, but not exactly, symmetric along its
diagonal. This is because, when comparing a pair of true and test flux models, the observed event
rate and the size of its statistical fluctuations are computed using the true flux model, while the
predicted event rate is computed using the test flux model. As a result, at short exposure times,
when event rates are low and affected significantly by fluctuations, swapping the roles of the true
and test flux models impacts the size of the fluctuations significantly. This, in turn, impacts the
model separation Bayes factor appreciably, and is reflected in the asymmetry of the confusion
matrix. At longer exposure times, when event rates are higher and more robust to fluctuations,
swapping the true and test flux models does not impact the Bayes factor as much. Consequently,

the confusion matrix becomes more symmetric with exposure time.
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The results for flux model separation above were obtained using our baseline analysis choices
(see Table 4 and Section 7.5.2.1); specifically, using a hard spectrum for the UHE tail of the IceCube
high-energy neutrino flux, detector angular resolution of 0y = 2°, and detector energy resolution
of e = 0.1. Appendix B.1 contains confusion matrices generated instead using our soft and
intermediate choices of the spectrum for the background UHE tail of the IceCube high-energy
flux, introduced in Section 7.4.5.2. Figure B2 shows appreciable improvement in the flux model
separation when switching from the baseline hard to the soft background flux.

Appendix B.2 contains confusion matrices generated using poorer choices of detector angular
and energy resolution. Figure B6 shows that poorer angular resolution has little effect on flux
model separation. This is because the angular distributions of events for all flux benchmark models
are comparable. Figure B5 shows, in contrast, that poorer energy resolution strongly erodes flux
model separation. This is because most of the model separation power stems from the differences
between the event energy distributions of the different flux models. For an energy resolution of
a decade in shower energy, i.e., 0. = 1.0, model separation is largely unfeasible, except for flux
model 4 due to its high event rate. This reveals that, while good detector energy resolution is

important for flux discovery (see Section 7.5.2.7), it is essential for flux model separation.

7.7 FUTURE DIRECTIONS

To produce our forecasts of the UHE neutrino flux discovery potential and model separation above,
we used state-of-the-art detector simulations and theoretical input. Yet, there are potential improve-
ments that could be implemented in future revisions. None of them represents a fundamental
limitation of our present analysis.

Since our calculation framework is similar to that of Ref. [346], it shares potential directions of
future improvement identified in that work: raising the maximum neutrino energy in in-Earth
propagation, including the Landau-Pomeranchuk-Migdal effect in the relation between neutrino
and shower energies, including the contribution of secondary leptons in the detector effective
volumes for v,- and v¢-initiated CC showers, improving the modeling of angular resolution,

using an unbinned likelihood analysis rather than a binned one, including the background of

173



7.7 FUTURE DIRECTIONS

air-shower cores, including nuclear effects in the cross section, using flavor identification, and
jointly measuring the vN cross section, flux normalization and spectral shape. See Ref. [346] for
details. Work is ongoing on several of these fronts.

Below, we present additional potential future improvements that are directly relevant to the

present work, listed roughly in order of implementation challenge.

Characterizing the UHE tail of the IceCube high-energy neutrino flux.— In our forecasts, we found
that the main background to the discovery of flux model 3-12, and the separation between them,
may be from the UHE tail of the IceCube high-energy neutrino flux, especially if it has a hard
energy spectrum and a high cut-off energy; see Section 7.4.5. In our results, we factored in already
the large uncertainty in the position of the cut-off energy, but not the uncertainties on the flux
normalization and spectral index. Instead, we fixed them to their current best-fit values, which
is reasonably motivated: by the time that the radio array IceCube-Gen2 gathers sufficient UHE
data to perform the above analyses, it is likely that the TeV-PeV range of the flux will have been
precisely characterized, by IceCube, the optical array of IceCube-Gen2, or by a combination of
neutrino telescopes [78]. Even then, it is foreseeable that the UHE tail of the IceCube high-energy
neutrino flux will be known imprecisely due to the paucity of UHE events. Thus, factoring in the
full uncertainty on the shape of the UHE tail, not only from the cut-off energy, but also from its

normalization and spectral index, may weaken future revised forecasts.

Reconstructing the UHE neutrino energy spectrum.— When computing the UHE neutrino flux
discovery potential of benchmark flux models 1-12, we did not quantify how well their neutrino
energy spectrum could be reconstructed. Yet, doing this is critical to being able to claim flux
discovery and model separation without the theory bias that comes from working with a limited
collection of flux models that, while representative of the model parameter space, is evidently not
exhaustive. Work in reconstructing the normalization and spectral shape of the UHE neutrino flux
using a generic parametrization of the UHE neutrino flux, and in addition to jointly measure the

vN cross section, is ongoing [336].

Applying our analysis methods to other UHE neutrino telescopes.— To make concrete forecasts that
represent realistic experimental nuance, we geared them to IceCube-Gen2, presently in advanced

planning stages. Yet, it is straightforward to apply our analysis methods to compute event rates,
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flux discovery potential, and flux model separation to other UHE neutrino telescopes [83], radio-
based or otherwise, without large alteration. Section 7.4 shows that the particulars of the detector
affect the calculation via the detector geometry, i.e., when computing where neutrinos hit the
detector after propagating inside the Earth, and in the modeling of the detector response via the
energy- and direction-dependent effective volume. Given the same information for a different

UHE neutrino telescope, our methods can be repeated.

Informing the design of the radio array of IceCube-Gen2 and of other detectors.— Conversely, our
methods can be used to optimize the design of the IceCube-Gen2 detector—or any future detector—
based on its potential to discover the UHE neutrino flux, in terms of effective volume, energy

resolution, and angular resolution.

Combining the optical and radio arrays of IceCube-Gen2.— We focused our forecasts exclusively on
the radio array of IceCube-Gen?2. Yet, the planned design of IceCube-Gen2 [39] includes also a large
extension of the optical array that is expected to characterize in detail the TeV-PeV neutrino flux
beyond the capabilities of IceCube. Because the optical array will be sensitive to neutrinos with
up to roughly 10 PeV, using it in combination with the radio array could enhance the discovery
potential of UHE neutrino flux models that peak at relatively low energies, and the separation
between flux models that differ primarily at low energies. References [321, 386] have early results

in this direction.

7.8 SUMMARY AND OUTLOOK

Ultra-high-energy (UHE) neutrinos, with EeV-scale energies, represent the ultimate high-energy
neutrino frontier [65, 387]. Sought unsuccessfully for the past half-century, there is a real chance of
finally discovering them in the next 10-20 years, thanks to new large-scale UHE neutrino telescopes
presently under development [83]. Their discovery would reveal key insight into extant questions
in astrophysics and particle physics [82, 83, 125, 187, 189-191, 216, 342, 343].

So far, existing forecasts of the discovery of UHE neutrinos, and general-purpose methods to
produce them, while pioneering, have of necessity lacked detail. Still, further work from theory

and phenomenology is needed to accurately forecast the discovery potential of upcoming detectors.
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In dialogue with ongoing experimental development, these forecasts will help map out near-future
capabilities and may inform design choices and science programs of upcoming detectors.

Our work addresses this need. We have produced detailed forecasts of the discovery of a diffuse
flux of UHE neutrinos, aimed at upcoming UHE neutrino telescopes. (The discovery of point
sources of UHE neutrinos is addressed elsewhere, e.g., in Refs. [371, 372].) To make our forecasts
realistic, robust, and useful, we factor in nuance that previous works either considered partially
or not at all. By design, and inasmuch as possible, our forecasts are anchored in detailed theory
and experimental considerations. Despite being tempered by them, we have found encouraging
prospects.

On the theory front, since the diffuse flux of UHE neutrinos is predicted uncertainly, we have
considered a large number of competing benchmark predictions [37, 174-180, 188, 193], built on
diverse assumptions, that span the allowed parameter of flux models presently allowed, from
optimistic to pessimistic; see Fig. 26. The models include extrapolations of the TeV-PeV IceCube
neutrino flux to ultra-high energies [37, 188], cosmogenic neutrinos [174, 179, 193], neutrinos made
in astrophysical sources [175, 176, 179], and combinations of the latter two [177, 178, 180].

On the experimental front, we have used state-of-the-art ingredients to compute the propagation
of neutrinos through the Earth (Section 7.3), of neutrino-induced event rates at the detector
(Section 7.4.4), including dedicated simulations of the detector response, and of neutrino and
atmospheric muon backgrounds (Section 7.4.5). We factored in the uncertainty in the UHE neutrino-
nucleon cross section, which affects neutrino in-Earth propagation and detection. We made our
forecasts concrete by focusing on UHE neutrino detection in the envisioned radio array of IceCube-
Gen2 [39], whose target sensitivity is among the best [83]. We produced forecasts using a Bayesian
statistical approach, and reported them via Bayes factors that account for random statistical
fluctuations in the predicted event rates (Section 7.5.1).

In our baseline results, we adopted conservative analysis choices for the detector capabilities,
backgrounds, and neutrino-nucleon cross section (Table 4 and Section 7.5.2.1). With them, and even
after accounting for the above experimental nuance, we found (Fig. 25) that most of our benchmark
UHE neutrino diffuse flux models may be discovered decisively (i.e., with a Bayes factor larger than 100)

within ten years of operation of the radio array of IceCube-Gen2; most of them, within a handful of years and
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some, within a few months. On average, discoverable flux models are expected to induce roughly
10-300 events with energies from 10 PeV to 10 EeV per decade (Table 3). Discovery may be claimed
sooner at a lower statistical significance, or by adopting alternative analysis choices (Table 5).
Flux models with less than one event per decade will remain undiscovered; these include, e.g.,
some cosmogenic neutrino flux models fit to the heavy UHECR mass composition measured by
Auger [174].

We found that the potential UHE tail of the IceCube TeV-PeV neutrino flux may be the dominant
background to discovering the benchmark flux models. In some cases, knowing the precise energy
where the background IceCube neutrino flux cuts off may reduce the time needed for the discovery
of an UHE neutrino flux model from several years to a few months (Section 7.5.2.5). This stresses
the need for a precise understanding of the size and shape of the high-energy tail of the IceCube
neutrino flux. Detectors that will target the tens-of-PeV range, like TAMBO [73], Trinity [355], and
the optical array of IceCube-Gen2 [39], should prove valuable. The UHE tail of the IceCube flux
may itself be discovered in the radio array of IceCube-Gen2 within 10 years, provided its spectrum
is hard [37] and its cut-off is beyond 50 PeV (Section 7.5.2.9). This opens up the possibility that
the IceCube flux span the TeV-EeV range and that it could be used as a calibration flux bridging
TeV-PeV-scale telescopes and EeV-scale telescopes.

Finally, we have found that, in the event of UHE neutrino flux discovery, it should be possible
within 10 years to distinguish between nearly all our competing benchmark flux models (Sec-
tion 7.6). The power to separate competing flux predictions stems from the differences in the
energy distribution of the events that they induce.

We provide our forecasts and methods in the hope of complementing ongoing work in the
planning and building of UHE neutrino telescopes. We encourage experimental collaborations
to adopt our methods, or similar ones; or, alternatively, to make publicly available the simulated
response function of their detectors. In light of our findings, the coming decades have a real chance

to bring transformative progress to astroparticle physics.
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7.9 CRITICAL OUTLOOK

We provide a critical outlook on the results and implications of our study, focusing on the key
findings, limitations, and future perspectives. The main text of the published research paper
already includes similar discussions in Sections 7.8 and 7.7. We summarize those discussions and
focus on a critical view of the results from a state-of-the-art perspective and how this has been

updated since the results were first published.

7.9.1 Overview and main findings

The results of our work are encouraging. Even with conservative assumptions about detector
capabilities and background noise, our findings suggest that many UHE neutrino flux models
could be decisively discovered within a decade of operation of IceCube-Gen2. Some might even be
discovered within months. This rapid progress could be achieved by better understanding the
high-energy tail of the IceCube neutrino flux. Instruments designed for the tens-of-PeV energy
range could play a crucial role. Additionally, the UHE tail of the IceCube flux could be observed
within a decade, potentially serving as a calibration source for telescopes spanning a wide energy
range. Our research aims to contribute to the advancement of astroparticle physics and encourages
collaboration among experimental scientists to adopt our methods for future discoveries.

Among the key findings of this work are the following:

¢ The importance of an accurate characterization of the UHE tail of the IceCube astrophysical

neutrino flux.

¢ The effect of varying the energy and angular resolution on the UHE neutrino flux discovery
potential. In particular, when distinguishing among different flux models, the energy resolu-
tion is the most relevant quantity, while for the case of separating a signal from a background

contribution, both quantities have a similar impact.

¢ Earth-skimming neutrinos are the ones that carry the most valuable information, as they help

to break the degeneracy between the neutrino flux and the vN cross section.

178



7.9 CRITICAL OUTLOOK

* The effect of the size of the atmospheric muon background on the discovery potential is
small, in particular when compared with the impact of the background component of the
UHE tail of the HE neutrino flux. This is mainly because, in our work, the atmospheric muon
background spectral shape is fixed. Furthermore, the muon background contamination is

localized in the lowest energy bins which leaves the high-energy bins background-free.

7.9.2  Limitations and future perspectives

To generate our forecasts regarding the potential discovery of ultra-high-energy (UHE) neutrino

flux and model separation, we employed leading-edge detector simulations and theoretical inputs.

While our analysis is robust, there are areas for potential improvement in future revisions. These
potential enhancements do not fundamentally limit our present analysis.

The calculation framework for this work is similar to that presented in Ch. 6; therefore, many
of the limitations and potential direction for improvement also apply in the context of this work
(see Sec. 6.11). In the following we focus on the additional potential improvement relevant for this

work.

1. Characterizing the UHE tail of the iceCube high-energy neutrino flux: Our forecasts indicate that
the primary background to discovering certain flux models may come from the UHE tail of
the IceCube high-energy neutrino flux, especially if it exhibits a hard energy spectrum and a
high cut-off energy. While we accounted for the uncertainty in the cut-off energy, we did not
consider uncertainties in the flux normalization and spectral index. Future revisions should
explore the full range of uncertainty in the shape of the UHE tail, encompassing cut-off
energy, normalization, and spectral index. Furthermore, the results in this analysis must be
revisited as more data becomes available in the upcoming years and the characterization of

the high-energy astrophysical neutrino flux improves.

2. Reconstructing the UHE neutrino energy spectrum: In our calculations of the UHE neutrino flux
discovery potential, we did not assess how accurately the energy spectrum of UHE neutrinos
could be reconstructed. This is crucial for claiming flux discovery and model separation

without theoretical bias. Our recent work in Ref. [336] and discussed in this thesis in Ch. 8
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focuses on reconstructing the normalization and spectral shape of the UHE neutrino flux,
using a generic parametrization, and jointly measuring the neutrino-nucleon cross section.
These results maybe used as a starting point for an improved characterization of the UHE

neutrino flux discovery potential with reduced theoretical bias.

3. Applying our analysis methods to other UHE neutrino telescopes: While our analysis was tailored
to IceCube-Gen?2, it can be extended to other UHE neutrino telescopes, including radio-based
ones. The neutrino event rates computation and the statistical analyses in this work have
pushed the development of highly-optimized computational tools. Ongoing efforts aim to

make these tools public an easy to adapt for a diverse set of neutrino telescopes.

4. Informing detector design: Conversely, our methods can play a vital role in optimizing the
design of future detectors, including the radio array of IceCube-Gen2, by assessing their
potential for UHE neutrino flux discovery in terms of effective volume, energy resolution,
and angular resolution. The computational tools mentioned in the previous item are now
available for the internal use of the IceCube-Gen2 Collaboration, and they are expected to be

used as a reference for optimizing the radio antennas trigger and the detector configuration.

5. Combining optical and radio arrays: While our forecasts focused on the radio array of IceCube-
Gen?2, the planned IceCube-Gen2 design includes a substantial extension of the optical array.
Combining data from both arrays could enhance the potential for discovering UHE neutrino
flux models with lower energy peaks and improve the separation between models with
differences primarily at lower energies. Our work presented in Ch. 8 confirms the need of
a combined analysis. Figure 27 shows that the region between 107 and 108 GeV has a low
number of neutrino events due to the limited sensitivity of the radio component of IceCube-
Gen2 in this region. The optical array would help alleviate this limitations. Furthermore,
other planned detectors, such as TAMBO [388], target this particular region would contribute

too.

These potential future improvements not only strengthen the foundations of UHE neutrino
research but also contribute to the advancement of astroparticle physics and the optimization of

future detector facilities.



JOINT MEASUREMENT OF THE NEUTRINO FLUX AND

NEUTRINO-NUCLEON CROSS SECTION

Based on: Victor B. Valera Baca, Mauricio Bustamante, Olga Mena, Joint measurement of the

ultra-high-energy neutrino spectrum and cross section, arXiv:2308.07709

ABSTRACT Soon, a new generation of neutrino telescopes, presently under planning, will
target the discovery of ultra-high-energy (UHE) neutrinos of cosmic origin, with energies higher
than 100 PeV, that promise unique insight into astrophysics and particle physics. Yet, predictions
of the UHE neutrino flux and interaction cross section—whose measurement is co-dependent—are
laden with significant uncertainty that, if unaddressed, could misrepresent the capabilities to
measure one or the other. To address this, we advocate for the joint measurement of the UHE
neutrino spectrum and neutrino-nucleon cross section, including of their energy dependence,
without assuming prior knowledge of either. We illustrate our methods by adopting empirical
parametrizations of the neutrino spectrum, in forecasts geared to the planned radio array of the
IceCube-Gen2 neutrino telescope. We warn against using simple parametrizations—a simple
power law or one augmented with an exponential cut-off—that might fail to capture features of
the spectrum that are commonplace in the predictions. We argue instead for the use of flexible
parametrizations—a piecewise power law or an interpolating polynomial—that ensure accuracy.
We report loose design targets for the detector energy and angular resolution that are compatible

with those under present consideration.
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8.1 INTRODUCTION

For over fifty years [65], ultra-high-energy (UHE) neutrinos, with EeV-scale energies (1 EeV
= 10'® eV)—have evaded detection. At long last, this might change in the next decade, thanks to
new, larger neutrino telescopes. Yet, because much is unknown about them, planning for their
discovery has unavoidably involved making informed assumptions; notably, regarding the size
of the UHE neutrino flux and interaction cross section, and their dependence on neutrino energy.
Below, we show that these assumptions can be abandoned—and should be abandoned—if we
are to tap into the unbiased joint sensitivity to astrophysics and particle physics that the next
generation of UHE neutrino telescopes will offer.

Ultra-high-energy neutrinos are produced in the interaction of ultra-high-energy cosmic rays
(UHECRs) with radiation or matter, either inside extragalactic cosmic-ray accelerators, or during
the long propagation of UHECRs to Earth [83]. They are the most energetic neutrinos expected, 10—
100 times more so than the TeV-PeV neutrinos discovered by the IceCube neutrino telescope that
are the most energetic ones detected to date [37, 188]. They carry insight into long-standing open
questions in astrophysics [189]—what are the sources of UHECRs—and fundamental physics [190]—
how do neutrinos, and particle physics broadly, behave at the highest energies.

The existence of UHE neutrinos is all but guaranteed, since it relies on the existence of UHECRs
and cosmological radiation fields, both of which are observed. However, they are rare; so much so
that, so far, they remain undiscovered in spite of the fact that the neutrino-nucleon cross section,
which fixes the probability of detecting UHE neutrinos, is expected to be larger at ultra-high
energies [134, 205, 217, 218, 220, 221, 250]. Searches for UHE neutrinos have placed increasingly
tighter upper limits on their diffuse flux [66-68, 389], which means that existing neutrino telescopes
are likely too small to discover them. In parallel, predictions of the UHE neutrino flux have grown
in sophistication, but still vary significantly in size and shape (see, e.g., Refs. [172-180, 193, 255,
344, 345] and Fig. 2 in Ref. [390]), because they rely on properties of UHECRs and their sources,
which are only known uncertainly [29, 125].

In view of this, in the next 10-20 years a new generation of UHE neutrino telescopes, presently

under planning and construction [82, 83], will target the discovery of UHE neutrinos even if their
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flux is tiny. They adopt new detection strategies, or extend proven ones, to monitor detector
volumes larger than present-day telescopes—Baikal-GVD [391] (following Baikal NT-200 [392]),
KM3NeT [40] (following ANTARES [393]), and IceCube [35]—which use in-ice and in-water
optical Cherenkov detection. Techniques under consideration include the detection of neutrino-
initiated showers via their radio emission in ice, in IceCube-Gen2 [39], RNO-G [84], and RET-
N [152] (following ARA [157] and ARIANNA [69]), or in the atmosphere, in BEACON [153],
GRAND [72], PUEO [75] (following ANITA), and TAROGE-M [394]; via their Cherenkov emission
in the atmosphere, like Ashra NTA [356], CTA [354], EUSO-SPB [383], SKA [331], TAx4 [395],
Trinity [333], and, from space, POEMMA [74]; and via their particle showers at ground level, like
AugerPrime [162].

In preparation, previous works have forecast the potential of upcoming detectors to discover
the diffuse flux of UHE neutrinos [390] (and also UHE neutrino point sources [371, 372]), and to
measure, for the first time, the UHE neutrino-nucleon cross section [215, 346, 348]. The forecasts are
encouraging. However, they rely on key simplifying assumptions: they fix either the UHE neutrino
flux—its normalization or energy spectrum—the neutrino-nucleon cross section—its size or energy
dependence—or both. Adopting these assumptions does not invalidate the conclusions reached by
these works, though they may have cast them in an overly optimistic light, since these quantities
are ultimately unknown and must be measured. More importantly, they may have unwittingly
downplayed the capability of upcoming neutrino telescopes to make joint measurements of the
UHE neutrino flux and cross section, including of their energy dependence, unencumbered by
assumptions on one or the other, and with little theoretical bias.

An earnest analysis of UHE neutrinos, one that conveys the true capabilities of upcoming neutrino
telescopes, should strive to jointly measure the neutrino spectrum and the energy dependence of the neutrino-
nucleon cross section. For the first time, we provide forecasts of such an analysis. We show that this
should be feasible under realistic experimental setups, so as to motivate upcoming experimental
endeavors to embrace their full potential.

Figure 39 shows a condensed view of our main results; we defer details to later. We gear our
results to UHE neutrino radio-detection in IceCube-Gen2 because it is one of the largest planned

telescopes; we model it in state-of-the-art detail [346]. Based on plausible detector performance
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Figure 39: Projected joint measurement of the ultra-high-energy (UHE) neutrino flux and neutrino-nucleon deep-inelastic scattering cross
section in the radio array of IceCube-Gen2. We show results for our benchmark UHE neutrino flux (Sec. 8.3.2), computed using
four fit models of the neutrino spectrum: PL, PLC, PPL, and PCHIP (Sec. 8.5.1). Top two panels: UHE neutrino flux, and relative
error between the measured and true flux, @, = (P, — ®I'¢) /D¢, Present-day upper limits on the flux are from IceCube [66]
and Auger [67]. The projected sensitivity of IceCube-Gen2 is from Ref. [396]. Bottom two panels: UHE neutrino-nucleon cross
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horizontally for clarity. See Sec. 8.7 and Fig. 41 for details.
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and energy and angular resolution, Fig. 39 shows that it should be possible to jointly measure
the UHE neutrino spectrum and the energy dependence of the cross section, both with a relative
uncertainty of tens of percent, enough to reconstruct the spectrum closely—which can provide
astrophysical insight—and to identify potential deviations of the cross section from its standard
prediction—which can provide particle-physics insight.

There are, however, three caveats; we address them in detail later. First, such joint measurement
requires a detection rate of at least a handful of UHE neutrinos per year; ideally, of a few tens.
However, this is not unique to our work; it is also true for previous forecasts of flux discovery [390]
and cross-section measurement [215, 346, 348]. Second, Fig. 39 shows that measurements below
100 PeV are poor; this is because there UHE neutrino telescopes become less efficient. This
showcases the need for complementarity between UHE neutrino telescopes and telescopes sensitive
to PeV-scale neutrinos [39, 83, 321]. Third, for our measurements to be accurate, i.e., centered on the
true values of the flux and cross section, it is critical when contrasting test vs. true UHE neutrino
energy spectra to use a parametrization of the test spectra that is flexible enough to capture the
features of the true spectrum. Otherwise, precision may be high but accuracy low.

The rest of this paper is organized as follows. Section 8.2 presents the synopsis, context, and tenet
of our work. Section 8.3 overviews general features of the UHE neutrino flux and introduces our
benchmark flux model. Section 8.4 describes the method we use to estimate event rates. Section 8.5
introduces the models of the UHE neutrino flux and cross section that we adopt in our fits to
simulated observations. Section 8.6 introduces our statistical methods. Section 8.7 shows results

using different analysis choices. Section 8.8 summarizes.

8.2 SYNOPSIS, CONTEXT, AND TENET

8.2.1 Measuring the neutrino flux and cross section

Upon reaching the Earth, high-energy cosmic neutrinos travel from its surface, through its interior,

to the detector, over distances of up to the diameter of the Earth. Along the way, they interact

with underground matter—predominantly via neutrino-nucleon (vN) deep inelastic scattering
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(DIS) [60—-63]—and, as a result, their flux is attenuated. Roughly, the attenuation factor is e~ %N L
where oy is the VN DIS cross section and L is the distance traveled by the neutrinos inside Earth.
Thus, the flux of neutrinos that reach a detector from below, after traveling through thousands
of kilometers inside the Earth, is more severely attenuated than the flux of neutrinos that reach it
from above, after traveling through only a few kilometers of matter. Because the vN cross section
grows with neutrino energy [217, 218, 220], the attenuation is more severe the higher the neutrino
energy.

The neutrino flux, ®,, and the vN cross section determine the number of neutrinos detected
upon reaching the detector. Roughly, this is Ny, ~ &0, e~ N L This illustrates an essential aspect
of our plight: for a given number of detected neutrinos, there is a degeneracy between the flux and
cross section that is broken only by the exponential dampening term, as long as it is sufficiently
different from unity. It is, in fact, from this interplay that the measurement of the vN cross section
stems; we outline this below. Yet, when the cross section is too high—at the highest energies—the
attenuation nearly fully dampens the flux. (We use the above expression only for illustration; later,
in Sec. 8.4, we produce our results using detailed computations of neutrino propagation inside the
Earth and detection.)

Below about 10 TeV—below the energies relevant to our work—the cross section is small enough
for Earth to be largely transparent to neutrinos, regardless of their arrival directions to the detector,
ie., e”%NL ~ 1. Between about 100 TeV and a few PeV—still below our energies of interest—the
cross section grows to appreciably attenuate the flux of neutrinos that reach the detector from
below, i.e., e vNL < 1 from below and e %L ~ 1 from above. Above 100 PeV—the energies
relevant to our work—the attenuation is severe across most arrival directions, i.e., e WL <« 1
from below e~ %Nl < 1 from above and from horizontal directions. See Fig. A2 in Ref. [61] for an
illustration. Later, we show how dwindling event rates are a challenge to UHE measurements.

Our goal is to measure the UHE neutrino flux and vN cross section—and to do it jointly. For
TeV-PeV neutrinos, these measurements are performed regularly using IceCube data, though
seldom jointly (more on this below). Given a sample of detected neutrinos, to measure the flux
responsible for it, analyses undo the effect of in-Earth attenuation and, to measure the cross section,

analyses compare the flux attenuation along different directions. Below, we outline the methods
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used to measure the TeV-PeV neutrino flux and cross section. At ultra-high energies, the methods

are similar, but have important differences that motivate our analysis choices.

8.2.2 Today: TeV-PeV measurements

Measuring the neutrino flux.—To infer the flux of TeV-PeV cosmic neutrinos by undoing the effect
of in-Earth attenuation, analyses require knowledge of the VN cross section, at least within its
theoretical uncertainty, and an ansatz for the neutrino spectrum. For the former, there are multiple
predictions [134, 194, 203, 205, 221, 225-230, 250, 397]. For the latter, the nominal assumption,
motivated by astrophysical considerations, is a power-law spectrum, ®, « E, 7, where E, is the
neutrino energy. The values of the flux normalization and the spectral index, -y, are allowed to
float and are fixed in a fit to data that contrasts predicted event rates vs. observed ones. Numerous
analyses using IceCube data have used this procedure to measure the diffuse flux of astrophysical
and atmospheric neutrinos [34, 35, 37, 184-186, 188, 294, 398—401].

At present, there is no strong preference from data for alternative choices of the TeV-PeV neutrino
spectrum—a broken power law, a power law with an exponential cut-off, or a log-parabola; see,
e.g., Refs. [37, 188, 402]. Another, more flexible choice, trades the use of a single spectrum over the
full energy range of the analysis for a piecewise spectrum that is & E; 2 inside multiple, relatively
narrow energy bins, each one carrying its own independent, floating normalization. The greater
shape flexibility of a piecewise power-law spectrum grants the analysis sensitivity to narrow
energy features that would otherwise be missed by using a rigid spectral shape. We explore this

choice ourselves later in our UHE forecasts (Sec. 8.5.1).

Measuring the vN cross section.—The measurement of the vN cross section stems from com-
paring the number of neutrinos of different energies detected along different arrival directions
to the detector, which reflects how much the flux has been attenuated by propagating under-
ground [205, 207, 244-247]. Based on this method, Refs. [60-63] used IceCube neutrinos to pioneer
measurements of the TeV-PeV vN DIS cross section.

However, most of these cross-section analyses made simplifying assumptions that restricted

their purview. Reference [60] measured only the normalization of the vN cross section, while
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keeping its energy dependence fixed to a standard prediction [250]. Reference [63] measured the
energy dependence of the cross section, but did so by assuming a common neutrino power-law
flux that spans the full energy range of the analysis. Reference [62] performed a related analysis,

extracting the average inelasticity (see Sec. 8.4.1) of vN DIS interactions.

Joint measurements.—To the best of our knowledge, a joint measurement of the TeV-PeV
neutrino flux and cross section, including of their energy dependence, has only been performed in
full in Ref. [61], using publicly available IceCube data [184, 403—405]. This analysis extracted the
flux and cross section in separate energy bins, and provided the first measurement of the energy
dependence of the cross section above 10 TeV. Because the flux and cross section were measured
independently in each bin, the results did not rely on assumptions of their behavior across a wide
energy range, which could be either questionable or too constraining. This conferred the analysis
sensitivity to the potential presence of narrow features in the energy spectrum—such as bumps
that could hint at the origin of the neutrinos [402]—or in the cross section—which could hint at
deviations from standard predictions [61]. (A later analysis [63] measured the cross section also in

multiple energy bins, but assumed instead a common neutrino flux across them.)

8.2.3  This work: upcoming UHE measurements

The upcoming access to ultra-high neutrino energies motivates making suitable analysis choices from the

start.

The severe attenuation of the UHE neutrino flux inside the Earth shrinks not only the size of the
available sample of detected events, but, more importantly, the range of neutrino directions from
which we can compare the relative in-Earth attenuation to infer the vN cross section. Further, the
regeneration of lower-energy neutrinos via neutral-current interactions and v; charged-current
interactions [209, 406]—relatively unimportant at lower energies—becomes important at ultra-high
energies. This renders the measurement of the neutrino flux and cross section at ultra-high energies
especially susceptible to mismodeling their energy dependence.

With this in mind, we adopt three guiding principles when forecasting measurements:
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MAKE JOINT MEASUREMENTS We measure jointly the UHE neutrino flux and vN cross section,
and without fixing one when measuring the other. In our statistical methods (Sec. 8.6), we
adopt broad and uninformative priors on the flux and cross-section model parameters to

avoid introducing bias.

MEASURE THE ENERGY-DEPENDENT o,y To be sensitive to the potential presence of narrow
features in the vN cross section or changes in its growth rate with energy—e.g., coming from
extra dimensions [407], leptoquarks [408], or QCD saturation [229]—we measure the cross

section in multiple energy bins; see Fig. 39.

MEASURE THE NEUTRINO SPECTRUM Given the large variety in the shapes of competing
predictions of the UHE neutrino spectrum (Sec. 8.3), we favor flexible parametrizations when
attempting to measure it from data. Later (Sec. 8.7), we show that adopting too rigid a

parametrization leads to poor accuracy in the measurements; see Fig. 39.

We build an analysis based on these principles, gearing our forecasts to the radio-detection of
UHE neutrinos in IceCube-Gen2 [39]. Our forecasts are based on methods introduced in Ref. [346],
and validated in Refs. [372, 390, 409].

Our goal is not to provide an exhaustive exploration of the capability to measure the UHE
neutrino flux and cross section; for that, see Refs. [346, 390]. It is to bring attention to the need to
measure them jointly, and to make suitable analysis choices when doing so. Accordingly, later we
produce forecasts assuming a relatively large benchmark UHE neutrino flux, based off of Ref. [193],
that yields about 33 detected events per year (Sec. 8.3), which allows us to illustrate clearly our
methods; see Fig. 39.

In reality, the rate of detected events may be appreciably lower. In that case, we might be tempted
to adopt simpler analysis choices rather than follow our guiding principles above, which involve
more informative, albeit complex, choices. Granted, if only a handful of events were detected over
the full observation campaign, simpler analysis choices would likely be preferable—e.g., using
a simple power-law spectrum and measuring the cross-section normalization but not its energy
dependence.

However, we show below that maintaining simpler analysis choices when the event rate is

higher would be detrimental. Adopting too rigid a parametrization of the neutrino spectrum
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might unknowingly incur not only in its misreconstruction but also in that of the cross section
(Sec. 8.7). Still, choosing flexible parametrizations, with more model parameters, entails reducing
the precision with which each parameter is measured: selecting for accuracy comes at the cost of

sacrificing some precision. We deem this trade-off tolerable.

8.3 ULTRA-HIGH-ENERGY NEUTRINOS

8.3.1 OQuverview

Ultra-high-energy neutrinos, with energies in excess of 100 PeV, are expected to be produced in the
interaction of UHECRs, of EeV-scale energies, with matter or radiation, i.e., in pp interactions [130]
or p interactions [256-258], respectively. The interactions may occur inside the UHECR sources,
purportedly extragalactic cosmic-ray accelerators—in which case neutrinos are dubbed source
neutrinos—or during the propagation of UHECRs after leaving the sources, upon their scattering
on the cosmic microwave background and the extragalactic background light—in which case they
are dubbed cosmogenic neutrinos. These interactions produce high-energy charged pions that decay
into high-energy neutrinos, i.e., 7" — u* 4 v, followed by u™ — e* + v, + 7, and their charge-
conjugated processes. Each neutrino carries about 5% of the energy of the parent proton. Other
production processes contribute, too, their importance growing with neutrino energy [256-258].
Broadly stated, the energy spectrum of UHE neutrinos made in pp interactions is a power law
« E, 7 inherited from the power-law spectrum of the parent UHECR protons, with2 < ¢ < 3. In
contrast, the energy spectrum of UHE neutrinos made in p-y interactions peaks at a characteristic
energy set by the kinematic condition to produce the A(1232) resonance that decays into charged
pions. The shape of the spectrum, especially for source neutrinos, may be further affected by
energy losses and gains of the parent cosmic rays and charged secondary particles [259-261]. The
normalization of the UHE neutrino flux depends on the properties of the UHECRs—their mass
composition, spectrum, and maximum energy—and of their sources—mainly, their distribution in

redshift. The joint production of UHE source and cosmogenic neutrinos often considers both pp
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and p7y interactions; their predicted spectra are superpositions of a power law and a bump-like
spectrum; e.g., Refs. [177, 178, 180].

Regarding the flavor composition of UHE neutrinos, i.e., the proportions of v, v, and vz in their
total flux, the canonical expectation comes from the decay of high-energy pions (see above). At
the neutrino sources (S), the flavor composition from pion decay is (f.s, fu,s fr,s) = (1/3,2/3,0),
where f,s = (P, s+ Py, 5)/Ps (« = e, 1, 7T), Py, s is the flux of vy, Py, g is the flux of 7, and
dg = Y, (Py, s + Py, 5) is the total neutrino flux. Because of flavor mixing during propagation,
the corresponding canonical flavor composition at Earth (), computed using the best-fit values
of the neutrino mixing parameters [268, 269], is of near flavor equipartition: (f]%;, fier fla) =
(0.298,0.359,0.342) [267] (see also Ref. [329]). By the years 2030-2040, for which we forecast, the
uncertainties on the flavor composition at Earth are at the per-mille level [267, 346], and we ignore
them. Other neutrino production processes or the physical conditions at the sources might affect
the flavor composition, including in energy-dependent manners (see Fig. 5 in Ref. [346]), and so
might new neutrino physics [83, 328, 329, 410, 411], though we do not consider those possibilities
here.

In our forecasts of joint measurement of the UHE neutrino flux and cross section, we use the
diffuse neutrino flux, made up of the contributions of all neutrino sources distributed across all red-
shifts, and which we take to be precisely isotropic. It includes, in principle, contributions of source
neutrinos and cosmogenic neutrinos; however, we make no attempt to tell these contributions
apart. The diffuse flux affords the largest expected rates of detected events. In addition, the diffuse
flux provides neutrinos from all arrival directions—which we need to make the measurements
(Sec. 8.2.1)—unlike UHE neutrinos from point sources [372], which are confined to come from the
directions of a limited number of sources.

Presently, because the identity of the UHECR sources and the UHECR production processes are
unknown, there is a large spread in the UHE neutrino flux predictions, in shape and size. Figure 2
in Ref. [390] illustrates the current status of the flux predictions.

Regarding the neutrino spectrum, differences between competing predictions stem from different
choices of the parent proton spectrum, target photon spectrum inside sources, and source properties

such as magnetic field intensity. For instance, models of neutrino production via pv interactions

191



8.3 ULTRA-HIGH-ENERGY NEUTRINOS

predict spectra that peak at 107 GeV [180], 10® GeV [179], or 10° GeV [389], with varying width of
the spectrum around the peak value. The spectrum might even have multiple peaks [180].
Regarding the flux normalization, differences between competing predictions stem from the large
uncertainty in the properties of UHECRs and their sources. Heavier UHECR mass composition,
steeper energy spectrum, and lower maximum energy—such as those favored by Pierre Auger
Observatory (Auger) observations [25, 26, 253]—lead to a lower neutrino flux. The converse—
favored by Telescope Array (TA) observations [412, 413]—holds, too. For details, see e.g., Refs. [172—
174, 255, 414]. As a result, flux predictions range from being as high as to saturate the present-day
upper limits [66, 67] (see Fig. 39) and as low as to be practically undetectable [344, 345, 390].
Given the breadth of predictions of the UHE neutrino flux, we build our analysis methods later
so that they are able to handle their variety of shape and size. We achieve this by adopting flexible

parametrizations of the spectrum, which we describe later (Sec. 8.5.1).

8.3.2  Benchmark UHE neutrino flux

To illustrate our methods of joint measurement of the UHE neutrino flux and cross section, we
adopt a benchmark model of the UHE neutrino flux that is representative of the breadth of flux
predictions outlined above. Following Ref. [390], our benchmark flux is the sum of two flux
components, shown in Fig. 39: an UHE flux prediction, ®YHE, plus the UHE tail of the IceCube
flux, CDLS, ie., &, = CD};I\HE + CDIVS When computing event rates due to our benchmark flux
(Sec. 8.4.2), we use the flux of each neutrino species separately, and assume equal proportions of
neutrinos and anti-neutrinos of each flavor. We describe each flux component below.

For the first component of our benchmark flux, ®1F, we adopt the prediction of the cosmogenic
neutrino flux from Ref. [389], generated by fitting the UHECR flux generated by a population of
nondescript UHECR sources to observations by TA; see also Ref. [346] for an overview. Because
TA favors a relatively light UHECR mass composition at the highest energies [413], the resulting
cosmogenic neutrino flux is high—as high as is presently allowed by upper limits [66, 67]. The
flavor composition evolves with neutrino energy, but stays close to the canonical expectation from

pion decay; see Fig. 6 in Ref. [346]. (This flux component is flux model 4 in Refs. [346, 390].) This
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flux component is the dominant one: it yields about 33.1 events per year in the radio array of
IceCube-Gen2, within 107-10° GeV, computed using the methods that we introduce in Sec. 8.4.2;
see Table I of Ref. [390] for detailed event rates.

For the second component of our benchmark flux, @Lf, we adopt an extrapolation to ultra-
high energies of the TeV-PeV astrophysical neutrino power-law flux inferred by IceCube using
9.5 years of through-going v, [37]. We augment it with an exponential cut-off at E, ;c = 108 GeV
to explore the likely scenario where @LS dies off at ultra-high energies and ®}"'F takes over. Thus,
the second flux component is ®I¢ = (f7, / fiie) (P45, /2) (Ey /100 TeV) Mce Ev/Evic, where
q’v;,wy = 144 x 10718 GeV! ecm 2 s7! sr! is the best-fit normalization of the vy + 7y flux
(dividing it by 2 splits it evenly between v, and 7,) and yic = 2.37 is the best-fit spectral index,
both from Ref. [37]. The prefactor (f;s/ f;ia) converts the flux of v, into the flux of v,, using the
flavor ratios from Sec. 8.3.1. By itself, the second flux component yields a mean rate of only about
0.35 events per year (see Table I of Ref. [390]). Regardless, they should not be ignored because they
are concentrated in the low end of the IceCube-Gen2 energy range, whereas events from the first
flux component are concentrated at higher energies. (The background of atmospheric muons that
we consider (Sec. 8.4.3) is similarly concentrated at low energies; see Fig. 40.)

(Basing instead the second component of our benchmark flux on the IceCube neutrino flux
inferred from 7.5 years of High Energy Starting Events (HESE)—a steeper power law with spectral
index of around 2.87—would have contributed a negligible rate of 0.22 events in 10 years; see Table

I and Fig. 12 in Ref. [390].)

8.4 UHE NEUTRINO DETECTION

8.4.1 Neutrino propagation inside Earth

After neutrinos arrive at Earth, they propagate underground, from the surface of the Earth to the
detector, IceCube-Gen2, located in South Pole, over distances of up to the diameter of the Earth.
Along the way, they interact with underground Earth matter, which modifies the flux that reaches

the detector depending on neutrino energy, direction, and flavor [60-63, 134, 205, 209, 215, 346,
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348, 390]. In our analysis, we account for these effects using state-of-the-art calculations of the
neutrino-matter cross sections and of neutrino propagation inside Earth. We present an overview
below, and defer to Refs. [209, 346, 390] for details.

At the energies of interest, the neutrino interaction on matter is typically vN DIS. In a scattering
event, the interacting neutrino scatters off of one of the partons—a quark or a gluon—of a nucleon,
N—a proton or a neutron—and breaks it up into final-state hadrons, X. The interaction is either
neutral-current (NC), i.e., vy + N — v, + X, where the final-state neutrino has lower energy than
the incoming neutrino, or charged-current (CC), i.e., v + N — I + X, where I, is a charged-current
lepton of flavor &. Anti-neutrinos undergo the same processes, charge-conjugated; at ultra-high
energies, the 7N and vN DIS cross sections are very similar.

The final-state hadrons receive a fraction 0 < y < 1, the inelasticity, of the energy of the
incoming neutrino, while the final-state lepton receives the remaining fraction 1 — y. The inelasticity
distributions, do)\$ /dy and doS /dy, where 02\ and 0% are the NC and CC cross sections, are
energy-dependent and relatively broad; see, e.g., Fig. 4 in Ref. [346]. At ultra-high energies, the
average value of the inelasticity is () ~ 0.25 [221]; however, we compute neutrino interactions
during propagation using the y distributions, not their averages.

Because the VN DIS cross sections grow with energy, roughly o E9-% at ultra-high energies [134],
the vN interactions of UHE neutrinos significantly modify the flux that reaches the detector. While
NC interactions shift the neutrino flux to lower energies, CC interactions deplete it. Broadly stated,
the net effect is an exponential attenuation of the neutrino flux, more prominent the higher the
energy and the longer the distance traveled inside Earth (Sec. 8.2.1); see, e.g., Figs. A1 and A2 of
Ref. [61], Fig. 4.1 of Ref. [209], and Fig. 9 of Ref. [346]. As a result, at ultra-high energies, the flux
of upgoing neutrinos, i.e., those coming from 6, 2 90° (6; is the zenith angle measured from the
South Pole) is nearly fully attenuated when it reaches the detector. In contrast, the flux of neutrinos
arriving from downgoing (6, 2 90°) and horizontal (6, ~ 90°) directions is appreciably, though
not fully attenuated. It is from these directions that UHE neutrinos may be discovered [372, 390]
and their cross section measured [205, 215, 244, 346, 348]. Our joint measurement of the UHE

neutrino energy spectrum and cross section stems from neutrinos from these directions (Sec. 8.7).
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In our work, we propagate UHE neutrinos inside the Earth using the same procedure as in
Refs. [346, 372, 390]. We use NUPROPEARTH [209, 210], a state-of-the-art Monte-Carlo neutrino
propagation code. For the underground matter density of the Earth, we use the Preliminary
Reference Earth Model [295], including variations in the chemical composition with depth. For
the UHE vN DIS cross sections, NUPROPEARTH adopts the recent BGR18 calculation [194] and
accounts for sub-leading neutrino interactions, for the important Glashow resonance of 7, on
atomic electrons, and for the regeneration of v; via repeated CC interactions; see Ref. [209] for
details and Ref. [346] for a summary. We propagate the fluxes of v,, 7, vy, ¥, vz, and 7 separately.
Unlike the fluxes at the surface of the Earth, the fluxes that reach the detector, CIDﬂft and dDgft,
are no longer isotropic. For each neutrino flavor, initial energy, and direction, we propagate 107
neutrinos using NUPROPEARTH, as in Refs. [346, 354, 390, 409]. For the geometry of the radio
array of IceCube-Gen2, our detector of choice, we use the cylindrical volume model introduced in

Ref. [346].

8.4.2 Neutrino radio-detection in IceCube-Gen2

In the planned radio array of IceCube-Gen?2 [39], UHE neutrinos will be detected via their interac-
tion with nucleons in the ice, which initiates a particle shower whose electromagnetic component
emits coherent, impulsive radio signals. The radio emission, known as Askaryan radiation [165],
is due to the dipole formed between the shower axis and the excess of negative charges that
accumulate on the front of the shower as it propagates. IceCube-Gen2 will be instrumented with
radio antennas buried in the ice, capable of detecting this signal. From it, it will be possible to
reconstruct the shower direction and energy, which are proxies for the direction and energy of the
interacting neutrino. To compute neutrino-initiated event rates, we use the methods and detector
description introduced in Ref. [346], to which we defer for details. Below, we only outline them.
The relation between the neutrino energy, E,, and the ensuing shower energy, Eg,, depends
on the neutrino flavor and on whether the interaction is NC or CC DIS. For NC interactions of
neutrinos of all flavors and CC interactions of v, and vz, EBIC = Eg,/y, since only the final-state

hadrons radiate [213]. For CC interactions of v,, E;¢ = Eg,, since both the final-state charged
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Figure 40: Mean expected number of events detected in the radio array of IceCube-Gen2 induced by our benchmark neutrino flux model. The
benchmark neutrino flux is described in Sec. 8.3.2 and shown in Fig. 39. It consists of a cosmogenic flux component, ®/HE, from
Ref. [389], and the UHE tail of the diffuse flux inferred from the IceCube 9.5-year v, analysis [37], augmented by an exponential
cut-off at 100 PeV, ®IC. Event rates are computed using our baseline choices for the detector energy resolution, oe = 0.1, and
angular resolution, 0g, = 2°. The background of high-energy atmospheric muons is computed using the baseline prescription of
the muon flux. See Sec. 8.4.2 for the computation of neutrino-induced event rates and Sec 8.4.3, for that of event rates induced by

atmospheric muons. Left: Events distributed in reconstructed energy. Right: Events distributed in reconstructed direction.

electron and hadrons radiate. Like during in-Earth propagation, the inelasticity, y, is distributed
following the differential cross section (Sec. 8.4.1). At ultra-high energies, the y distributions of v,
and 7, of all flavors are equal.

The detector response is expressed via simulated effective detector volumes, Veff , and Veff Vo
for NC and CC interactions, respectively. They are the same for v, and 7,. The effective volumes
that we use were introduced in Ref. [346], and used also in Refs. [372, 390, 409]. They are generated
in simulations of neutrino interaction, and of the ensuing radio emission and propagation in ice,
employing the same tools used by the IceCube-Gen2 Collaboration, NURADIORECO [211] and
NURADIOMC [212]. We adopt the same baseline detector configuration as in Refs. [346, 396],
made up of a combination of shallow and deep radio stations. The effective volumes vary with
the shower direction, 6,, shower energy, Eg,, and neutrino flavor; see Fig. 13 in Ref. [346] for an

illustration.



8.4 UHE NEUTRINO DETECTION

The differential rate of events [346] initiated by v, is

dZNv 1 E1I/\IC(ESh/ y)
_ ANy o dy| Zve 2780 I)yNC 6
TEdcost, Tng /0 y( Eop eff,v,x( sh, COS 6;)
doNS (E,,
X Mcpﬁ‘ft(a, €08 02)[, —pNc (g, ) T NC = CC) 8D

dy
where T is the exposure time, 1; is the number density of water molecules in ice, and d(f%vcv /dy is
the vN NC cross section on a water molecule, made up of 10 protons and 8 neutrons. The event
rate due to 7, is the same as Eq. (8.1), but changing q;%et — q>g§f, dagg, /dy — daé\ig\, /dy, and
do$S, /dy — doSS, /dy.

We account for the capability of the detector to reconstruct the shower energy and arrival
direction by smearing the above differential event rate using the energy and angular resolution
functions. The detector reports the reconstructed shower energy, E3¢, and direction, 67°¢, of
the events. For the energy resolution function, R, (E;ff, E4,), we use a Gaussian function of
log,, E5, centered at the true shower energy, log,, Eg,, with a width of og, = 10°¢Eg,, where
€ = log,o(ELS/Esn); we choose 0e = 0.1 for our baseline results [315, 317, 324]. For the angular
resolution function, Rg, (0%¢,6,), we use a Gaussian function on the zenith angle with a width of
0y, = 2°, which approximates the expected point spread function of the radio array of IceCube-
Gen2 of o = 3° [212, 312, 314, 324]. Reference [346] contains full definitions of the resolution
functions. We integrate over the real values of shower energy and direction to obtain the differential

event rate in terms of measured quantities,

dsz +1 1)
3 — E
7‘1]551%9;& ) d cos 92/0 d

42N,
sh JEgd cos 6-

REsh( ;ﬁcl Esh) RGZ (Qiec/ Gz) ’ (8-2)
and similarly for 7,. In Sec. 8.7.6 we comment on the effect that the energy and angular resolution
have on our results. We use the neutrino differential event rate due to v, and 7, of all flavors,
obtained by adding their individual contributions,
d>N, d2N, d>Njy,
dEl‘eCdgl‘eC = 2 <dErecdlgrec + dEI‘eCdigI‘QC) ° (83)
sh “¥z sh z sh z

w=e,u,T

Figure 40 shows the binned distribution of the mean number of events for our benchmark UHE
neutrino flux (Sec. 8.3.2), computed using Eq. (8.3). The all-sky, energy-integrated event rate,
within Ef¢ € [107, 10'°] GeV, is about NV, = 33.1 events per year. The event distribution peaks
around 10° GeV because that is where the flux peaks and where the detector effective volume is

larger.
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8.4.3 Atmospheric muon background

Separately, we compute the rate of events induced by the background of high-energy atmospheric
muons, dZN}, / dEgﬁCd6§eC. To compute it, we follow the procedure introduced in Ref. [346], using
the same energy and angular resolution as for neutrino-initiated events above. Like in Refs. [346,
372, 390], we adopt the calculation of the atmospheric muon background from Refs. [77, 213, 214],
based on the hadronic interaction model SYBILL 2.3C [293], accounting for the detector response,
and mitigated by a surface array of cosmic-ray detectors that acts as veto. Figure 15 in Ref. [346]
shows the effect of the veto on event rates.

Figure 40 shows the baseline prediction of the rate of muon-induced events (see also Figs. 15 and
16 in Ref. [346], and Table I and Figs. 4, 5 in Ref. [390]). The muon background is small—on average,
we expect A}, = 0.54 events in 10 years in the range EX¢ € [107,10'°] GeV—is concentrated in
the lower end of this range and is exclusively downgoing. In spite of its small size, we do not
ignore it because it can be relevant if the contribution of neutrino-initiated events is low—due
to a low neutrino flux—and concentrated at low energies. We make no attempt to distinguish
the contribution of neutrino-initiated events from that muon-initiated events. References [372,
390] explored the related issue of the influence of the muon background on the discovery of UHE
neutrinos and the measurement of the UHE cross section.

(A potential second source of background events in the radio array of IceCube-Gen?2 is due to
the cores of particle showers initiated by cosmic rays in the atmosphere, which may penetrate the
ice and continue to develop, producing Askaryan radiation alike that of neutrinos [327]. We do not
include this background in our analysis because presently estimates of it are uncertain, though

work is ongoing in improving and mitigating them.)

8.5 FIT MODELS OF THE UHE NEUTRINO FLUX AND CROSS SECTION

Table 6 shows a summary of the free parameters of the models of the UHE neutrino flux, vN DIS

cross section, and atmospheric muon background that we adopt, and our choice of priors for them.

We explore models that are relatively simple and that allow us to measure the flux and cross section
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in varying detail, though our focus is on flexible models that allow to measure the shape of the
neutrino spectrum. Below, we describe them; later, we use them in our statistical methods (Sec. 8.6)

to produce our forecasts (Sec. 8.7).

8.5.1 UHE neutrino flux

We make forecasts using four competing models of the UHE neutrino spectrum: a simple power
law (PL), a power law with an exponential cut-off (PLC), a piecewise power law (PPL), and a
Piecewise Cubic Hermite Interpolating Polynomial (PCHIP). Each model has a different set of
parameters, fg, that describe the neutrino spectrum; we present them below. In our forecasts
(Sec. 8.6) we find values for f 4, via fits to projected observations in IceCube-Gen2. The choice of
flux model impacts the quality of the measurement of not only the neutrino spectrum, but also of
the vN cross section.

By construction, the fluxes of v, and 7, that we use are identical at the surface of the Earth,
i.e., &, = Py,; hence the factor of 2 in the flux definitions, Egs. (8.4)—(8.7) below. We assume a
common spectral shape for neutrinos of all flavors. The flavor composition at Earth, f, ¢, is fixed
to the best-fit prediction for the year 2040 [267, 390] (Sec. 8.3). The above assumptions are common
and reasonable simplifications. In reality, each species of UHE neutrino could have a spectrum of

its own; see, e.g., flux models 3-7 and 12 in Fig. 6 of Ref. [346].

Power law (PL).—The UHE v, spectrum is

f&e E, \7
Oy (Ev fo) =570 (opay ) - (84)

The free parameters are the flux normalization at 10 PeV, ®(, and the spectral index, 7, i.e.,

o = (Po, 7). In analyses of IceCube TeV-PeV neutrinos, a simple power law is the standard and
often marginally preferred shape for the diffuse neutrino spectrum; see, e.g., Refs. [37, 188]. (Yet,
present-day uncertainties might conceal additional spectral features; see, e.g., Refs. [260, 402].) For
UHE neutrinos, most predictions of the spectrum have a structure richer than a simple power law;
see Fig. 6 in Ref. [346] and Fig. 2 in Ref. [390]. We use the PL model largely as a baseline against

which to compare the other flux models.
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Power law with exponential cut-off (PLC).—The UHE v, spectrum is

fee E, \77
P, (E, fp) = > LoN 0PV e Eeut . (8.5)

The free parameters are the flux normalization at 10 PeV, ®y, the spectral index, 7, and the cut-
off energy, Ecut, i.e., fo = (Po, Y, Ecut). In analyses of IceCube TeV-PeV neutrinos, present-day
IceCube observations do not strongly disfavor a PLC diffuse neutrino spectrum with a cut-off
in the multi-PeV range [37]. For UHE neutrinos, a large number of theoretical flux predictions

resemble a PLC, albeit some of only roughly; see Fig. 2 in Ref. [390].
Piecewise power law (PPL).—The UHE v, spectrum is
@), 107 < E,/GeV < 1072

®,, 1075 < E,/GeV < 108

I% E —20 ®;, 108 < E,/GeV < 108°
< v > (8.6)

@y, (Ey, fo) = 2
w(Ev: fo) 2 \ 10 PeV
®,, 1085 < E,/GeV < 10°

®s5, 10° < E,/GeV < 10°°

D6, 10°° < E,/GeV < 10

The free parameters are the six flux normalization constants, ®; (i = 1, ..., 6), one for each of the six
half-decade energy bins between 10 PeV and 10 EeV, i.e., fo = (Py, ..., Pg). In analyses of IceCube
TeV-PeV neutrinos, this parametrization is often employed to infer the neutrino spectrum [37]. We
use half-decade bins because this bin size is larger than our baseline choice for energy resolution of
10% per energy decade (Sec. 8.4.2). Six bins is also about the minimum number needed to capture

the main features of the neutrino spectrum.

Piecewise Cubic Hermite Interpolating Polynomial (PCHIP).—A PCHIP is a shape-preserving
interpolating function that uses monotonic cubic splines anchored at nodes with predefined
positions [415]. In our case, we use it to interpolate the UHE neutrino energy spectrum based off
of seven flux nodes fg; = loglo[Ef,iQDVa (Eyi)] (i =1,...,7),located at seven fixed values of the
neutrino energy, E, ;, equally spaced in logarithmic scale between 107 and 10'° GeV. For given
values of fo, = (fo1,..., fo7), we construct the PCHIP, ¢ (E,, f ), and, with it, the flux of v, as

T 109(Ev.fo)
Py (Euy ) = - e (87)
v
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Among the flux models that we consider, a PCHIP has the greatest flexibility to reproduce various
shapes of neutrino spectra, because it has no set shape, but instead molds itself into the one
that best fits experimental observations, as opposed to the PL and PLC models, which have a
predetermined shape. It is closer to the PPL model, but has greater flexibility owing to using cubic
splines. Later (Sec. 8.6) we find that, indeed, a PCHIP offers comparative advantages over the
other tree flux models that we consider to jointly reconstruct the UHE neutrino flux and cross
section (Sec. 8.7). Similarly to the PPL flux model, we use seven PCHIP nodes because this is about

the minimum number needed to capture the main features of the neutrino spectrum.

8.5.2 UHE vN DIS cross section

We model the UHE vN DIS cross section based on the BGR18 calculation [194], doy /dy. We allow

for deviations from it inside each energy decade from 107 to 10'° GeV, via the free shift parameters
fo1, foo,and fy3,ie.,

do(Ev, Y, foi) _ doo(Ev,y)
dy dy

10/e1, 107 < E,/GeV < 108

X 410f2, 108 < E,/GeV < 10° - (88)

1003, 10° < E,/GeV < 1010

When f,1 = fo2 = fo3 = 0, Eq. (8.8) matches the BGR18 calculation. In our forecasts (Sec. 8.6), we
find values for f, = (fs1, fr2, fr,3) Via fits to projected observations. This parametrization of the
UHE cross section is akin to the one used to measure the TeV-PeV cross section in Refs. [61, 63]
and to forecast the measurement of the UHE cross section in Ref. [348].

Previous works [346, 390] based on the same event-rate calculation framework that we use here
(Sec. 8.4.2) parametrized instead the UHE cross section with a single floating parameter across
107-1010 GeV (see also Ref. [215]), akin to what was used in the first measurement of the TeV-PeV
cross section [60]. There are two advantages to using multiple bins instead, as in Eq. (8.8). First, it
allows us not only to measure the energy dependence of the cross section, but also to find potential

narrow nonstandard features in it, or to identify changes in its growth rate with energy that only
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turn on at a threshold energy; see Fig. 39. Second, it ensures that the cross-section measurement
uncertainty that we report for each energy decade reflects the statistical power of that decade, and
is not artificially driven by the power of a different energy region that has a higher event rate.
Figure 39 illustrates this: the cross section is measured more precisely in the higher energy bins,
where the event rate is higher, than in the lowest energy bin, where it is lower.

In our analysis, a change in the vN DIS cross section affects the calculation of neutrino-induced
event rates at two stages: during neutrino propagation inside the Earth and in the interaction of
neutrinos inside the detector. (During propagation inside the Earth, we leave non-DIS sub-leading
neutrino interactions [209, 210, 346] unchanged.) Using the parametrization of the cross section
in Eq. (8.8) makes computing neutrino propagation and detection more nuanced. As neutrinos
propagate underground, their energies are lowered via neutrino regeneration in NC interactions
or, for v, in CC interactions. As a result, for example, a neutrino that enters the Earth with an
energy in the 10°-10'° GeV decade and, therefore, interacts initially with a cross section scaled by
fo 3, could eventually lose enough energy to lie in the 108-10° GeV decade, at which point it would
interact instead with a cross section scaled by f,; ». Further energy losses might lower the energy
into the 107-108 GeV decade, at which point the neutrino would interact with a cross section scaled
by f o1

However, keeping track of how the relevant cross-section shift parameter changes during neu-
trino propagation inside the Earth would be a computationally demanding task within NUPRO-
PEARTH (see Sec. 8.4.1). We deal with this in a simplified manner. For given values of the scaling
parameters, before starting to propagate a neutrino of a certain energy inside the Earth, we select
what energy decade it falls in and pick out the cross-section scaling parameter associated to it,
fo1, fo2, or fy3. Then we propagate the neutrino inside the Earth assuming that the value of
that shift parameter is common to all shift parameters. The shift parameters are made equal only
for the sake of speeding up the propagation, though. At the end of propagation, the neutrino
interacts inside the detector with a cross section scaled by f 1, fs2, or f;3—no longer taken to be
equal—depending on what its final energy is.

The error we incur in by adopting the above simplification is small. Since the average vN DIS

inelasticity at ultra-high energies is (i) ~ 0.25, a neutrino retains about 75% of its energy in each
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NC interaction it undergoes. This means that a neutrino would need to undergo eight consecutive
NC interactions for its final energy to be one tenth of its original energy; this is as many interactions
as it can undergo before falling into a lower energy decade. Given that o1\ ~ ¢ /3 [194], the
probability of a neutrino undergoing eight consecutive NC without disappearing due to a CC
interaction is (1/4)8 a2 0.002%. Since for each neutrino flavor, energy, and direction we propagate

107 neutrinos through the Earth, only about 150 of those would have propagated with an incorrect

cross-section shift parameter.

8.5.3 Atmospheric muon background

We model the background of muon-induced events based on its baseline prescription (Sec. 8.4.3),

but allowing for its rescaling via the free parameter f,, i.e.,

2 2
CANEf AN .
dERCdOr " N, dERSdfc ’

where V), is the baseline rate of all-sky, energy-integrated muons. The parameter f, is the rescaled
rate of muon-induced events; if f, = N, we recover the baseline prescription. In our forecasts
(Sec. 8.6) we find its value via fits to projected observations.

Like in Refs. [346, 390], we only allow for changes in the normalization of the atmospheric muon
flux—including large ones, up to f, = 100 (Table 6)—but not in the shape of its energy spectrum.
Were the muon spectrum to extend to higher energies than in its baseline prescription, into the
region where the UHE neutrino flux is expected to be larger, its influence in our forecasts might

change. Exploring that possibility requires dedicated studies beyond the scope of this paper.
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8.6 STATISTICAL METHODS

To produce our forecasts of joint measurement of the UHE neutrino spectrum and cross section,
we adopt a Bayesian approach based on generating and analyzing a large number of mock event
samples that represent the expected response of the radio array of IceCube-Gen2.

We generate a mock observed event sample by assuming our benchmark model for the UHE
neutrino flux (Sec. 8.3.2) and the BGR18 vN DIS cross section; we refer to them as the true flux
and true cross section below and in Fig. 39. Using the procedure described in Sec. 8.4, we compute
the mock differential event rate of neutrino-initiated events, Eq. (8.3), to which we add the rate of
events initiated by atmospheric muons (Sec. 8.4.3). We interpret the differential event rate as a joint
probability distribution function in E;¢ and 67°¢, from which we randomly sample mock observed
events. Then we compare that observed event sample vs. an event sample generated using test
values of the flux and cross-section parameters, adopting for them the fit models described in
Sec. 8.5. We repeat this procedure many times, so as to average over all possible realizations of the
observed event sample.

Below we describe the procedure step-by-step in detail to facilitate its independent implementa-

tion. We carry it out separately for each choice of flux fit model—PL, PLC, PPL, and PCHIP.

1. Taking our benchmark flux (Sec. 8.3.2) as the true neutrino flux and the BGR18 vN cross
section (Sec. 8.4.1) as the true cross section, i.e., f;1 = fr2 = fy3 = 0in Eq. (8.8), compute
the differential rate of observed neutrino-induced events, Eq. (8.3), and the baseline rate of
muon-induced events, Eq. (8.9) with f, = N, and, with them, the total differential observed
event rate,

d*Ngp, d*N, d’N,,

JEZCd0™  dEIedor | dEReders

(8.10)

(Figure 40 shows these distributions, though only summed over all energies or over all

directions.) Later steps in the calculation (2-11) contrast samples of observed events drawn

1 All the priors are uniform within their corresponding ranges.

2 We show true values only when they are available. For the flux parameters, they refer to our benchmark UHE neutrino flux

(Sec. 8.3.2).

3 The units of E2®, are 1078 GeV ecm™2 s~1 sr~!. In practice, for speed-up, we centered the prior of each fg,; (i =1,...,7) at

its true value. However, because the prior is flat and wide, this choice does not affect our results.
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Table 6: Free model parameters, their priors, and true values. The flux parameters are different for each of the four flux fit models: PL, PLC,
PPL, and PCHIP. The cross-section parameters and the atmospheric muon parameter are the same regardless of the choice of flux fit

model. See Section 8.5 for details.

Flux fit Free model parameter

model Symbol Units Description Prior range!  Truevalue?  Ref.

Flux parameters, f,

PL [l GeVlem2s lgr! Flux norm. at 10 PeV [10~%,10~19] e Eq. (8.4)
% cee Spectral index [0, 5]
PLC d, GeVlem2s lgr! Flux norm. at 10 PeV [10%7,10719] e Eq. (8.5)
% S Spectral index [0, 5]
Ecut GeV Cut-off energy [10°, 10'1]
PPL [N GeVlem2s 'sr~!  E;2 flux norm., 107-107° GeV [0,10719] e Eq. (8.6)
o, GeVlem=2g1gr 1! ...1075-108 GeV [0,10719]
oM GeVlem 25 1sr] ...108-10%5 GeV [0,1019]
Dy GeVlem=2s 1sr ! ...1085-10° GeV [0,1019]
D5 GeVlem 25 lgr! ...10°-10%5% GeV [0,10719]
Dy GeV lem2g1lgr?! ...10%5-1010 Gev [0,10719]
PCHIP  fo, . Logio(E2®,) at 107 GeV? [-13, -3] -8.49 Eq. (8.7)
fon . ... at 1075 GeV [-13,-3] -9.09
fos e ... at108 GeV [-13, -3] -8.55
foa e ... at 1082 GeV [-13, -3] -7.91
fos e ... at10° GeV [-13, -3] -7.61
foe e ... at10%° GeV [-13,-3] -7.63
for7 e ... at 1010 Gev [-13,-3] -7.84

Cross section parameters, f,,

All for e oy shift, 107-108 GeV [-2,2] 0 Eq. (8.8)
for ... 108-10° GeV [-2,2] 0
o ... 10°-10'0 GeV [-2,2] 0

Atmospheric muon background parameter, f;, (nuisance)

All fu s Number atm. y [0, 100] e Eq. (8.9)
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from this distribution against test samples generated using test choices of the flux and

cross-section parameters.

. Compute the probability distribution function of observed events,

1 d*Nan(E5S, 02°°)

7) EI‘EC, recy ,
(Eair, 07) Nops  dEZCdpEee

(8.11)

where Nops = Ny + N, is the all-sky, energy-integrated mean number of observed events.
For our choice of true neutrino flux, N, = 33.1 neutrino-initiated events per year (Sec. 8.4.2).
For the baseline computation of the atmospheric muon background, N, = 0.054 muon-

initiated events per year (Sec. 8.4.3).

. Randomly sample the number of observed events, Ngps, from a Poisson distribution whose
central value is equal to the mean expectation, NVy,s. Then generate a sample of Nyps
Nops

detected events, {¢;},°, each consisting of a pair of reconstructed energy and direction,

e; = (Eg, 02F), whose values are randomly sampled from Eq. (8.11).

. For the chosen flux fit model—PL, PLC, PPL, or PCHIP—generate a random variate of the
model parameters, 0 = (f4, f,,, fu) (Sec. 8.5). (In practice, we sample the parameter values

from prior distributions; more on this later.)
. Compute the isotropic flux of v, and v, at the surface of the Earth, ®,, (Ey, fg) = Py, (Ev, fo)-

. Propagate separately v,, 7, vy, 7y, vr, and ¥r from the surface of the Earth to IceCube-
Gen2 (Sec. 8.4), using the vN DIS cross section modified by the parameters f,, Eq. (8.8).
The resulting fluxes at the detector are no longer isotropic, i.e., d>f}ft(Ev, cos by, fo, f,), and

similarly for 7,.

. Compute the corresponding differential rate of neutrino-induced events in the radio array of
IceCube-Gen2 (Sec. 8.4), d*Ny (f ¢, f,) /dE%°d6r, Eq. (8.3). In doing so, the parameters f,,

also modify the vN DIS cross section used at detection.

. Compute the differential rate of events induced by atmospheric muons, re-scaled by the

factor f,, >N, (f,)/dEmScd6re, Eq. (8.9).
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Integrate the differential event rates to find the all-sky, energy-integrated number of events

due to neutrinos, Ny(fy, f,), and muons, N, (fu) = fu. The total number of events is

N(6) = Nv(fo fo) + fu-

Compute the fraction of events in the sample that is due to neutrinos (i.e., the signal),
Fu(0) = Ny(fo f,)/N(0), and the fraction that is due to muons (i.e., the background),

Fu(0) = fu/N(8).

For the i-th event in the sample, ¢;, compute the partial likelihood

Li(0) = Fu(0)pu(eil for o) + Fu(O)ppleilfu) , (8.12)
where the probability density of this event being due to a neutrino is

_ 1 dzNV(f /fa)
pV(€i|f<I>/ fa) - Nv(fq:.rfg) dE;}elc;ggec

4

A
and the probability density of it being due to a muon is
1 d*Nu(fu)
. = KV 1
puleili) = 7, dgeans=| 619
sh,i’"z,i
Compute Eq. (8.12) for each of the N, events in the sample.
Compute the unbinned extended Poisson likelihood for the full event sample,
Nows g — &N (0) Novs T

We use an unbinned likelihood to avoid our results depending on our choice of bin size.

Using Bayes’ theorem, compute the corresponding posterior probability density,
NO S
£ ({ei} 5 10) m(0)
NO S
Z ({ei}i)

where 71(0) = 71(fq)7(f,)7(fu) is the prior distribution on the model parameters. For

P ({ei}fi’i’s |9) = (8.15)

each parameter, we use a wide, uniform prior, and we assume no correlations between
them; see Table 6. The denominator in Eq. (8.15) is the model evidence, and is obtained by
integrating the numerator over the whole model parameter space of 8. We compute it using

ULTRANEST [378], an efficient importance nested sampler [379, 380].
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14. Keeping the same observed event sample, repeat steps 4-13 for many different random
variates 0, using ULTRANEST, until the parameter space has been thoroughly explored, and

the posterior has been evaluated throughout it.

15. Repeat steps 3-14, for 10* random observed event samples. After that, compute the posterior
averaged over all the realizations of observed event samples, P(0), which we use to make
our forecasts. We maximize it to compute the best-fit values of the model parameters, and

we integrate it to find their credible intervals.

8.7 RESULTS

8.7.1 General trends

Figure 41 (also Fig. 39) illustrates our forecasts of the joint measurement of the UHE neutrino
spectrum and vN DIS cross section in the radio array of IceCube-Gen2. We show results assuming
each of our four neutrino spectrum fit models in turn (Sec. 8.5.1)—PL, PLC, PPL, and PCHIP—and
adopting for the true UHE neutrino flux our benchmark flux from Sec. 8.3.2. To produce our main
forecasts, we assume baseline energy and angular resolution of o = 0.1 and 0g, = 2°, respectively
(Sec. 8.4). Later, we explore the impact of alternative choices.

There are common trends shared by the four sets of results. At intermediate energies, from
100 PeV to 1 EeV, the measurements are most precise, though not necessarily accurate—except for
PCHIP, for which results are always accurate. At low and high energies, the measurements worsen
due to low event rates. At low energies, in the tens of PeV, this is due to the small effective volume
of the radio array of IceCube-Gen2, since Askaryan emission weakens [304]. This stresses the
need for complementary measurements at tens of PeV, e.g., by the optical component of IceCube-
Gen2 [39], TAMBO [73, 388], or Trinity [333, 416]. At high energies, above 1 EeV, the measurements
worsen because our benchmark flux model decreases, which is representative of flux predictions.
Longer detector exposure improves the accuracy of the measurements, and more slowly, their

precision; we show results for 3, 10, and 20 years.
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Figure 41: Forecasts of the joint measurement of the UHE neutrino energy spectrum and the neutrino-nucleon cross section. Each row shows

8.7.2

Figure 41 shows that, as expected, the PL flux model is too simple and rigid to capture the features

of our benchmark flux, i.e., the dip around 107 GeV and the bump around 10° GeV, even after 20
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The PL and PLC flux models yield high precision—due to their having a small number of free parameters—but low accuracy—due to their rigid

shape. The PPL and PCHIP flux models yield comparable precision but superior accuracy—due to their flexible shape. See Sec. 8.7 for details.

Power law (PL)
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years of exposure. After 10 or 20 years, the spectrum is reconstructed with high precision—due to
the low number of flux model parameters—but with atrocious accuracy: the allowed flux band
overestimates the true neutrino flux at low energies by about one order of magnitude and at high
energies by about 100%, and underestimates it by tens of percent at intermediate energies.

This, in turn, affects the accuracy of the joint measurement of the cross section. Because of the
partial degeneracy between flux and cross section in the computation of event rates (Sec. 8.2.1),
when the measured flux is too high relative to its true value, the measured cross section is too
low relative to its own. Figure 41 shows that this trade-off is flagrant in the lowest energy decade,
where the measured cross section is offset from its true value by about 100%, regardless of the
exposure time. In the intermediate and high energy decades, the cross section can be measured
within tens of percent after 1020 years.

Given that all but the barest predictions posit UHE neutrino spectra with shapes more complex
than a power law (see Fig. 2 in Ref. [390]), using the PL model in the fits would knowingly run
a high risk of misreconstructing the flux and cross section. Lacking prior knowledge of the true

shape of the UHE neutrino spectrum, we recommend against using the PL model.

8.7.3  Power law with exponential cut-off (PLC)

Figure 41 shows that the PLC flux model performs marginally better than the PL. model, but retains
its main shortcomings. Like with the PL model, the flux is measured precisely—less so due to
having one more parameter than the PL model—but inaccurately. At low energies, like for the PL
model, flux reconstruction is particularly inaccurate because the event rate drops. At intermediate
and high energies, it is more accurate than for the PL model because the exponential cut-off in the
PLC model makes it possible to fit the bump-like spectrum of the true flux. Regarding the cross
section, the PLC model performs similarly to the PL model: it undershoots the cross section at
the lowest energies, and measures it to within tens of percent at intermediate and high energies,
centered close to its true value.

Were the true neutrino spectrum more closely a power law with a bump-like feature on top of

it, like in the prediction of Ref. [177] (flux model 8 in Ref. [390]), then the PLC flux model would
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perform better. Like for the PL model, lacking prior knowledge of the true shape of the energy
spectrum, we recommend against using the PLC model. Yet, if pressed to use a flux model with a

low number of free parameters, PLC is preferable to PL.

8.7.4 Piecewise power law (PPL)

Figure 41 shows that the PPL flux model is able to reconstruct the shape of our benchmark neutrino
spectrum with a precision comparable to that of the PL and PLC models at intermediate and high
energies, but with higher accuracy. At low energies, where our benchmark flux is low, the model
allows only to place upper limits on it. Regarding the cross section, the PPL model also roughly
matches the precision of the PL and PLC models in the intermediate and high energy decades, but
undershoots the true cross section in the lowest energy decade by about 100%.

Unlike the PL and PLC models, and similarly to the PCHIP model below, the PPL model does
not impose a fixed shape on the neutrino energy spectrum across the entire energy range. The
PPL model has the flexibility to reconstruct diverse shapes of the neutrino spectrum. The width of
each E; 2 energy segment in the PPL prescription, Eq. (8.6), limits how closely the true shape of the
energy spectrum can be approximated, and the precision with which the flux can be measured.
Using more PPL energy segments in the PPL would allow for a finer reconstruction of the shape of
the energy spectrum, but could also worsen the measurement precision by introducing more free
model parameters to fit.

Lacking prior knowledge of the true shape of the neutrino energy spectrum, we recommend using
the PPL model to ensure sensitivity to the large variety of possible spectrum shapes. However, in
energy ranges with low event rates, PPL might only set upper limits on the flux and might report

values of the cross section significantly offset from the real ones.

8.7.5 Piecewise Cubic Hermite Interpolating Polynomial (PCHIP)

Figure 41 shows that the PCHIP flux fit model outperforms the other models in accuracy, at all

energies, while approximating their precision at intermediate and high energies. The superiority
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of PCHIP rests not from achieving higher precision, but from guaranteeing accuracy: the best-fit
flux and cross section measured using PCHIP are always centered on their true values, even at low
exposure times.

The neutrino spectrum is measured accurately across the full energy range. For a low exposure
of 3 years, the measurement precision is worse than that of the other flux fit models, on account of
the larger number of model parameters of the PCHIP model. But, after 10-20 years, the precision
becomes comparable to that of the other models at intermediate and high energies, reaching
50%—-25%. At low energies, it is worse due to the paucity of events, comparable to that of the PPL
model.

The cross section is also measured accurately across all energy decades. In the intermediate and
high energy decade, after 10-20 years, the measurement precision is comparable to that of the
other flux fit models. In the low energy decade, the precision is significantly worse; there, similarly
to the PPL model, the lack of a rigid spectrum shape means that the few events that are available
are insufficient to make a precise measurement.

Given the guaranteed accuracy of the PCHIP flux fit model, and its precision on par with other

models, we recommend using it, especially if at least a few tens of events are available.

8.7.6  Impact of the enerqy and angular resolution

In Secs. 8.7.2-8.7.5, we generated our main results using the baselines values of 0y, = 2° and
oe = 0.1 for the angular and energy resolution of the detector (Sec. 8.4), the same ones used
in related forecasts [346, 390] based on similar techniques as here. However, the capabilities of
upcoming UHE neutrino telescopes are still under development, including those of IceCube-Gen2,
so we explore the effect on our results of changing the detector resolution, focusing on the PCHIP
flux model.

Figure 42 shows the effect of changing the detector resolution on the measurement of the
neutrino spectrum. Poorer angular resolution worsens the precision moderately, but poorer energy
resolution, even one slightly poorer than the baseline, significantly distorts the reconstructed

energy spectrum. This is because it becomes harder to infer the energy spectrum when features in
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Figure 42: Relative error in the measurement of the UHE neutrino flux, for varying detector resolution. The detector is the radio array of
IceCube-Gen2. The comparison is between the flux measured using the PCHIP flux fit model, Eq. (8.7), and our benchmark
neutrino flux (Sec. 8.3.2). Top: Varying the detector angular resolution. Bottom: Varying the detector energy resolution. See

Sec. 8.4.2 for how the detector resolution affects the computation of event rates, and Sec. 8.7.6 for details.

the energy distribution are washed out by poor energy resolution. This sets a loose design target
of o = 0.1 (see Sec. 8.4.3 for a definition) for the detector energy resolution needed in order to
measure the UHE neutrino spectrum using a flexible parametrization such as PCHIP.

Figure 43 shows the effect of changing the detector resolution on the measurement of the cross

section. Poorer angular resolution worsens the precision appreciably across all energy decades.

This is especially evident in the results for 0p, = 10°. Given that the measurement of the cross

section stems from comparing the attenuation of the neutrino flux from different near-horizontal
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Figure 43: Relative error in the measurement of the UHE vN DIS cross section, for varying detector resolution. Same as Fig. 42, but the

comparison is between the measured cross section, Eq. (8.8), (assuming the PCHIP flux fit model, Eq. (8.7)) and the BGR18

calculation of the cross section [194]. Top: Varying the detector angular resolution. Bottom: Varying the detector energy resolution.

See Sec. 8.7.6 for details.

directions, about £5° around the horizon [346], a resolution of 10° dramatically reduces the
measurement precision.

The impact of poorer energy resolution on the cross section is more nuanced. In the lowest
energy decade, its impact does not fundamentally change the outcome obtained using the baseline
resolution, since measurements are already limited by low event rates. In the intermediate and

high energy decades, where the event rate is higher, the impact of poorer angular resolution is more
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evident. The intermediate energy decade is more affected by it as a result of the misreconstruction
of the energy spectrum, as shown in Fig. 42. This sets a loose design target of 0y, ~ 2° and o ~ 0.1
in order to measure the energy dependence of the cross section.

Conveniently, the loose design targets for the detector resolution that we have found above—
around our baseline choices of g = 0.1 and 0y, = 2°—are the same ones that would enable in
the radio array of IceCube-Gen2, and other UHE neutrino telescopes, the discovery of the diffuse
flux of UHE neutrinos and distinguishing between competing flux predictions [390], measuring
the UHE vN cross section normalization [346], finding point sources of UHE neutrinos [372], and

looking for the decay of heavy dark matter into UHE neutrinos [409].

8.8 SUMMARY AND OUTLOOK

The discovery of ultra-high-energy (UHE) neutrinos, with energies in excess of 100 PeV, would
bring insight into long-standing open questions in astrophysics and particle physics. In preparation
for the near-future discovery opportunities brought about by upcoming UHE neutrino telescopes,
we have introduced methods to jointly measure two essential, but so-far-unknown quantities:
the UHE neutrino flux and the neutrino-nucleon cross section, including their dependence with
neutrino energy, and without prior knowledge of either. Achieving this would unlock in earnest
the potential of UHE neutrino telescopes to perform measurements unhampered, inasmuch as
possible, by preconceptions of the size and shape of the flux and cross section that, especially for
the former, are laden with large uncertainty from theory.

Our methods are of general applicability; we have presented them at length to facilitate their
implementation. We have illustrated them via forecasts of the capabilities of the planned radio
array of the IceCube-Gen2 neutrino telescope, based on state-of-the-art simulations of it.

In light of the large variety of shape and size in the predictions of the UHE neutrino flux, we have
focused on flexible parametrizations of the neutrino spectrum that can capture this variety, aiming
for measurement precision and accuracy, but favoring the latter over the former. We explored four

analysis models for the shape of the neutrino spectrum: two with rigid shape—a power law (PL)
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and a power law with an exponential cut-off (PLC)—and two with flexible, adaptable shape—a

piecewise power law (PPL) and a Piecewise Cubic Hermite Interpolating Polynomial (PCHIP).
The PL and PLC flux models, while appealing in concept due to their simplicity, are unable

to capture features of the neutrino spectrum—dips and bumps, stemming from the neutrino

production processes—that are commonplace in theory predictions. They achieve relatively high

precision but atrocious accuracy, both in measuring the neutrino spectrum and the cross section.

This underscores the necessity for more nuanced and adaptable flux models.

The PPL and PCHIP flux models provide the required flexibility, though at the cost of introducing
more free model parameters. PPL stands out for its inherent flexibility, capable of accommodating
a diverse range of spectrum shapes, though its accuracy is moderated by the challenges posed by
low event rates. PCHIP affords yet greater flexibility, but with unwavering accuracy, even when
confronted with low event rates. To use flexible flux models, like PCHIP, the detector requires a
resolution of about 10% per energy decade in the energy of detected events and about 2° in the
direction of detected events. Conveniently, these loose design targets roughly match the projected
performance of the radio array of IceCube-Gen2 presently under study.

Access to a new energy regime motivates revisiting analysis choices. We present our methods
and forecasts of the joint measurement of the UHE neutrino spectrum and neutrino-nucleon cross

section with the goal of exploiting the full potential of UHE neutrino telescopes.

8.9 CRITICAL OUTLOOK

In this section, we provide a critical outlook on the results and implications of our study, focusing
on the key findings, limitations, and future perspectives. The main text of the published research
paper already includes similar discussions in Sections 8.8. In this section we summarize those
discussions and focus on a critical view of the results from a state-of-the-art perspective and how

this has been updated since the results were first published.
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8.9.1 Overview and main findings

The results presented in this study offer valuable insights into the capabilities and limitations
of UHE neutrino telescopes, specifically focusing on the radio array of IceCube-Gen2. We have
employed innovative methods to jointly infer the UHE neutrino energy spectrum and the neutrino-
nucleon cross section, allowing for a deeper understanding of these elusive particles.

We studied four models for the reconstruction of the UHE neutrino flux. The first one, the power
law (PL) model, is motivated by the preferred fit of the astrophysical neutrino data in the TeV-PeV
energy range. The hypothesis was that since at ultra-high energies the neutrino fluxes are not
expected to follow a simple power law, then this model would result in a poor measurement. Our
results confirmed this hypothesis. The PL model, while simple, fails to accurately capture the
features of the UHE neutrino spectrum, resulting in imprecise measurements, especially at low and
high energies. On top of that, an inaccurate reconstruction of the neutrino flux yields an inaccurate
reconstruction of the vN cross section. Therefore, the PL model is not recommend, since the true
spectrum shape is unknown.

The next model we explored is the power law with exponential cut-off (PLC). In astrophysical
particle production models, a cut-off is connected with the maximum energy that a cosmic factory
can achieve. The PLC model performs slightly better than the PL model but still suffers from
accuracy issues, particularly at low and high energies. It is a more reasonable choice than PL but
should be used cautiously in the absence of prior knowledge about the spectrum.

Next, we study the piecewise power law (PPL) model, another neutrino flux parametrization
commonly used in the TeV-PeV range. The PPL model has the advantage of providing a larger de-
gree of flexibility in capturing various spectrum shapes, resulting in improved accuracy compared
to PL and PLC models. However, at low event rates, it may provide only upper limits on the flux.
This issue could eventually be resolved with the implementation of the event contribution from
the IceCube-Gen2 optical array at lower energies.

Finally, the piecewise cubic Hermite interpolating polynomial (PCHIP) model emerges as the
preferred flux model, as it consistently delivers accurate measurements across all energy ranges.

It balances precision and accuracy and is recommended, especially when a sufficient number of
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events are available. The PCHIP model is capable of reconstructing any neutrino flux spectral
shape, acknowledging the statistical limitations that a small flux manifest and translating them
into a larger but accurate error band.

For all the cases, our forecasts indicate that the measurements of the UHE neutrino spectrum
and the cross section are most precise at intermediate energies (100 PeV to 1 EeV). The accuracy
tends to decrease at both low and high energy extremes. The precise measurements at intermediate
energies follows from a combination of a relatively high neutrino flux and a large detector effective
volume. At the lowest energies, the measurement worsens because the effective volume is in

smaller, while at the highest energies the neutrino flux decreases.

8.9.2 Limitations and future perspectives

While our study has provided insights into UHE neutrino measurements, several limitations and
future perspectives warrant consideration. The most evident one is the impact of the detector
resolution. Our findings highlight the crucial role of detector characteristics, in particular the
angular and energy resolution. The choice of angular and energy resolution significantly affects
measurement precision and accuracy. We recommend aiming for detectors with resolutions close
to the suggested targets to maximize their scientific potential.

A promising future development is the inclusion of neutrino flavor composition sensitivity.
Throughout this study we fixed the neutrino flavor ratios to that of photo-hadronic production, both
for the neutrino flux that generates the observed signal and the model we used to fit the observation.
In reality, the UHE neutrino flux could deviate from this assumption. Modern methods for flavor
reconstruction in in-ice radio neutrino detectors are currently under development [417]. Such
information could be exploited in the future to extract the neutrino flavor composition from the
data.

This work has built upon the methods and results presented in Chapters 6 and 7. It has
implemented some of recommendations presented in the conclusions of those studies and patched
their weaknesses. Nevertheless, we can point to some future directions that would be worth

following.

218



8.9 CRITICAL OUTLOOK

e Extension to other UHE neutrino telescopes: While we have focused on IceCube-Gen2, our
analysis methods can be applied to other UHE neutrino telescopes with straightforward

modifications.

* Optimizing detector designs: The accuracy of measurements depends on the design of UHE
neutrino detectors. Our methods can be used to optimize detector designs in terms of

effective volume, energy resolution, and angular resolution.

* Combining optical and radio arrays: Future research should explore the synergies between
different detector components. Combining the capabilities of the radio array and optical
array, as planned in IceCube-Gen2, could enhance the discovery potential for various UHE

neutrino flux models [418].

In conclusion, our study has paved the way for advanced UHE neutrino measurements, offering
guidance on flux models and detector resolutions. To unlock the full potential of UHE neutrino
telescopes, ongoing research efforts should focus on improving our understanding of UHE neu-
trino spectra, optimizing detector designs, and exploring synergies between different detector

components.
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DETECTING POINT SOURCES OF UHE NEUTRINOS

Based on: Damiano F. G. Fiorillo, Mauricio Bustamante, Victor B. Valera Baca, Near-future discovery

of point sources of ultra-high-energy neutrinos, JCAP03(2023)026, arXiv:2205.15985

ABSTRACT Upcoming neutrino telescopes may discover ultra-high-energy (UHE) cosmic
neutrinos, with energies beyond 100 PeV, in the next 10-20 years. Finding their sources would
identify guaranteed sites of interaction of UHE cosmic rays, whose origin is unknown. We search
for sources by looking for multiplets of UHE neutrinos arriving from similar directions. Our
forecasts are state-of-the-art, geared at neutrino radio-detection in IceCube-Gen2. They account
for detector energy and angular response, and for critical, but uncertain backgrounds. Sources at
declination of —45° to 0° will be easiest to discover. Discovering even one steady-state source in
10 years would imply that the source has an UHE neutrino luminosity at least larger than about
10% erg/s (depending on the source redshift evolution). Discovering no transient source would
disfavor transient sources brighter than 10° erg as dominant. Our results aim to inform the design

of upcoming detectors.

9.1 INTRODUCTION

Where do ultra-high-energy cosmic rays (UHECRs) come from? They are the most energetic
particles known—nuclei with energies in excess of 10! GeV—yet their origin remains unknown
sixty years after their discovery [19, 29, 125, 419]. As long as it does, our understanding of the
high-energy Universe will be incomplete.

The sources of UHECRs are purportedly extragalactic cosmic particle accelerators located Mpc—

Gpc away from Earth [421-431], though none has been irrefutably identified. Searches for sources

221


https://iopscience.iop.org/article/10.1088/1475-7516/2023/03/026
https://arxiv.org/abs/2205.15985

9.1 INTRODUCTION

Source declination, J [°]

8—90 —45 0 45 90
T T T

LI I B B B | T A LI A A T 1T T T | TI1TTR ] 1
r IceCube-Gen2 Radio | 10_1
=6 - 107-10'° GeV
~ N
L | High Exposure T = 10 yr >
8 diffuse v bg. @0
S4r ~1073 o
2 =)
c% 2 |
~ I Proj. 10-yr bg.: diffuse v + atm. p — 10_5 LE
E-‘) 0 _I_I_I_I_I_I_L_-_iL L | | I ALL '(‘E
> T T T T T T T T | T T ‘ T T T T T A A T T T T T T T | T | T -
) | GC NGC 1068 TXS 0506+056 b4
% 6 - ~<——— Southern sky —————+——— Northern sky ] 10—7 l|3
NS
o Intermediate >
8 | | diffuse v bg. <
—
- 4 | -9 «©
< || 1070
B [ ] =
22— c
g I Proj. 10-yr bg.: diffuse v + atm. p 10—11 _8
AT T T M S S S O T T Y ) [ B <
; O T T T T T T T T | T T A T T T T T A A T T T T T T T | T | T g
- B Steady-state 2
m 6 | (6t = 10 years) 10—13 '.Es'
D Lo Long transient 8
0 diffuse v bg. (0t = 1 year) is
U4+ Short transient -
% " (6t = 1 month) 10—15 8
N 1 Z
@ [
I Proj. 10-yr bg. (x10): diffuse v + atm. p 17
_|_|_|_|_|_|_|_|..J:-—--L Lo 10_

-}

0 45 90 135 180
Source zenith angle, 0, [°]

Figure 44: Smallest UHE multiplet needed for the IceCube-Gen?2 radio array to discover an UHE neutrino source, steady-state or transient,
with global significance of 3¢, for three choices of the unknown background diffuse UHE neutrino flux: high (top), intermediate
(center), and low (bottom). For each, we show the projected 10-year rate of background events with reconstructed shower energy of
107-10'° GeV. The shading shows the in-Earth attenuation coefficient e~™N for 100-PeV neutrinos, where 7,y is the optical depth
to neutrino-nucleon (vN) scattering; smaller values of it represent stronger attenuation. For this plot, we use a detector angular
resolution of ¢y, = 2° and our baseline radio array design. We include positions of promising sources: the Galactic Center (GC),

Seyfert galaxy NGC 1068 [420], and blazar TXS 0506+056 [36]. See the main text for details and Appendix C.5 for 5¢ results.
based on the detection of UHECRs are fundamentally limited: UHECR trajectories bend in cosmic
magnetic fields [432-439] and, at EeV-scale energies, UHECRs rarely reach us from beyond 100 Mpc

due to their scattering off cosmic photon backgrounds [27, 28]. Searches based on the detection of
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gamma rays are similarly limited: PeV gamma rays emitted by UHECR sources get re-processed
into the GeV-TeV range, where they are easily confused with backgrounds [91, 440-442]; EeV
gamma rays, more resilient, remain undiscovered [443—447].

Neutrinos are free from these limitations [83, 164, 189, 190]. They are made in the interaction
of UHECRs with matter and radiation in the UHECR sources, and during UHECR propagation
to Earth; they receive a sizable fraction of the parent proton energy [130, 133, 256, 257, 387, 448].
Unlike UHECRs, neutrinos are electrically neutral, so they point back to their sources, and, unlike
UHECRSs and gamma rays, they only interact weakly, so they are not damped by interactions en
route to Earth. Thus, detecting them may neatly reveal the positions of UHECR interaction sites in
the sky.

In the last decade, the IceCube neutrino telescope discovered high-energy cosmic neutrinos,
with TeV-PeV energies [34, 35, 184-188], that revealed the first likely sources of UHECRs with tens
of PeV [36, 420, 449, 450]. However, it is unknown whether these are also the long-sought sources
of EeV-scale UHECRs. To answer this definitively, we need ultra-high-energy (UHE) neutrinos,
beyond 100 PeV. Yet, they are rare, and remain undiscovered [66-68, 80, 150, 160, 168, 353, 451-466]
since their prediction in the 1960s [27, 28].

Fortunately, upcoming UHE neutrino telescopes have a real chance of discovering them in the
next 10-20 years, even if their flux is low [83, 164, 189, 390]. We capitalize on this by making
state-of-the-art forecasts of the UHE source discovery via UHE neutrino multiplets, i.e., clusters
of neutrinos from similar positions in the sky, indicative of a source. We gear our forecasts to
IceCube-Gen?2 [39], one of the leading upcoming neutrino telescopes, expected to start operations
in the 2030s.

We provide methods and baseline forecasts to inform the aims and designs of upcoming UHE
neutrino telescopes. We frame our results in terms of two questions: what is the size of the smallest
UHE multiplet needed to claim source discovery, and what would source discovery, or lack thereof,
imply for the population of UHE sources.

Figure 44 shows our answer to the first question. The variation with source position reflects the
angular distribution of background events, which itself reflects the in-Earth neutrino attenuation

and detector response. Results depend strongly on the size of the diffuse UHE neutrino flux,
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presently unknown, which is the main background that the source search must overcome: a higher
background demands larger multiplets. Later, in 46, we show our answer to the second question
above.

Pioneering work explored the prospects of discovering point sources of high-energy [467-473]
and UHE neutrinos [371]. Our methods add key features that enhance its usefulness to realistic
UHE source searches. Individually, they lead to sizeable improvements; together, they lead to
powerful advances.

First, we avoid introducing source-model bias by making the diffuse UHE neutrino flux equal to
different plausible choices, rather than modeling it as coming from the same source population
responsible for the multiplets. Second, we account for the atmospheric muon background, recently
found to matter for UHE neutrino radio-detection [213]. Third, we account for critical, but often-
overlooked features in source searches, e.g., neutrino propagation through Earth, the energy-
and direction-dependent detector response, and its energy and angular resolution [346]. Fourth,
though our methods apply generally, we ground our forecasts in the radio-detection of neutrinos
in IceCube-Gen2, via state-of-the-art simulations of neutrino interactions, the ensuing particle
showers, and the emission, propagation, and detection of radio signals [211].

Refs. [371, 472] use the sky-wide distribution of the angular separation of neutrino pairs to detect
the presence of point sources; Ref. [472] used them also to locate sources, though not UHE ones.
Unlike them, we tessellate the sky to rely only on local information and use multiplets—not only
pairs—mainly to locate point sources. Appendix C.1 extends our methods to resemble Ref. [371].
Our approach is analytic, complementary to the Monte Carlo approach used by Ref. [474] for

TeV-PeV neutrinos.

9.2 DETECTING UHE NEUTRINOS

We compute the propagation of UHE neutrinos inside Earth and their detection in IceCube-Gen2
as in Ref. [346]. Below, we sketch the methods; for details, see Appendix C.2 and Ref. [346].
We model UHE neutrino propagation through the Earth using the state-of-the-art code NUPRO-

PEARTH [209, 210]. The detector response is modeled via its effective volume, Fig. 13 in Ref. [346],
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simulated using the same tools, NURADIOMC [211] and NURADIORECO [212], as the IceCube-
Gen?2 Collaboration. For our main results, we adopt the baseline design of the IceCube-Gen?2 radio
array from Ref. [396]: 313 detector stations, made up of 169 shallow stations and 144 hybrid, i.e.,
shallow plus deep, stations with complementary response. Appendix C.3 contains results for
alternative designs; our conclusions are broadly unaffected. Our choices of detector resolution
are informed by simulations [212, 300, 312, 314, 315, 317, 324, 326, 346]; they are the same as in

Ref. [346].

9.3 BACKGROUNDS

The main challenge to multiplet searches is that, underlying the UHE neutrinos from point sources,
we expect a diffuse background of UHE neutrinos and atmospheric muons whose random over-
fluctuations may mimic multiplets from point sources. Later, we show how our methods overcome
this.

The diffuse flux of UHE neutrinos is likely composed of cosmogenic neutrinos [27, 28, 65],
made in UHECR interactions en route to Earth, and of neutrinos from unresolved sources. There
are numerous flux predictions for both [172-180, 193], and upper limits [66-68, 80, 150, 160, 168,
353, 451-466] come chiefly from IceCube [66] and Auger [67]. Rather than adopting a particular
prediction, we set the diffuse UHE neutrino flux to benchmark levels representative of current and
future detector sensitivity: the current IceCube upper limit on the energy flux E2®, (high) [66],
and versions of it shifted down to 10~8 (intermediate) and 10~° GeV cm~2 s~ sr~! (low). Each
represents a future possibility for the largest allowed diffuse UHE neutrino flux, either a flux
measurement or an upper limit. We conservatively do not perform a spectral analysis in energy.
The above benchmark fluxes yield roughly 520, 297, and 30 events all-sky, respectively, in 10 years
of IceCube-Gen2; see Appendix C 4.

The diffuse neutrino flux is isotropic, but the angular distribution of the event rate is not. Fewer
events come from directly above the detector (6, < 45°), due to weaker detector response, and
from below the detector (0, = 95°), due to in-Earth neutrino attenuation, than from slant and

horizontal directions (45° < 6, < 95°). We also account for a background of atmospheric muons,
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which is however negligible; see Appendix C.4. Because of the anisotropic event rate, source

discovery prospects vary across the sky.

9.4 DISCOVERING SOURCES

The first question that we address is how large should a detected multiplet be to claim that it is
due to a point source, and not to an over-fluctuation of the background.

We tessellate the sky into Npixels square pixels that approximate the circular error regions
expected from shallow detector stations [396]. The width in zenith angle of each pixel is o,
the detector angular resolution. The width in azimuth is chosen so that the solid angle of each
pixel equals that of a cone of apex angle 20y . In the i-th pixel, we compute the mean number
of background-induced events, y;, expected after an exposure time T, following the procedure
sketched above.

The local p-value p of detecting a multiplet of more than 7; events in the i-th pixel, i.e., the
probability that a multiplet is due to background alone, is p(p;, n;) = ZI:::” (uk/k!)e~#i. But this
does not account for the look-elsewhere effect: even if p is small—so that a background fluctuation
is unlikely—the probability that an excess with this p-value occurs anywhere in the sky may be
large. Therefore, in our forecasts we use instead the global p-value P(p), i.e., the probability that a

multiplet with local p-value p occurs in any of the pixels, i.e.,

N,

pixels o Lk
Pp)=1- [ (1- ¥ %e"‘f . ©.1)
i=1 k=m;(p)

Appendix C.1 contains the derivation of 9.1. Roughly, P ~ Npixe1sp, provided p < Np?iels' Given

a target global p-value P, we invert 9.1 to find the local p-value p and the size of the smallest

multiplet in each pixel needed to reach it, 71;(p). We report this in 44 and in Appendix C.1. For

transient sources, with an emission period of duration 6t < T, e.g., a flaring blazar or gamma-ray

burst, we modify this procedure to account for a look-elsewhere effect in time; see Appendix C.1.
Figure 44 shows the smallest multiplet needed to claim source discovery at 3¢, i.e., with P =

0.003, in T = 10 yr of exposure time, for our three background neutrino diffuse fluxes. In all

cases, sources located above IceCube-Gen2 (6, < 45°), where the background is smallest, may

be discovered by detecting a doublet or triplet, regardless of the choice of benchmark. However,
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detection is unlikely in these directions because the detector effective volume is small. In contrast,
sources located closer to the horizon (45° < 6, < 95°), where the background is largest, require
larger multiplets, as large as a heptaplet for the high background benchmark. Yet, detection is
promising in these directions because the effective volume is larger and in-Earth attenuation is
mild.

Steady-state sources, like starburst galaxies, are active during the full exposure time, T. Searches
for them accumulate larger background and require larger multiplets to claim discovery. Long-
and short-duration transient sources, like blazar flares and tidal disruption events, respectively, are
active for a fraction of that time, 6t. Searches for them require smaller multiplets. For very-short-
duration transients, like gamma-ray bursts, doublets or triplets are always enough, regardless of
source position and background level; see Appendix C.6.

Our results are significantly affected by the angular resolution of the detector. Figure 44 uses 0, = 2°.
Better angular resolution allows for finer sky pixels and a smaller contribution of the background in
each of them. Using 0y, = 5° roughly doubles the size of the multiplets needed to claim discovery;
see Appendix C.3.

Our results are tentatively robust to the choice of the design of the IceCube-Gen?2 radio array.
Figure 44 uses our baseline design described above. At least for two alternative designs, our

general observations hold; see Appendix C.3. Our claim stems from a non-exhaustive exploration

of array designs. Stronger claims require further simulation work, which is ongoing [396].

9.5 MULTIPLETS FROM A POPULATION OF UHE SOURCES

Next we show what we can learn about the UHE neutrino source populations with the detection
or absence of a multiplet. We compute how likely it is to discover a source from a given source
population. Following what seminal Refs. [468, 471] did for TeV-PeV neutrino sources, we
consider a population of identical UHE sources distributed in redshift, z. For steady-state sources,
we describe the population using the neutrino luminosity emitted by a source, L,, and the local
source number density, nyp = n(z = 0). The parameter L,, in particular, significantly depends

on the internal parameters of the source and on the chemical composition of the UHECRs. For
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transient sources, we use the energy emitted by a source in neutrinos, E,, and the local source
burst rate, Rg = R(z = 0). All sources in a population share the same value of L, or E,. Each
source emits neutrinos with a broken power-law spectrum that approximates neutrino production
via proton-photon interactions [475-478]. The neutrino emissivity, Lyn(z) or E,R(z), follows the
star-formation rate [471, 479]. Fixing the values of the source population parameters fixes the
neutrino flux coming from that source class.

Let us denote the number density per comoving volume as n(z) = ngf(z), where ng = n(z = 0)
is the local number density and f(z) describes the evolution with redshift z. We set f(z) to be
equal to the star-formation rate [471, 479], normalized so that f(z = 0) = 1. (For specific source
classes, the redshift evolution of the sources might differ, e.g., for FSRQs [283] and BL Lacs [284].
We examine how this impacts our results in Appendix C.7.) For simplicity, we assume that all the

sources in a given population have the same broken-power-law neutrino spectrum,

jé\;’t o la (;)a +(1—a) <;)ﬁ] N , 9.2)

normalized so that f0°° dEE(dN, /dEdt) = L,. For transient sources, the equivalent parametrization

is in terms of the total number of neutrinos injected in the burst, dN, /dE, normalized to the total
energy of the burst, i.e., fooo dEE(dN, /dE) = E, To produce our results, we choose « =1, f = 3,
a = 0.8, and Ey = 10® GeV, which approximates a neutrino energy spectrum that peaks inside the
energy range where the IceCube-Gen2 radio array is sensitive. Inside one pixel, the probability

distribution of sources in redshift is

_ 0Qn f(2)r?(z)

Psec(z) = W , (9.3)

where 6Q) is the solid angle of a pixel, r(z) is the comoving distance, and H(z) is the Hubble
parameter. We assume a ACDM cosmology, with Hubble constant Hy = 67.4 km s~! Mpc~!, and
adimensional energy density parameters (2, = 0.315, Q5 = 0.685 [264]. Finally, the mean number

of sources in each pixel is

[, o f(z) 5O (z)
N = /O dz I (9.4)

Below, we detail how we compute the constraints on the source population parameters that we

show in the main text. The procedure consists of three steps: computing the contribution of the
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diffuse background in each pixel, computing the distribution of the number of events in each pixel,

and computing constraints on the source populations.

9.5.1 Contribution of the diffuse background in each pixel

The normalization and angular distribution of the neutrino-induced event rate from a source
depends on the source redshift, source luminosity, and zenith angle of the pixel in which the source
is located. Formally, it also depends on the neutrino energy spectrum, since different neutrino
energy spectra are affected differently by their propagation through the Earth. However, because
our analysis groups events in a single energy bin, it is largely insensitive to the shape of the
neutrino energy spectrum. A source at redshift z produces a mean number of events s;(z) in the
i-th pixel. The number of events from this source in different pixels is different because of different
effects of in-Earth attenuation and because of the angular response of the detector. We account for
these differences by assuming that s;(z) = «;B;, where B; is the mean number of events expected
from a particular choice of the diffuse isotropic UHE neutrino background (see Appendix C.4),
and «; is a proportionality constant that we determine below. We compute the proportionality

constant between s; and B; using the following procedure:

e First, we compute B; in each pixel, following our sophisticated procedure from Appendix C.2.
We pick either of our benchmark background isotropic UHE neutrino fluxes—low, interme-
diate, or high; see C5. All of them yield the same angular distribution of events; they differ

only in the normalization of the event rate;

¢ From the projected 90% C.L. sensitivity to the diffuse UHE neutrino flux of the radio array of
IceCube-Gen2 reported in Ref. [396], we extract the energy-dependent effective area, A’ (E),

following Eq. (C.1) in Ref. [478]. The treatment in Ref. [478] is geared to the sensitivity to

2

point sources, expressed in GeV cm 2 s~ 1. To extract the effective area from the sensitivity to

the diffuse flux, measured in GeV cm—2 s~ sr~!, we include an additional factor of 477 in

the denominator of Eq. (C.1) in Ref. [478];
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* Because the effective area extracted above corresponds to a different detector array design
than the ones we use, the event rate computed using it does not match the event rate
computed following our procedure from Appendix C.2. To fix this, we scale the effective area
by an energy-independent factor « 4, defined implicitly as Aeg(E) = x4 Al (E), and chosen
so that the all-sky rate computed using A for our chosen background model (see below)
matches Zj\ipixels B;. (We use this workaround only when computing constraints on the source
population. When computing the smallest multiplets needed to claim source discovery, we

use directly our procedure from Appendix C.2);

* The effective area that we extracted from Ref. [396] is for a diffuse isotropic neutrino flux; the
angular response of the detector has already been averaged over all the sky. Therefore, with
this effective area we compute the mean number of events from a source at redshift z when

the source direction is averaged over all the sky. For a steady-state source, this is

T © dN,
(5(2)) = 47tr2(z) Jo dEdt

[E(1+ 2)] Aeg(E)dE , (9.5)
where T = 10 years is the exposure time. For a transient source, it is

@) = o o g B+l Au(EVEE ©6)

e Finally, we compute «;, the proportionality constant between s;(z) and B; by requiring that

N._.
the average of s;(z) over all pixels, & Zj:p'fels B;/ Npixels, matches 9.5 or 9.6, which yields

Si(Z) _ <S(Z)>Npixels B; . (97)

pixels .
Zj:l B]

The mean number of events in the i-th pixel is

(n;) = Narc /Ooo dz psrc(2)si(z) + b; , 9.8

where the first term is due to point sources, calculated following the above procedure and the
second term, b;, is due to the background of cosmogenic neutrinos, unresolved sources, and
atmospheric muons. The value of b; is fixed by requiring that the mean event rate per pixel is

saturated by the background, i.e., (n;) = B;.
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9.5.2  Computing the distribution of the number of events in each pixel

Next, we compute the probability distribution of the number of events #;, detected, in the i-th pixel.
This is given by the convolution of the Poisson distribution of the number of sources, ¢;, centered
around the mean number of sources per pixel, Ny, from 9.4; the probability density, psrc(za),
from 9.3, for the source number « in this pixel, with redshift z,, where « =1, ..., 0;; the Poisson
distribution of the number of detected events, 1;, centered around the mean value b; + Z?:l si(zg).
Altogether, the probability distribution is

) Oi ,—Nge Ui oo b; Ji g, nj ai
Pi(n) =Y Nsree™ ¢ H/o Psrc(za)dZ,X( HrZ,x:‘l si(za)) o b Ty siz) (9.9)

1
o n;!

;! ol |
To simplify numerical evaluation, we find an analytical expression for P;(n;) by computing its
generating function, ®;(x) = Y;°_ Pi(n;)x". The sum over n; can then be performed explicitly,
ie.,

P;(x) =exp [bi(x —1) 4+ Ngre (/Ooo dz pere(z)es P 1) 1)] : (9.10)

Thus, by the definition of the generating function, the probability distribution is

|| ©0.11)
1

Pi(n) = n;! [ dxmi
!

Below, when finding constraints on the source population, we use 9.11 to compute numerically the

probability of detecting n; events in the i-th pixel.

9.5.3 Computing constraints on the source populations

Finally, we set constraints on the source population parameters, i.e., on ng and L, for steady-state
sources, or R and E, for transient sources; see the main text. When setting constraints on the
source population, our underlying assumption is of source discovery with a global significance of
50. Requiring this fixes the size of the smallest multiplet needed to claim source discovery in each
pixel, n; 5,; see Fig. 1 in the main text. Therefore, the probability that no source is discovered in the
i-th pixel is

ni=nise—1

Q= )Y P(m). (9.12)
n;=0
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Figure 45: Probability of source discovery in each pixel in the sky, at 3¢ and 5¢, for three candidate classes of steady-state UHE neutrino
sources: FSRQs, BL Lacs, and SBGs & GCs. For this plot, the detector angular resolution is 0y, = 2°, and we use our baseline array
design and intermediate benchmark diffuse neutrino flux. The large jumps at high zenith angles are due to statistical fluctuations

in the multiplet size needed for detection.

With this, the probability that no source is discovered anywhere in the sky is simply the product

of Q; over all pixels, i.e.,
Npixels

o= ]] @ (9.13)

i=1

We now use this probability to identify the regions of parameter space which are expected to

lead to the discovery of point sources.
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9.5.4 Results

Figure 46 shows the constraints that we set on UHE source populations based on 9.13, assuming
our intermediate benchmark UHE diffuse background.

The first constraint comes from demanding that the neutrino flux from each class saturates the
background diffuse neutrino flux. Doing this fixes the values of L, and E,; the values of 1y and
Ro are from Ref. [189, 471]. Tables 7 and 8 shows the values of the population parameters of
each source class for our three benchmark background fluxes. In Ref. [471], the values of 1y and
Ro were obtained under the assumption of a model-dependent scaling between the high-energy
neutrino and gamma-ray luminosity, which we do not apply (however, see Appendix C.7 for a
similar treatment of FSRQs as that of Ref. [471]). Further, for some of the source classes that we
show, UHE neutrino production may not even be expected at all. We forego a discussion of the
different models of UHE neutrino production in the different candidate source classes, which is
not our goal. Since all the candidate source classes in 46 are treated on equal footing, without
modeling the physical conditions and neutrino production mechanisms particular to each, the
values of the population parameters in it should be taken merely as indicative.

The second constraint comes from demanding that each class either yields at least one 50 source
discovery, or none, with 90% probability. The blue region would be excluded by the lack of 5¢
source discovery, and is obtained by demanding Q < 0.1. The second region would be excluded
by the discovery, at 50, of at least one source, and is obtained by demanding Q > 0.9. Figure C10,
in Appendix C.6, shows equivalent results for our low and high benchmarks.

Versions of 46 for TeV-PeV sources were shown, e.g., in Refs. [189, 468, 471]; to our knowledge,
46 shows for the first time multiplet-based constraints for UHE sources.

For steady-state sources, if none is discovered after 10 years, only bright, rare source classes
would be disfavored as individually dominant. While 46 may suggest that FSRQs would be
excluded, in reality some candidate source classes, like TDEs, FSRQs and BL Lacs, have a red-
shift evolution that is quite different from the star-formation rate. Appendix C.7 illustrates this.
Conversely, if even one source is discovered, most known candidate source classes would be

excluded.
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Figure 46: Constraints on candidate classes of steady-state (top) and transient (bottom) UHE neutrino sources, from the discovery or absence
of UHE multiplets, i.e., of UHE neutrino sources, in the radio array of IceCube-Gen2 after 10 years of exposure. We showcase
promising candidate source classes: low-luminosity active galactic nuclei [480, 481] (LL AGN), starburst galaxies [482-487] &
galaxy clusters [488-490] (SBGs & GCs), radio-quiet AGN [491] (RQ AGN), accretion shocks in galaxy clusters [109, 492, 493]
(GCs-acc), radio-loud AGN [103, 477, 494] (RL AGN), BL Lacertae AGN [179, 495] (BL Lacs), flat-spectrum radio quasars [495-498]
(FSRQs), supernovae [499-504] & newborn pulsars [175, 505] (SNe & newborn pulsars), hypernovae [502, 506], low-luminosity
gamma-ray bursts [507, 508] (LL GRBs), high-luminosity GRB [104, 106, 509-511] (HL GRBs), and jetted tidal disruption events [115,
512-518] (jetted TDEs). For each, the value of 1y or Ry is from Refs. [189, 471]; the value of L, or E, is chosen to saturate the
background UHE neutrino diffuse flux; for this plot, we fix it to our intermediate benchmark. Appendix C.6 contains results using
our low and high benchmarks. In the hatched region, the flux from the source population exceeds the background diffuse flux.

See the Appendix 9.5 for the values of the source-population parameters.
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Source class 1y [Mpc’3] Ly [erg s71] Ly [erg s71] Ly [erg s 1]

(lowvbg.) (interm.vbg.) (highvbg.)

LLAGN  92x107% 35x10% 3.5 x 10% 6.1 x 10%
SBGs & GCs 9.2x107%  35x 10% 3.5 x 10% 6.1 x 1041
RQ AGN 29x10°% 1.1 x10% 1.1 x 1042 1.9 x 104
GCs-acc 1.0x 107 3.2 x 104 3.2 x 10% 5.6 x 10%2
RL AGN 1.0x 1077  3.2x10% 3.2 x 10% 5.6 x 1043
BL Lacs 49 x1077 6.6 x 10% 6.6 x 10% 1.2 x 10%

FSRQs 21x10712 15 x10¥ 1.5 x 10*8 2.7 x 10%8

Table 7: Steady-state source population parameters used for the benchmark source classes in the main text. The effective local number
density, ng, for each class is obtained from Ref. [471]. The UHE neutrino luminosity, L,, is fixed for each source class by demanding
that the UHE neutrino flux from it saturates the diffuse UHE neutrino background. Results are for our low, intermediate, and high

benchmark diffuse UHE neutrino background; see Appendix C.4.

Source class Ro [Mpc_3 yr‘l] E, [erg] E, [erg] E, [erg]

(lowvbg.) (interm.vbg.) (highvbg.)

SNe & newborn pulsars 1.1 x 1075 9.0 x 10% 9.0 x 10%8 1.6 x 10%
Hypernovae 23x107° 4.4 x 10" 4.4 x 10% 7.6 x 10%

LL GRBs 3.4 x1077 3.0 x 10% 3.0 x 10°° 5.3 x 100

HL GRBs 1.0 x 107° 9.8 x 10°! 9.8 x 10°2 1.7 x 103

Jetted TDEs 3.1x10°10 3.3 x 1072 3.3 x 103 5.7 x 10

Table 8: Transient source population parameters used for the benchmark source classes in the main text. The effective local burst rate, Ro.
for each class is from Ref. [189] (see also Ref. [519]). The energy emitted as UHE neutrinos, E,, is fixed for each source class by
demanding that the UHE neutrino flux from it saturates the diffuse UHE neutrino background. Results are for our low, intermediate,

and high benchmark diffuse UHE neutrino background; see Appendix C.4.

For transient sources, the situation is reversed. If none is discovered, the brightest transients,
with total energy per source larger than 10° erg, would be disfavored: these include GRBs and
TDEs, which are known candidates for UHECR acceleration. Conversely, if even one transient
source is discovered, it would be a strong indication in favor of these source classes. TDEs have a
negative redshift evolution; however, we show in Appendix C.7 that accounting for their correct

evolution does not change results significantly.



9.6 SUMMARY AND OUTLOOK

Our conclusions for steady-state sources are broadly unaffected by the size of the background
diffuse neutrino flux: the precise parameter-space regions excluded depend on the background,

but we find similar results for our low, intermediate, and high benchmarks. For transients, we

1 o1

find that a diffuse background much lower than 10~% GeV cm 2 s~! sr~! would disfavor source
discovery even for very bright sources. If the background diffuse neutrino flux is comparable to the
projected 10-year IceCube-Gen2 sensitivity [396], our conclusions are taken to their natural extreme.
Steady-state source discovery would disfavor all possible source classes; no discovery would
disfavor none. Transient source discovery would disfavor dim, abundant classes; no discovery
would disfavor bright, rare ones. On the other hand, if the diffuse flux is below the IceCube-

Gen?2 sensitivity, the possibility of observing point sources is evidently reduced dramatically. See

Appendix C.6 for details.

9.6 SUMMARY AND OUTLOOK

Discovering UHE neutrinos, beyond 100 PeV, is key to finding the origin of UHECRs. We have
shown that IceCube-Gen2 may discover them within 10 years of operation via searches for UHE
multiplets. Their discovery—and also their absence—would place powerful constraints on the
population of UHE sources. Our forecasts are state-of-the-art in the propagation and radio-
detection of UHE neutrinos, and in the backgrounds that muddle source discovery.

For steady-state sources, if even one is discovered, most candidate classes would be disfavored
as individually dominant; if none is, only bright, rare sources would be disfavored. For transient
sources, if none is discovered, all candidate classes with total injected energy larger than 10> erg
would be disfavored as individually dominant. In any case, comparable contributions from
multiple source classes might remain viable [473].

Our conclusions are broadly robust against different choices of the background level—currently
unknown—the effective volume of the detector array—tentatively, contingent on further simulation
work—and the detector energy resolution—since conservatively we do not use the event energy
spectrum in our work—but are sensitive to the detector angular resolution. We recommend

upcoming UHE telescopes [39, 69, 71, 72, 74, 84, 153, 159, 162, 316, 355, 356, 383, 384, 520,
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521] to target a zenith-angle resolution of about 2°. Auspiciously, the requirements that grant
IceCube-Gen2 sensitivity to source discovery via multiplets also grant it sensitivity to simultaneous
measurement of the diffuse UHE neutrino flux and the neutrino-nucleon cross section [346, 348].

Finally, the identification of point sources belonging to specific classes will be greatly helped
by comparison with specific source catalog and dedicated point source searches. Further, source
identification could be eased by looking at the unbinned angular distribution of UHE neutrinos,
rather than identifying multiplets in the binned angular distribution as we do here.

In the next 10-20 years, we will have an opportunity to complete our picture of the high-energy

Universe. We provide advanced tools and forecasts to help realize it.

9.7 CRITICAL OUTLOOK

This section analyzes the key findings and limitations of this study. It also provides insights into

the future perspectives and potential advancements in the field of neutrino astronomy:.

9.7.1 Overview and main findings

The central accomplishment of this work lies in the establishment of constraints on candidate
classes of UHE neutrino sources, steady-state and transient. These constraints are instrumental in
unraveling the enigma of UHECRs.

We have considered source populations inspired by the characteristic properties of promising
candidates, including low-luminosity AGN, starburst galaxies, galaxy clusters, radio-quiet AGN,
accretion shocks in galaxy clusters, radio-loud AGN, BL Lacertae AGN, flat-spectrum radio quasars,
supernovae, newborn pulsars, hypernovae, low-luminosity gamma-ray bursts, high-luminosity
GRBs, and jetted tidal disruption events.

Our constraints on these sources are derived from by the requirement that the UHE neutrino
flux from each source class saturates the background UHE neutrino diffuse flux. Our constraints

are on the effective local number density (19) and UHE neutrino luminosity (L, or E,).
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Our work shows the impact of the diffuse UHE neutrino flux on discoverting point sources
of UHE neutrinos. We find that discovering point sources is possible even when the diffuse flux
is large. The angular resolution of the neutrino detector plays a pivotal role in determining the
sensitivity to point sources..

We offer recommendations for upcoming UHE telescopes. We suggest that they should aim
for a zenith-angle resolution of approximately 2°, to enhance source identification and facilitate
measurements related to the diffuse UHE neutrino flux and neutrino-nucleon cross section. In-air
neutrino radio detectors, such as GRAND, plan to achieve a sub-degree angular resolution [72],

which would further improve the discovery prospects.

9.7.2 Limitations and future perspectives

While the study provides valuable insights into UHE neutrino astroparticle physics, several

limitations and areas for future research should be considered:

1. Limited Physical Modeling: The study treats candidate source classes on equal footing without
detailed modeling of the physical conditions and neutrino production mechanisms specific
to each class. Future research could delve into more detailed modeling to refine population

parameters.

2. Background Uncertainty: The study acknowledges the uncertainty in the background UHE
neutrino flux. Future work should aim to reduce this uncertainty and refine source constraints

accordingly.

3. Source Catalogs: To enhance source identification, future research should consider comparing

the results of this study with specific source catalogs and dedicated point source searches.

4. Unbinned Angular Distribution: The study identifies multiplets in the binned angular distribu-
tion of UHE neutrinos. Future research could explore the unbinned angular distribution as

an alternative method for source identification.
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9.7 CRITICAL OUTLOOK

5. Advancements in Detector Technology: As detector technology continues to advance, future tele-
scopes may offer even higher angular resolution and sensitivity, opening up new possibilities

for astroparticle physics research.

In summary, the study provides a valuable foundation for understanding UHE neutrino sources
and their constraints. Future research should address the limitations and uncertainties men-
tioned above, leveraging advanced technology and modeling techniques to further advance our

knowledge of the high-energy Universe.

239



DARK MATTER

Based on: Damiano F. G. Fiorillo, Victor B. Valera Baca, Mauricio Bustamante, Walter Winter,

Searches for dark matter decay with ultra-high-energy neutrinos endure backgrounds, arXiv:2307.02538

ABSTRACT Next-generation ultra-high-energy (UHE) neutrino telescopes, presently under
planning, will have the potential to probe the decay of heavy dark matter (DM) into UHE neutrinos,
with energies in excess of 107 GeV. Yet, this potential may be deteriorated by the presence of an
unknown background of UHE neutrinos, cosmogenic or from astrophysical sources, not of DM
origin and seemingly large enough to obscure the DM signature. We show that leveraging the
angular and energy distributions of detected events safeguards future searches for DM decay
against such backgrounds. We focus on the radio-detection of UHE neutrinos in the planned
IceCube-Gen2 neutrino telescope, which we model in state-of-the-art detail. We report promising
prospects for the discovery potential of DM decay into UHE neutrinos, the measurement of DM
mass and lifetime, and limits on the DM lifetime, despite the presence of a large background,

without prior knowledge of its size and shape.

10.1 INTRODUCTION

About 85% of the matter in the Universe is dark, not interacting electromagnetically nor strongly.
Evidence for dark matter (DM) comes from velocity dispersion and rotation curves in galaxies and
galaxy clusters [525-529], gravitational lensing measurements in galaxy clusters and collisions of
galaxy clusters [530, 531], the cosmic microwave background (CMB) anisotropy, and the large-scale

structure of the Universe [532-536]. Because this evidence relates to the gravitational effect that DM

240


https://arxiv.org/abs/2307.02538

10.1 INTRODUCTION

1031

Disfavored DM decay into UHE v (20) IceCube-Gen2 (radio) -
With medium UHEvbg. Gvyr ™)) | 10 years ]
(energy + angular analysis) - \'\.\ i
From no UHE v detected '\.\ 1

1 030

1 029

Dark matter lifetime, g [S]

1027
107

»

-

-
-~
e
-~
!

i Discoverable DM decay into UHE v (20)
,' With medium UHE v bg. (3 v yr—1)
(angular analysis)

4
/ 7
/7
4
’
4
Background-free

\\ SOSNSNNNN SNSNSNSNNN NN
\\\\ Disfavored by v, ¢ today
NNITITTTTA RN N NN

10° 1010 1011

LTV T AAAA

\
1
|
|
|

|

10%
Dark matter mass, mpy [GeV]

Figure 47: Forecasts of discovery and constraints of dark matter decay into UHE neutrinos in the radio array of IceCube-Gen2. Dark

matter (DM) decay can be discovered or constrained even in the presence of a medium-sized non-DM cosmogenic background flux of UHE

neutrinos (Fig. 48). Forecasts are based on state-of-the-art projected samples of detected events with energies over 10”7 GeV, use

baseline choices of the detector angular and (logarithmic) energy resolution, cq = 3° and ¢, = 0.1, and assume no knowledge

of the non-DM neutrino background in the analysis of projected data. For discovery, forecasts use the angular distribution

of events; for constraints, their joint angular and energy distribution. This figure assumes the Navarro-Frenk-White density

profile for Galactic DM. Existing lower limits on the DM lifetime are from neutrino and gamma-ray searches in IceCube [522],

KASCADE-Grande [446], the Telescope Array [447], and the Pierre Auger Observatory [523]; see Ref. [524]. See Sec. 10.4 for details

on discovery (especially Figs. 53-56) and Sec. 10.5 for details on bounds (especially Figs. 57 and 58).

has on the visible Universe, it provides little guidance to understand other possible interactions

between DM and Standard-Model particles that could reveal its nature.

The absence of such guidance has spurred a broad program to understand the nature of DM, from

theory and experiment. From theory, diverse candidates have been proposed as DM constituents;
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10.1 INTRODUCTION

see, e.g., Ref. [537] for a historical review. These include novel particles, such as weakly interacting
massive particles [538, 539], axions [540], Majorons [541-543], and sterile neutrinos [544], and
non-particle candidates, such as primordial black holes [545]. From experiment, searches for these
candidates follow four complementary strategies: collider searches, which attempt to produce DM
in high-energy particle collisions; direct DM searches, which look for Galactic DM scattering on
dense detector targets; astrophysical searches, which look for the impact that DM would have on
cosmic particles; and indirect DM searches, which look for products of DM self-annihilation or
decay.

We focus on indirect searches for the decay of heavy DM particles, with masses in excess of
10 PeV, into neutrinos. Our choice is motivated by upcoming experimental capabilities (more on
this later) that, for the first time, could allow us to probe DM decay using ultra-high-energy (UHE)
neutrinos, with energies in excess of 10 PeV. (We do not consider DM self-annihilation because, for
heavy DM, its cross section is strongly constrained by unitarity bounds [546-548].)

Already in the last decade, the breadth of DM indirect searches widened after the discovery by
the IceCube neutrino telescope of high-energy neutrinos of cosmic origin, with energies between
10 TeV and 10 PeV [34, 35, 184-188]. In fact, initially the discovery led to speculation that heavy
DM decaying to neutrinos could explain their flux in the 10-100 TeV range [549-559]. Nowadays,
more conventional astrophysical explanations are favored [560-562], but IceCube observations still
set competitive bounds on the DM lifetime and self-annihilation cross section for DM masses below
10 PeV [146, 524, 563]. These bounds are complementary to the ones obtained from gamma-ray
observations in a similar mass range; see, .., Refs. [524, 564]

In the next decade, a host of new neutrino telescopes, presently in different stages of plan-
ning, design, and prototyping, will target the long-sought discovery of UHE neutrinos, between
100 PeV and 10 EeV, that were first predicted in 1969 [65]. They include AugerPrime [162], BEA-
CON [153], EUSO-SPB2 [383], GCOS [384], GRAND [72], POEMMA [74], PUEO [521], RNO-G [84],
TAROGE [159], and the radio array of IceCube-Gen2, the envisioned upgrade of IceCube [39].
Ultra-high neutrinos will bring new insight into astrophysics [83, 189, 565] and fundamental
physics [83, 164, 190, 191, 565, 566]. In particular, they will allow us to test the decay of heavier

DM particles, with masses from 10 PeV to 100 EeV; see, e.., Refs. [524, 548, 567].
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However, the capacity of UHE neutrino telescopes to probe DM decay critically depends on
an unknown quantity: the diffuse flux of UHE neutrinos that do not originate from DM decay,
and that acts as a background to DM searches. If this background is large, it could obscure
more subtle signatures of neutrinos from DM decay. These background neutrinos—hereafter
dubbed “non-DM neutrinos”—are expected from the interaction of ultra-high-energy cosmic-ray
(UHECRs) with ambient matter or radiation inside the extragalactic astrophysical sources where
they are accelerated—i.e., astrophysical neutrinos—or with cosmic photon backgrounds during their
propagation to Earth—i.e., cosmogenic neutrinos [27, 28, 65]. We expand on them later (Sec 10.2.1).

The situation is worsened by the large variety, in size and shape, in the current theoretical
predictions of UHE astrophysical and cosmogenic neutrino fluxes; see, e.g., Fig. 2 in Ref. [390].
Without a firm estimate of the non-DM UHE neutrino background, it would seem that the mere
discovery of UHE neutrinos may be insufficient to establish whether they originate from DM decay
or not. Were the possibility of a background of non-DM UHE neutrinos ignored, the evidence for
or against DM decay could be interpreted erroneously.

We show that these difficulties can be overcome by leveraging known differences between the
distributions in energy and arrival directions of UHE neutrinos from DM decay and non-DM UHE
neutrinos. Regarding energy, neutrinos from DM decay are produced predominantly at an energy
of E, ~ mpp/2, where mpy is the mass of the DM particle, whereas the spectrum of non-DM
neutrinos is expected to be relatively extended in energy. Regarding direction, the flux of neutrinos
from DM decay should peak towards the Galactic Center (GC), where DM is concentrated, whereas
the diffuse flux of non-DM neutrinos is expected to be isotropic. The above features are essential
and generic to UHE neutrinos of DM and non-DM origin alike, and are broadly present in models
of their fluxes. By relying on them, our methods apply broadly, regardless of the specific nature
of the DM particle, of the relative size of the fluxes of neutrinos from DM decay and of non-DM
neutrinos, and of the specific shape of the energy spectrum of non-DM neutrinos.

Our strategy is similar to studies of the decay of TeV-PeV DM that use IceCube data (see, e.g.,
Ref. [563]), but has one important advantage. In the TeV-PeV range, it is possible that non-DM
astrophysical processes produce an excess of neutrinos towards the GC that could obfuscate a

signal of neutrinos from DM decay [38, 568-580]. In contrast, in the UHE range, we expect no
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astrophysical process to produce neutrinos towards the GC, making the search for DM decay
cleaner.

We gear our forecasts to the radio-detection of UHE neutrinos in IceCube-Gen2, since it is among
the largest upcoming neutrino telescopes under consideration and is presently in an advanced
stage of planning. We model neutrino detection via the same state-of-the-art simulations used in
Refs. [346, 372, 390], which account for UHE neutrino propagation inside Earth, detector geometry,
energy- and direction-dependent detector response, and energy and angular detector resolution.

Figure 47 summarizes our main findings; we defer details to later. They are two-fold: on the
discovery of DM decay and on lower limits on the DM lifetime. For the first time, we report robust
discovery prospects for UHE neutrinos from DM decay, i.e., the values of DM mass and lifetime
that would allow us not only to detect UHE neutrinos, but also to claim that they originate from
DM decay, at least partially. In Fig. 47, the presence of about 30 neutrinos from DM decay in a
10-year event sample, would allow us to claim their DM origin. Separately, we find that while the
background of non-DM UHE neutrinos weakens the lower limits on DM lifetime, an energy and
angular analysis mitigates this weakening, keeping the limits competitive with present-day ones,
at worst.

The overarching message of our results is that, despite our ignorance of the background of
astrophysical and cosmogenic UHE neutrinos, the discovery of UHE neutrinos will constitute a
sensitive probe of heavy DM decay. We present our results and methods to inform future forecasts
and searches.

This paper is structured as follows. In Sec. 10.2 we discuss the main features of DM and non-DM
neutrino production, and highlight the models that we choose as benchmark for this work. In
Sec. 10.3 we describe how we compute UHE neutrino-induced event rates at IceCube-Gen2. In
Sec. 10.4 we obtain the prospects of IceCube-Gen2 for the discovery of DM neutrinos. In Sec. 10.5
we forecast bounds on the DM lifetime if no evidence for DM decay is found. In Sec. 10.6, we

conclude.
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Figure 48: Diffuse flux of UHE neutrinos from DM decay and non-DM background flux. The flux from the decay of a DM particle, x, into
neutrinos (i.e., x — v + ) is shown for illustrative choices of the DM mass, mpy = 10® GeV and 10 GeV, and of the DM lifetime,
T =10¥ s, and computed following Sec. 10.2.2. Later, we vary the values of the DM mass and lifetime in our forecasts. The
neutrino flux from DM decay is separated into its sky-averaged Galactic component and its isotropic extragalactic component.
(We do not show in this figure the primary-neutrino contribution to the Galactic component, since it is a singular monochromatic
line at E, = mpwm/2, but we include it in our calculations; see Sec. 10.2.2.) The two non-DM isotropic UHE neutrino fluxes are
the benchmarks that we use in our work. The large benchmark flux is the cosmogenic neutrino flux predicted by Bergman &
van Vliet [193] based on cosmic-ray data from the Telescope Array [278, 279]. The medium benchmark flux is 10% of that. The
projected sensitivity of the radio array of IceCube-Gen2 is from Ref. [396]. Present-day upper limits on the flux of UHE neutrinos
are from IceCube [66] and the Pierre Auger Observatory [67]. For comparison, we show the tail end of the present-day IceCube

measurements of TeV-PeV neutrinos [37, 188]. See Sec. 10.2 for details.

10.2 FLUXES OF UHE NEUTRINOS

The diffuse flux of UHE astrophysical and cosmogenic neutrinos, itself a target of discovery [83, 164, 189,
390], could be a background to searches for the diffuse flux of UHE neutrinos from DM decay. Fortunately,
these fluxes differ in their distributions in energy and direction. In energy, the non-DM background neutrino
flux is spread out, while that of neutrinos from DM decay is more concentrated. In direction, the non-DM
background neutrino flux is isotropic, while that of neutrinos from DM decay peaks towards the Galactic
Center. We review these features below; later (Secs. 10.4 and 10.5), we use them to distinguish between the

fluxes.
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10.2 FLUXES OF UHE NEUTRINOS

10.2.1 UHE astrophysical and cosmogenic neutrinos

UHE neutrinos are expected from the interaction of UHECR protons, with energies E, 2 100 PeV,
with ambient matter [130, 387, 448] or radiation [256, 257, 387], inside the extragalactic astro-
physical sources where they are accelerated—i.e., astrophysical neutrinos—or with cosmic photon
backgrounds during their propagation in extragalactic space—i.e., cosmogenic neutrinos. These
interactions produce high-energy pions, and other intermediate particles, that promptly decay
into high-energy neutrinos via 7= — u~ + v, followed by = — e~ + 7, + v}, and their charge-
conjugated processes, where each neutrino has energy E, ~ E,/20.

We focus on the diffuse UHE neutrino flux, i.e., the sum of the UHE neutrino emission—
astrophysical or cosmogenic—from all sources, across all redshifts. The cosmogenic neutrino
flux is isotropic, since extragalactic magnetic fields scramble the trajectories of neutrino-producing
UHECRs; see Fig. 50. The angular distribution of the astrophysical neutrino flux reflects that of
the neutrino sources in the sky. Because UHE neutrino sources are in all likelihood extragalactic,
we assume that they are isotropically distributed, and so the diffuse neutrino flux from them is
isotropic, too. The discovery of the diffuse flux of astrophysical and cosmogenic neutrinos is one
of the main goals of the next generation of neutrino telescopes [83, 189, 346, 390]. (The associated
discovery of point sources of UHE neutrinos is explored in Refs. [371, 372, 472].) Yet, in our work,
they represent a background to the discovery of neutrinos from DM decay.

Cosmogenic neutrinos were first proposed in the late 1960s [65], as a natural consequence of the
interaction of UHECRs on the CMB [27, 28]. They constitute a nearly guaranteed contribution in
the UHE neutrino range, since their production only relies on the existence of UHECRs and of the
CMB (and also of the extragalactic background light). The flux of cosmogenic neutrinos depends
on the properties of UHECRs—their spectrum, maximum energies, and mass composition—and of
their sources—their distribution in redshift. Because these properties are known uncertainly [125],
the flux predictions vary widely, in size and shape; see, e.g., Refs. [37, 172-180, 188, 193, 255, 344,
345].

Astrophysical UHE neutrinos are produced inside astrophysical sources. In this case, the target

photons need not be the CMB, but low-energy photons present in the environments in which
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UHECRSs are injected. Flux predictions are made more complex because they depend also on the
physical conditions inside the sources, including the shape of the photon spectra, the matter density,
and the geometry of the neutrino production region. Numerous models have been proposed for
various candidate source classes, including active galactic nuclei (AGN) [103, 176, 179, 477, 480,
481, 491, 494-498], gamma-ray bursts (GRBs) [104, 507-511, 581, 582], newborn pulsars [175, 505],
and tidal disruption events (TDEs) [115, 512-518, 583]. In some models, the diffuse astrophysical
neutrino flux can be comparable or larger than the cosmogenic neutrino flux; e.g., Ref. [179].

Thus, there is a large number of competing theoretical predictions of the cosmogenic and
astrophysical UHE neutrino flux; see Fig. 2 in Ref. [390] and Fig. 6 in Ref. [346] for an overview.
The range of predicted UHE neutrino fluxes spans several orders of magnitude. The highest flux
predictions [193] would yield about 30 events per year in the radio array of IceCube-Gen2, making
them easily discoverable; the lowest [174, 179], less than one event in 10 years, making them
undiscoverable (see Fig. 1 and Table I in Ref. [390] for details).

Most flux predictions share some common features; ¢.g., they can be roughly described as a
power-law flux—from neutrino production via proton-matter interactions—a bump-like flux—
from neutrino production via proton-photon interactions—or a combination of both. The resem-
blance between different flux predictions is largely superficial, since they differ in a number of
important assumptions, i.e., the identity of the neutrino sources, the physical conditions in the
region of neutrino production, the neutrino production mechanism, and the UHECR observations
on which the neutrino predictions are based. Regardless, in our forecasts below, we pivot on
these superficial similarities and choose a benchmark background flux of UHE neutrinos that is
representative of the range of theoretical predictions.

Figure 48 shows the two illustrative flux predictions that we select as benchmark “non-DM” UHE
neutrino background for our analysis. They represent a large background and an intermediate one;
later, we complement them with a null-background scenario. We base both on the cosmogenic
neutrino flux predicted by Bergman & van Vliet [193] by fitting the simulated UHECR energy
spectrum and mass composition at Earth to recent data from the Telescope Array (TA) [278, 279].

(This is flux model 4 in Refs. [346, 390].) Because TA data favors a light UHECR mass composition
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and high maximum rigidity, the resulting cosmogenic neutrino flux is large: Fig. 48 shows that it

saturates the present-day upper limits from IceCube [66] and the Pierre Auger Observatory [67].

LARGE NON-DM BACKGROUND This is the full cosmogenic neutrino flux predicted by Bergman
& van Vliet [193], which yields about 33 events per year in the radio array of IceCube-Gen2;
see Figs. 3 and 4 and Table I in Ref. [390], and Fig. 51 below. Because this is as large a flux
of UHE neutrinos as is allowed by present-day upper limits (Fig. 48), it is about the largest

background of non-DM UHE neutrinos that we could face in a search for DM decay.

INTERMEDIATE NON-DM BACKGROUND This is the Bergman & van Vliet cosmogenic flux
scaled down to 10% of its size, which yields about 3 events per year in the radio array of

IceCube-Gen2.

NULL BACKGROUND The ideal scenario for the discovery of UHE neutrinos from DM is the
absence of non-DM UHE neutrinos. This has been the scenario adopted in previous forecasts
of DM decay into UHE neutrinos [567, 584]. We maintain it here as a baseline against which

we compare our forecasts including a non-DM background.

Figure 48 shows the all-flavor background flux, but when computing event rates (Sec. 10.3) we
sum the individual contributions of the fluxes of ve, ¥, vy, 7y, v, and 7 for this model, as shown
in Fig. 6 in Ref. [346].

For the purpose of discovering neutrinos from DM decay, what matters is not whether the
non-DM UHE neutrino background is cosmogenic or astrophysical, but rather that its angular and
energy distributions are different from those of the flux of neutrinos from DM decay (Sec. 10.1).
We point out these differences explicitly in Sec. 10.2.3. Admittedly, in choosing a benchmark
non-DM UHE neutrino background, we make a specific choice of the shape of its energy spectrum.
This choice is necessary to be able to generate simulated samples of detected events (Sec. 10.3).
However, when analyzing these samples (Secs. 10.5 and 10.4), we do not assume knowledge of
the size or shape of the non-DM background, but instead let them vary, just as an analysis of real

detected data would.
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Figure 49: Profiles of Galactic dark matter density. For the Navarro-Frenk-White (NFW) profile [585], we use Eq. (10.3). For the Einasto [586]
and Burkert [587] profiles, we use the parametrizations and parameter choices from Ref. [588]; see Eq. (10.4). Our main results
for DM discovery (Figs. 53, 55, 56, and D1) and bounds (Figs. 57, 58, and D2) are generated assuming the NFW profile. Results
generated assuming the Einasto profile (not shown) are similar. Figures 54 and 59 contrast results obtained assuming the NFW

and Burkert profiles.

10.2.2  UHE neutrinos from dark matter decay

The decay of a heavy DM particle, x, with mass mpy 2 107 GeV, into Standard Model particles,
leads to the production of high-energy neutrinos. The yield of neutrinos depends on the channels
by which the DM particle decays. If the DM particle decays primarily into neutrinos, i.e., x — 7v,

the resulting neutrino flux has a primary contribution that is monoenergetic at E, = mpy;/2. We
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distribution computed using illustrative values of DM mass and lifetime, mpy = 108 GeV and top = 10% s, but for other
values the angular distribution is very similar. Center: Same for a Burkert profile. Bottom: Neutrinos from the non-DM isotropic
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benchmark background, i.e., the cosmogenic neutrino flux by Bergman & van Vliet [193], but for other choices of the isotropic

background flux the angular distribution is very similar.
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neglect the spread of the energy spectrum due to the thermal velocity of DM, since it is small [589,
590]. A secondary contribution comes from electroweak corrections, generated from the emission,
by the decay products, of off-shell W and Z bosons that promptly decay into neutrinos; this
contribution is present even if DM does not primarily decay to neutrinos. In our analysis, we
consider the neutrino flux made up of both primary and secondary contributions.

The electroweak corrections unavoidably give rise to gamma rays, electrons, positrons, protons,
and anti-protons that are also amenable to indirect detection. Upper limits on their flux indirectly
constrain the associated neutrino flux. Notably, for most decay channels (e.g., for hadronic decay
channels such as x — bb), the present-day upper limits on the gamma-ray flux are so strong
that the projected limits on the associated UHE neutrino flux are comparable or weaker; see, e.g.,
Ref. [584] (see also Ref. [591] for a comparison of the bounds from gamma-ray and cosmic-ray
measurements). However, for leptonic (e.g., x — 7T7) and neutrinophilic (i.e., x — vv) decay
channels, in the DM mass range mpy = 107-1010 GeV, the bounds from UHE neutrinos may be
comparable or stronger than the present-day bounds from gamma rays. For this reason, we focus
exclusively on the neutrinophilic decay channel, x — vv. We assume equal branching ratios for
the decay into each of the three flavors, x — Veve, x — Vyvy, and x — V¢vr. We treat the flux of
Ve, Ve, Vyu, U, Vr, and 7 separately; later, we propagate each through the Earth (Sec. 10.3.1) and
compute its contribution to the detected event rate (Sec. 10.3.2).

We compute the neutrino spectra numerically, using the public code HDMSpect ra [592], which
evolves the particle showers initiated by DM decay, including in detail electroweak corrections,
and yields the final-state products of shower evolution. The neutrino spectra from DM decay are
notoriously hard to compute precisely, since the emission of soft collinear W* bosons leads to
logarithmically enhanced terms o log?(nmpy/my ), where myy is the mass of the W boson, that
need to be resummed [593]; HDMSpectra accounts for this. Thus, from HDMSpectra we obtain
dN,, /dE, and dNy, /dE, (&« = e, i, T), the number of v, and 7, emitted in a single DM decay per
unit energy. These spectra include also the primary monoenergetic contributions at E, = mpy/2 .

The diffuse flux of neutrinos that reach the Earth is due to DM decays that occur inside the

Galaxy (Gal) and in extragalactic space (EG), i.e.,

do, Ao deEC

dE,dQ,  dE,dQ, dE,dQ,’ (10.1)
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where (), is the solid angle. To compute the Galactic contribution, we integrate the neutrino
spectrum from a single DM decay over the spatial distribution of DM in the Milky Way. This
makes the Galactic neutrino flux anisotropic, since it traces the density of Galactic DM. To compute
the extragalactic contribution, we integrate the neutrino spectrum from a single DM decay over
the cosmological distribution of DM. This makes the extragalactic neutrino flux isotropic.

The Galactic contribution of v, is

doG AN, [ ppwm(s,b,1)
dEUdQU - dEV 0 47TTDMmDM

ds, (10.2)

where s is the distance measured from the Earth, b and / are Galactic latitude and longitude and
parametrize the neutrino incoming direction, Tpys is the DM lifetime, and ppy is the density profile
of DM in the Galaxy.

Figure 49 shows competing models of the Galactic DM density profiles. The “cuspy” Navarro-
Frenk-White (NFW) [585] profile—obtained from a numerical fit to N-body simulations of structure
formation—and Einasto [586] profile—originally proposed to describe stellar systems and later
extended to fit the DM halo—peak towards the GC. The “puffy” Burkert profile [587]—obtained
by a fit to the DM distribution in dwarf galaxies—instead plateaus to a core towards the GC. We
pick the NFW and Burkert profiles as representative of the two extremes of the “cusp vs. core”
uncertainty in Galactic DM profiles. To produce our main results, in Figs. 53, 55, 56, D1, 57, 58, and
D2, we adopt the NFW profile; in Figs. 57, 58, and D2, we contrast them against results obtained

assuming the Burkert profile. For the NFW profile, we use [588]

NN (s,b,1) = rmy (f;0+ oy (10.3)
c 7

where pg = 0.33 GeV em 3, 7, =20 kpc, and r(s,b,1) = \/s2 + R2 — 2R cos b cos [ is the Galacto-

centric radius, with Ry = 8.5 kpc. For the Burkert profile, we use

Burkert Ps
oM (s, b,1) = , (10.4)
(1 + r(s;f,l)) (1 + r(s,rl;,l)2>

S

with ps = 0.712 GeV cm ™3 and 75 = 12.67 kpc [588].

The extragalactic contribution of v, is

A5 Qpmpe © dz dN,,
dE,dQ,  4mntpmmpwm Jo H(z) dE,

, (10.5)
E,(14z)
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where z is the redshift, p, = 4.79 x 107® GeV cm 3 is the critical density of the Universe,

Qpm = 0.265 is the fraction of energy density of the Universe in the form of DM, H(z) =

Ho/Qa + Qu (1 + z)3 is the Hubble parameter, Hy = 1.08 x 10728 cm ! 1 is the Hubble constant,
with h = 0.674, Qp = 0.685 is the vacuum energy density, and Q2,; = 0.315 is the matter energy
density. The right-hand side of Eq. (10.5) is evaluated at an energy E, (1 + z) to compensate for the
cosmological expansion.

Figure 48 shows the resulting diffuse energy spectrum of UHE neutrinos from DM decay,
integrated over all sky directions, for two benchmark values of the DM mass, and separated
into the Galactic and extragalactic components only for illustration. The main features of the
energy spectrum are a spike of neutrinos close to the energy E, = mpy1/2, and a power-law tail
at lower energies, from electroweak corrections and, in the case of the extragalactic component,
from redshifting. The dominant component of the flux is the Galactic one, due to the nearby
DM overdensity in the GC. However, at energies close to the spike, a pile-up of neutrinos from
the direct decay x — Vv, redshifted to lower energies, causes the extragalactic contribution to
dominate instead in a narrow energy range. Because we assume DM decay into neutrinos of all
flavors with equal branching ratios (see above), the all-flavor flux in Fig. 48 is split evenly among

the three flavors and among neutrinos and anti-neutrinos.

10.2.3  Non-DM neutrinos vs. neutrinos from DM decay

The essential differences between the background flux of UHE non-DM neutrinos and the flux of
UHE neutrinos from DM decay are in their energy spectrum and in their angular distribution in

the sky.

ENERGY SPECTRUM Figure 48 shows that the energy spectrum of our benchmark non-DM
background flux—which is typical of many flux predictions—is more spread out around
its maximum compared to the energy spectrum of neutrinos from DM decay, which peaks
sharply at E, = mppm/2. Yet, because of the spread of the latter towards lower energies
due to redshifting (compounded, later, by the limited energy resolution of the detector), the

differences in spectral shape are not as marked. While the lack of a bump-like feature in the
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observed spectrum of UHE neutrinos would disfavor DM decay, its observation could be
attributed either to DM decay or to a non-DM background flux. Accordingly, the energy
spectrum is not the driving factor to discover DM decay (Sec. 10.4), but supplements angular

information to set constraints (Sec. 10.5).

ANGULAR DISTRIBUTION Figure 50 shows the angular distribution of the total diffuse flux of
UHE neutrinos, integrated over energy. This reveals the critical difference between non-DM
and DM neutrinos: the flux of non-DM neutrinos is isotropic, while the flux of DM neutrinos
peaks towards the GC, where, under the NFW profile, it is about a factor 20 larger than in
the rest of the sky. This contrast is the main driving factor to discover DM decay and place
constraints on it. For the puffier Burkert profile, the contrast is milder, which weakens both
prospects, as we show later. In either case, because the GC is in the Southern Hemisphere,
neutrinos from DM decay coming from this direction are not attenuated by their passage
through Earth before reaching IceCube-Gen?2 (Sec. 10.3.1), making it particularly sensitive to

this signal.

Below (Sec. 10.3), we show that the above differences between the fluxes are mirrored, albeit
imperfectly, by corresponding differences in the energy and angular distributions of detected

events.

10.3 DETECTION OF UHE NEUTRINOS

To make realistic forecasts of probes of DM decay into UHE neutrinos, we compute in detail their propagation

inside the Earth and their radio-detection in our detector of choice, the radio array of IceCube-Gen?2.

10.3.1 Neutrino propagation inside the Earth

Upon reaching Earth, UHE neutrinos propagate from its surface, through its interior, to the
detector, IceCube-Gen2, situated at the South Pole. While propagating, neutrinos interact with

matter underground. Because the neutrino-nucleon cross section, o, 5, grows with neutrino energy
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(at ultra-high energies, roughly as o,y o EJ363 [134]), these interactions appreciably attenuate the
flux of neutrinos that reaches the detector. Roughly, neutrino interactions attenuate the flux via an

exponential dampening factor e~k

, where L is the distance traveled underground. Thus, the
attenuation grows with neutrino energy and with distance traveled.

At ultra-high energies, neutrinos interact with nucleons predominantly via deep inelastic scat-
tering (DIS) [60-63, 217, 218, 220]. In it, the incoming neutrino scatters off of a parton—a quark or
a gluon—of a nucleon are rest, N—a proton or a neutron (N = p,n). The interaction is neutral-
current (NC) if mediated by a Z boson, i.e., vo + N — v, + X (« = ¢, 1, T), where X represents
final-state hadrons, or charged-current (CC) if mediated by a W boson, i.e., v, + N — a + X. The
NC neutrino-nucleon cross section, U}/\ilc\,, is about 1/3 of the CC cross section, (Tvca(]:\,. At these
energies, the cross sections on proton and on neutron are very similar, and the cross sections for
different neutrino flavors are nearly equal. When propagating neutrinos inside the Earth, and also
when computing detected event rates (Sec. 10.3.3), we treat separately the NC and CC interactions
of neutrinos of different flavor, each with its own cross section.

In a DIS interaction, the final-state hadrons receive a fraction y—the inelasticity—of the energy
of the interacting neutrino. The final-state leptons receive the remaining fraction, (1 — y). The in-
elasticity follows a probability distribution given by the differential cross sections, either d(T]I/j%] /dy
or davcﬁ, /dy. The distributions peak at y = 0, but they are broad, and depend on the neutrino
energy; see, e.9., Fig. 4 in Ref. [346].

Thus, as neutrinos propagate inside the Earth, NC interactions shift the neutrino flux to lower
energies, while CC interactions deplete the flux. (For v, the consecutive CC neutrino interactions
and decays of the ensuing tauons—known as “v; regeneration”—appreciably counteract the flux
dampening; see, e.g., Fig. 8 in Ref. [346].) At ultra-high energies, the flux of upgoing neutrinos, with
0, > 90°, where 6, is the zenith angle measured from the South Pole, is nearly fully attenuated by
the time it reaches the detector. On the contrary, the flux of downgoing (6, < 90°) and horizontal
(62 ~ 90°) neutrinos is attenuated appreciably, but is not completely depleted. For illustration, see,
e.g., Fig. A2 in Ref. [61], Ref. [209], and Figs. 10 & 11 in Ref. [346]. This makes the detection of UHE
neutrinos more likely from these directions, provided there is sufficient detector response, which is

the case for our modeling of IceCube-Gen?2; we elaborate on this in Secs. 10.3.2 and 10.3.3.
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We compute the propagation of UHE neutrinos inside the Earth as in Refs. [346, 372, 390],
using the sophisticated propagation code NUPROPEARTH [209, 210]. It uses the recent BGR18
neutrino-nucleon DIS cross sections [537], the same ones that we use in Sec. 10.3.3 to compute
the rate of detected events. NUPROPEARTH also accounts for v; regeneration, for energy losses
of intermediate leptons during propagation, and for subleading neutrino interactions that, taken
together, increase the flux attenuation by approximately an extra 10%. For the density profile of
matter inside the Earth, we adopt the Preliminary Reference Earth Model [295], with an added
layer of surface ice 3 km thick to represent Antarctica, and account also for the radial change in the
chemical composition of underground matter [209]. Finally, we model the volume of the neutrino
detector—the radio array of IceCube-Gen2—as a cylinder of radius 12.6 km and height 1.50 km,
buried vertically 100 m underground at the South Pole; see Fig. 7 in Ref. [346].

In summary, given a flux of neutrinos at the surface of the Earth, from DM decay or from the
non-DM background neutrino flux, we propagate it across many different directions to the detector.
We propagate separately the fluxes of ve, 7, vy, 7y, V¢, and 7z;. Below, we use their fluxes at the

detector, @,‘}ft and CDgft, to compute neutrino-induced event rates.

10.3.2 UHE neutrino radio-detection at IceCube-Gen?2

Reference [166] first proposed using the radio emission from UHE particles as a means to detect
them. Upon reaching the detector volume, an UHE neutrino may scatter off a nucleon in ice and
produce a shower of high-energy particles. As the shower travels, it accumulates an excess of
electrons in its front that, after reaching shower maximum, is emitted as an impulsive coherent
radio pulse, known as Askaryan radiation [165]. For details, see Ref. [304, 358]. Because radio
travels in ice subject only to mild attenuation, it may be detected using a sparse underground array
of radio antennas, which makes it feasible to instrument a large volume that makes up for the
potentially tiny fluxes of incoming UHE neutrinos.

This is the strategy adopted by the planned radio array of IceCube-Gen?2 [39]. Of the proposed

UHE neutrino telescopes [83, 164, 594], the radio array of IceCube-Gen2 is among the largest and
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in an advanced stage of planning [39]. Thus, we gear our forecasts to it. However, our methods
can be readily adapted to other upcoming UHE neutrino telescopes [83, 164, 594].

To compute realistic projected event rates at the radio array of IceCube-Gen2, we follow the
detailed procedure introduced in Ref. [346], which uses an estimated detector response based on
state-of-the-art simulations. This has been used already to forecast the measurement of the UHE
neutrino-nucleon cross section [346], the discovery of UHE neutrino point sources [372], and the
discovery of the diffuse flux of UHE neutrinos [390]. Below, we only sketch the procedure and
introduce necessary modifications to it; we defer to Ref. [346] for details.

Upon reaching the detector volume, after propagating through the Earth (Sec. 10.3.1), an UHE
vy of energy E, interacts with a nucleon at rest, N, typically via DIS (see above). The ensuing
particle shower has an energy Eg,, a fraction of the parent neutrino energy. For showers initiated
by the NC DIS of v, or 7, of any flavor, only the final-state hadrons radiate [213], so Eg, = YE,.
For showers initiated by the CC DIS of a v, or 7., both the final-state electron and hadrons radiate,
so Eg, = Ey. For showers initiated by the CC DIS of vy, 7, vr, or 7, only the final-state hadrons
radiate, so Eg, = yE,. As during propagation, at detection the value of the inelasticity follows
do)© /dy and do$C / dy, for which we adopt the BGR18 [537] calculation; see Fig. 4 in Ref. [346].

The detector response is represented by its effective volume, which we treat separately for NC
and CC showers, Vg\gfga and Ve(f:f?va’ The effective volume depends on the shower energy and on
the direction of the incoming neutrino. It is generated by simulating the interaction of neutrinos
in the detector volume, followed by the generation of Askaryan radiation, its propagation in ice,
including changes in the index of refraction of ice with depth, and its detection in the two types
of radio antennas envisioned in the array. For the simulations we use NURADIORECO [211] and
NURADIOMC [212], the same tools used by the IceCube-Gen2 Collaboration. We adopt the same
array design consisting of a combination of shallow and deep radio stations as in Ref. [346]. The
effective volume is least sensitive around 10”7 GeV, grows with shower energy, and is relatively less
sensitive for downgoing neutrinos (cos 0, ~ 1); see Fig. 13 in Ref. [346]. (Unlike common practice,
the detector volume does not contain the effect of the attenuation of the neutrino flux underground.

This is contained separately, in CDS;*.)
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The differential event rate is obtained by convolving the neutrino flux that reaches the detector
(Sec. 10.3.1), CDdet the effective volume, and the neutrino-nucleon cross section. For v,, after an

exposure time T, this is

42N, U (ENC(Esny) N
m = / dy <EShVeff Vy ( sh, COS 92)
do N (Ey,
x W@ﬁft(Ev,cos 02)|g, —gnc () T NC = CC) , (10.6)

where do], /dy is the cross section for interaction with water, made up of 10 protons and 8
neutrons, and #; is the number density of water molecules in ice. The event rate due to 7, is the
same as Eq. (10.6), but changing @3¢t — ddet, o NC /dy — doNC/dy, and dolX€ /dy — do$C/dy.
At these energies the cross sections for v, and 7, are nearly indistinguishable; see Ref. [537] and
Fig. 3 in Ref. [346]. Equation (10.6) generalizes the original procedure in Ref. [346] by allowing the
flux and the event rate to vary not only with zenith angle, 6., but also with azimuth, ¢. This allows
our analysis to be sensitive to an excess of UHE neutrinos from the decay of DM towards the GC.

As in Ref. [346], we smear the event rate using the detector energy and angular resolution,
and use for our forecasts the event rate in terms of the reconstructed shower energy, E3°, and

reconstructed direction, ()¢¢, i.e

d*N, 2N 0,
dEreCdgrec / dEn / dQ VéE h;ﬂz ?) Rg, (%, Eq)Rn(n™,n) , (10.7)
S.

where dQ) = sin 0,d60,d¢ and d()'*¢ = sin 01°°dO*“d¢p™*° are the real and reconstructed differential

solid angles, and n and n™¢

are the real and reconstructed shower directions. We model the energy
resolution via a Gaussian function in € = log;,(ESL/Egp), i.e

(Erec_Esh)Z :|

ex
rec 2 p |: 2(72511
RE ( sh 7 )7 — ’ (108)
o m B
UEsh 1 + Erf W
sh

where 0p, = 10%¢Egy. As baseline, we fix 0. = 0.1, based on simulations performed for UHE
neutrino radio-detection at the RNO-G neutrino telescope [315], which we take as representative of
IceCube-Gen2, too. We model the angular resolution via a Gaussian function of the angle between
true and reconstructed direction, i.e.,

o2

Rq (nrec, n) _ n- nrec) )

27(1 — e=2/0%) P ( o2 (109)
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with a common width of 0y, = 0 == 0 in zenith and azimuth. As baseline, we fix 0 = 3°,
similar to what Ref. [346] adopted for the zenith-angle resolution. References [346, 390] explored
the effect of varying the energy and angular resolution on the event rate.

To produce our forecasts, we use the all-flavor event rate of v, and 7, i.e.,

d’N, 42 Ny, a2 Ni,
W = “:;,T <dE;§Cerec - dE;}elCerec> : (10.10)

Conservatively, we do not assume that radio-detection at IceCube-Gen2 will be able to distinguish
between events initiated by different flavors; however, there is promising ongoing work in this

direction [213, 214, 300].

10.3.3  Expected event rates

Using the methods above, we compute event rates for the flux of UHE neutrinos from DM decay
and for the non-DM background flux of UHE neutrinos. For the former, the event rate depends
on the DM mass and lifetime. For the latter, it depends on our choice of background flux. As
illustration, below we show event rates for the fluxes in Fig. 48; later, when producing results, we
compute event rates for many more cases.

Figure 51 shows the all-sky differential event rate in reconstructed shower energy. The event
energy spectra reflect the features of the underlying neutrino energy spectra in Fig. 48, though
smoothed out by the detector energy resolution, which complicates distinguishing between them
in our forecasts later (see also Sec. 10.2.3). Further, while the neutrino energy spectrum from DM
decay with mpy; = 10® GeV and the spectrum of the large non-DM benchmark flux are comparable
in Fig. 48, in Fig. 51 the event rate for the former is appreciably smaller than that for the latter. This
is because the effective volume falls at low energies, where the spectrum from DM decay peaks;
see Sec. 10.3.2.

Figure 52 shows sky maps of the angular distribution of the energy-integrated event rate, for
neutrinos from DM decay and for the background neutrinos. The angular distribution of events
is anisotropic, even when it is due to an isotropic neutrino flux, like the background flux. The
radio array of IceCube-Gen2 is mostly sensitive to zenith angles between 45° and 90°. At larger

zenith angles, Earth attenuation strongly reduces the chances of neutrino detection, whereas at
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Figure 51: Differential rate of neutrino-induced events in the radio array of IceCube-Gen2. We show results obtained for the same illustrative
choices of the flux from DM decay and the non-DM background flux as in Fig. 48. The event rate is computed using Eq. (10.10),
using baseline choices of the detector angular and (logarithmic) energy resolution, cq = 3° and ¢, = 0.1. This figure shows the

direction-averaged energy distribution of events; Fig. 52 shows the angular event distribution. See Sec. 10.3 for details.

smaller zenith angles the effective volume is smaller. For this reason, most of the events come from
declinations between —45° and 0°. (The two bright zenith bands in the skymaps, easily visible for
neutrinos from DM decay, are due to features in the response of the two types of antennas that the
radio array is made of; see Fig. 12 in Ref. [346].)

The sky maps in Fig. 52 illustrate the combined effect of the three sources of angular dependence
in our calculation: from the neutrino flux itself, from the propagation of neutrinos through the
Earth, and from the detector effective volume. The latter two, together with the angular resolution

of the detector, smooth out any natural anisotropy in the neutrino flux. Nevertheless, Fig. 52 shows
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Figure 52: Angular distribution of detected events in the radio array of IceCube-Gen2. We use the same illustrative fluxes as in Fig. 50. Top:
Neutrinos from DM decay for an NFW profile. Center: Same for a Burkert profile. Bottom: Neutrinos from the non-DM isotropic
background of UHE neutrinos. The angular dependence is due both to the angular distribution of the flux (Fig. 50) and the angular
response of the detector (Fig. 13 in Ref. [346]). The event rate is computed using Eq. (10.10), using baseline choices of the detector

angular and (logarithmic) energy resolution, 0 = 3° and ¢ = 0.1. This figure shows the energy-integrated angular distribution

of events; Fig. 51 shows the energy distribution. See Sec. 10.3 for details.
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that the excess of neutrinos from DM decay towards the GC survives into the angular distribution
of events, though it is more spread out. The excess is more concentrated for the NFW profile than

for the Burkert profile, reflecting their fluxes from Fig. 52.

10.4 DISCOVERY PROSPECTS FOR DARK MATTER DECAY

The decay of heavy DM into UHE neutrinos may be discovered even in the presence of sizable non-DM
neutrino backgrounds, by using the angular distribution of detected events, in 10 years of exposure of the
radio array of IceCube-Gen2 (Fig. 53). However, a puffy Galactic DM density profile may weaken the
discovery prospects (Fig. 54). Upon discovery, the DM mass and lifetime, and the flux of neutrinos from its
decay, may be accurately and precisely measured by using also the energy distribution of events (Figs. 55

and 56).

10.4.1 Owerview

The distinct angular distribution of UHE neutrinos from DM decay—peaked towards the GC—
provides a smoking-gun signature of their origin when compared to the isotropic flux of astrophys-
ical and cosmogenic neutrinos. Yet, so far, the usefulness of this difference has gone underused
or ignored in forecasts of searches for DM decay in UHE neutrino telescopes; see, .., Ref. [584].
In contrast, our methods embrace it. Unlike previous forecasts, we use this angular difference to
not only claim the discovery of UHE neutrinos with a possible origin in DM decay, but to assert
their DM origin in the presence of a non-DM neutrino background, i.e., to firmly discover UHE
neutrinos from DM decay.

However, a sensible DM discovery claim requires a sufficiently large excess towards the GC.
Added to that, if there is a large isotropic background of non-DM neutrinos, it could wash out the
excess of neutrinos from DM decay, weakening the discovery claim.

In our forecasts below, we quantify the above statements in two ways. First (Sec. 10.4.2), we find
the values of the mass and lifetime of DM needed to discover UHE neutrinos from its decay, in

the presence of a non-DM neutrino background. For this, we use only the angular distribution of
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detected events in the radio array of IceCube-Gen2. Second (Sec. 10.4.3), in the event of discovery,
we illustrate the accuracy with which the DM mass and lifetime could be measured. For this, we

use the joint angular and energy distribution of events.

10.4.2  Discovery prospects

We forecast the regions of DM mass and lifetime where UHE neutrinos from DM decay could be

discovered. Figure 53 (also Fig. D1) shows our results.

10.4.2.1 Statistical methods

We produce discovery forecasts by analyzing projected samples of detected events. To be con-
servative, we use only their angular distribution, summed over all energies, since it is in it that
the critical difference between the flux of neutrinos from DM decay and the non-DM neutrino
background manifests (Sec. 10.2.3). Later (Sec. 10.5), we derive upper limits using also their energy
distribution. We build our forecasts using the maximum likelihood technique and report mean
discovery prospects based on Asimov data samples.

Each event sample is the sum of events due to neutrinos from DM decay, dependent on the DM
mass, mpy, and lifetime, Tpy;, and events from the background of non-DM neutrinos, rescaled by

a flux normalization, N, i.e.,

AND8
dQrec ’

dNy(8)  dANPM (mpym, tom)
erec = - erec +N¢‘

(10.11)

where ¢ = {mpwm, Tom, No }. For the non-DM background, we show forecasts obtained under
the three benchmark scenarios presented in Sec. 10.2.1: a large flux set to the cosmogenic flux by
Bergman & van Vliet [193], a medium flux that is 10% of that, and a null background; see Fig. 48.
The large and medium benchmark backgrounds have the same angular distribution of events (see
Fig. 52 and also Fig. 4 in Ref. [390]); they only differ in the total number of events (Fig. 51).

Based on a projected event sample, we compare two hypotheses: the DM hypothesis, where
the angular distribution of events is best explained by the presence of a DM decay component
on top of a background non-DM component vs. the null hypothesis, where it is best explained

by the presence of only the background non-DM component. In both cases, the background flux
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normalization, N, is left free to vary to best fit the data. Hence, when analyzing a simulated event
sample, we obtain results that do not require prior knowledge of the true background flux. We
do this separately for each of the three above choices of the simulated background flux, and for a
wide range of true values of the DM and lifetime.

First, for a particular choice of the true DM mass and lifetime, mpys and tpy, and using the
true value of the flux normalization, Np = 1, we compute the projected observed sample of Neyts
events, each with reconstructed direction ()* sampled from the distribution dN, (mpm, oM, No =
1)/dQ¥"€. Later, we use a test statistic that is averaged over all possible random realizations of the
number of events and of the distribution of reconstructed directions of the events.

Then, based on this observed sample, we evaluate an unbinned likelihood function at different
test values of the model parameters, ' = (mpyy, Thy, NG), e,

Nevts 7

L@ {Qre)) = e N(@) H ereC L (10.12)
where N, (¢') = [(dN,(¢')/dQr)dQr is the all-sky event rate. In the comparison, we let the
test values of m{DM, T],DM, and N, é, float as free parameters, as they would in a test based on real
experimental data. Under the null hypothesis, where there is no DM decay contribution because

DM is stable (i.e., Tpm — o0), the likelihood reduces to
Log Np {Q)) = lim L8 {Q5)), (1013)

RS

where the right-hand side no longer depends on the test values m[,; and 1/,

For a specific choice of the true values of mpy and Ty, the test statistic depends on the
angular distribution of the associated random observed event sample. To account for the possible
different realizations of the observed sample, we average the logarithm of the likelihood functions,
Egs. (10.12) and (10.13), over all possible realizations. The probability to observe a total number of

Nevts, over the full sky, P (Neyts| Ny ), is given by a Poisson distribution with a mean value equal to

the mean all-sky event rate, N, = N, (mpy, Tom, No = 1). The probability to sample an event with
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reconstructed direction ()}*° from this distribution is P (Q*°) = (1/N,)(dN, /dQ"*) |ypee. Thus,

the likelihood function, Eq. (10.12), averaged over all possible realizations of the event sample, is

[eo)

<1n£(ﬂ,)>mDM,TDM = 2 P [Nevts|Nv (mDM/ TDM/NQ = 1)} (10.14)
Nevts=0
< [age-. [aogs,
Nevts Nevts
[T P(Q|mpm, Tom, No = 1) In £ [ﬂ’,{n;@}‘ 1 } ,
i=1 =

and, similarly, the average log-likelihood under the null hypothesis, in which only background

non-DM neutrinos are present, Eq. (10.13), is

(In Log(NG)) mpion = Hm (0 L(8)) gt - (10.15)

Thy—00
We average the log-likelihood, rather than the likelihood, to prevent the averaging procedure from
prescribing exceedingly large averaging weights to random realizations that have associated large
likelihood values. This corresponds to obtaining the results for an Asimov data sample [595], in
which the observed distribution of events exactly coincide with the expected one.

To compare the two hypotheses, we use as a test statistic the average log-likelihood ratio, i.e.,

<A(mDM/TDM)> = I‘nil‘l/\/é‘ {—2<ln£bg(Né>)>mDM,TDM}

—ming [—2(In L(8")) mpr, o] - (10.16)

According to Wilks’” theorem [596], in the asymptotic limit of a large data sample, this quantity
follows a x? distribution with two degrees of freedom, corresponding to the difference between the
dimensions of the parameter spaces of the two competing hypotheses. We adopt it in our forecasts
since, for 10 and 20 years of detector exposure, and for the neutrino fluxes that we adopt, they
are based on a large number of events. Hence, below, when (A) > 6, we claim discovery of DM

neutrinos at the 2¢ confidence level (C.L.); when (A) > 11.5, we claim it at 3¢ C.L.

10.4.2.2 Results

Figure 53 shows the regions of DM mass and lifetime, obtained with the above methods, where
DM can be discovered at > 20. We show results for our three benchmark choices of non-DM UHE
neutrino background flux (Sec. 10.2.1)—mnull, medium, and large. The results in Fig. 53 convey

three key messages.
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Figure 53: Discovery prospects of UHE neutrinos from DM decay in the radio array of IceCube-Gen2. Forecasts are for three benchmark
choices of the background flux of non-DM UHE neutrinos (i.e., cosmogenic): null, medium, and large (Sec. 10.2.1), based on
the cosmogenic neutrino flux by Bergman & van Vliet [193] (fig. 48). The forecasts use only the angular distribution of events,
summed over all reconstructed energies EX° > 10”7 GeV. They use baseline choices of the detector angular and (logarithmic)
energy resolution, cq = 3° and . = 0.1; see Sec. 10.3.2. This figure assumes the NFW density profile for Galactic DM. Existing
lower limits on the DM lifetime are the same as in Fig. 47. In this figure, results are for discovery at > 20; see Fig. D1 for results at

> 30. Even in the presence of a medium-sized background, DM discovery might be possible. See Sec. 10.4.2 for details.

First, while a large part of the parameter space in Fig. 53 is already disfavored by present-day
neutrino and gamma-ray searches, upcoming UHE neutrino telescopes will extend the search to
longer DM lifetimes, roughly above 10%

This aspect of our results agrees with previous works; see, e.g., Refs. [524, 584]). Yet, for the first

s, that are unreachable with present-day experiments.
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Figure 54: Discovery prospects of UHE neutrinos from DM decay for NFW vs. Burkert Galactic DM profiles. Same as Fig. 53, but comparing

results obtained using the NFW vs. Burkert Galactic DM density profiles (Fig. 49). Results are for discovery at > 2¢ after 20 years;

see Fig. D3 for more results using the Burkert profile. Existing lower limits on the DM lifetime are the same as in Fig. 47, and

computed assuming the NFW profile [524]. If the Galactic DM profile is “puffy”, like the Burkert profile, discovery of DM becomes barely

feasible, and only if there is no isotropic non-DM UHE neutrino background. See Sec. 10.4.2 for details.

time, we fortify the claim by showing that it holds even in the presence of a medium-sized isotropic

background

flux of non-DM UHE neutrinos.

Second, Fig. 53 shows the significant difference between detecting events, which a priori may or

may not be due to DM decay, and claiming that those events are produced by DM decay. Earlier

forecasts of UHE neutrino detection from DM decay [584] had only investigated the maximum

lifetime needed to detect neutrinos from DM decay, without identifying their origin. We show a

version of these forecasts in Fig. 53, generated by demanding that DM decay yields at least one



10.4 DISCOVERY PROSPECTS FOR DARK MATTER DECAY

event over the full sky, background-free, with a probability larger than 95% (or 99.7% in Fig. D1).
As expected, this weaker criterion leads to overly long lifetimes being discoverable: compared
to our results using the angular distribution of events, lifetimes longer by at least one order of
magnitude could be detected without actually leading to a DM discovery. Thus, hereafter the
main observations and conclusions of our work are based exclusively on forecasts made using the
angular—and energy (in Secs. 10.4.3 and 10.5)—distribution of events.

Third, Fig. 53 shows that, while the discovery prospects are best when background-free, as
expected, the presence of a medium-size background only degrades the reach of discoverable DM
lifetimes by a factor of about 2. In other words, UHE neutrinos retain the potential to reveal DM
decay even in the presence of a sizable isotropic background of non-DM origin. This is true also for
discovery at 3c; see Fig. D1.

Figure 54 shows that, however, our prospects for discovery of DM decay are contingent on the
Galactic DM density profile being cuspy, i.e., markedly pronounced towards the GC. Swapping
the cuspy NFW profile for the puffy Burkert profile reduces the region amenable for discovery
by about one order of magnitude, pushing it into the region of DM mass and lifetime that is
already disfavored, and rendering discovery all but unfeasible. A subtle point is that the present-
day disfavored region shown in Fig. 54 was computed, in Ref. [524], assuming the NFW profile.
Assuming the Burkert instead would push down the disfavored region, leaving slightly more
room for discovery under the Burkert profile; we do not attempt this recalculation here. Yet, the
bottom line holds: for realistic choices of the detector angular resolution, like the o = 3° that
we adopt, the discovery of DM decay into UHE neutrinos will be likely only if the Galactic DM

density profile is cuspy.

10.4.3 Measuring dark matter mass and lifetime

In the event of the discovery of DM decay into UHE neutrinos, we forecast how well the DM mass

and lifetime could be inferred. Figure 55 shows our results.
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10.4.3.1 Statistical methods

Above (Sec. 10.4.2), we showed that to claim the discovery of DM decay into UHE neutrinos it
was enough to use the angular distribution of events. In the event of discovery, inferring the DM
lifetime also relies mainly on the angular distribution events; concretely, as before, on its excess
towards the GC. Because the DM lifetime determines the normalization of the neutrino flux from
DM decay, its value can be inferred from the magnitude of the excess. However, inferring the
DM mass requires the energy distribution of events, too. Using it allows us to infer the DM mass
by looking for the distinct bump-like feature imprinted by DM decay on the neutrino spectrum,
which peaks at E, = mpy/2; see Figs. 48 and 51. Thus, below, we extend the statistical methods
from Sec. 10.4.2.1 to include also the energy of the detected events.

First, we generate the true event sample, i.e., the one that we assume will be detected. We
use a procedure similar to the one we used to compute discovery prospects (Sec. 10.4.2), but
extended to included also the energy distribution of events. To illustrate our method, we choose
mpm = 3.5 x 10° GeV and oy = 1.19 x 10% s as true values; these are representative of the
discoverable region under our benchmark medium non-DM in Fig. 53. We use for the non-DM
background UHE neutrino flux the same three benchmarks (Sec. 10.2.1) that we used earlier to
make discovery forecasts—null, medium, and large. In analogy to Eq. (10.11), the true distribution
is

b
AN (mpm, tom) — ANPM (mpm, Tom) dN,®
JERC A dERedQree T dErecqQre
S! S| S|

(10.17)

From it, we randomly sample Neyts events, each with reconstructed energy E;ffi and direction
Qj*¢. Later, for each choice of mpy and Tpym, we average our test statistic over all possible random
realizations of the event samples.

Then we compare the true event sample to test event samples, generated for many different test
values of DM mass and lifetime, in order to find which ones fit best. To produce test event samples,
we generalize what we did to compute discovery prospects and adopt a generic model of the

non-DM background neutrino energy spectrum. We parametrize it as a piecewise (pw) spectrum
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x E, 2 with three independent normalization constants, Nq>,1, N<1>,2, /\/'@,3, in three decades of

neutrino energy, from 107 GeV to 1019 GeV. For v,, this is

No1, 107 <E,/GeV < 108

b5 ,
@7 P (E) = J;;f X\ Nop 108 <E,/GeV <109 (10.18)
v

N3, 10° < E,/GeV <101

where, for the flavor composition at Earth, we adopt the one from the canonical expectation of
neutrino production via the pion decay chain (Sec. 10.2.1), computed using recent best-fit values
of the neutrino mixing parameters [268, 597], f,o = 0.298, f; ¢ = 0.359, and fr o = 0.342, from
Ref. [267], i.e., close to flavor equipartition (see also, e.g., Ref. [329]). Since we make forecasts for
10-20 years, when the values of the mixing parameters will likely be known precisely [346], we
neglect the small uncertainties in these predictions; see Egs. (7)—(9) in Ref. [346] . The fluxes of v,
and 7, are identical; this is ensured by the factor of 2 in the denominator of Eq. (10.18).

We adopt this background flux model to analyze projected event samples using a phenomeno-
logical prescription of the non-DM neutrino background that is as agnostic as possible regarding
the shape of its energy spectrum and its origin. Our strategy resembles one that would be used
by future analyses based on real experimental observations. Indeed, similar flux models are
used by the IceCube Collaboration to analyze present-day data [37, 188]. Using the piecewise
background flux, we compute the associated differential event spectrum, clej 8Py dEZ dQres,

using the methods from Sec. 10.3.2. Thus, the total differential test event spectrum is

bo—
ANt () ANPM (b thag) - ANGETTY (NG g, N NGy 5)

dEgﬁCerec - dE;ﬁCerec dE;ﬁCereC ’ (10.19)

where now & = (M Thme <i>,1/ q/>,2/ é):j).
In analogy to Eq. (10.12), we evaluate an unbinned likelihood function at different test values of

the model parameters, ¢/, i.e.,

_ elet/est(ﬂl) Nevts leEBSt(ﬂ/)

ITTrecC AMrec ’
i=1 dE;ﬁCereC Erec. (rec
i

sh,i”

Laea (', { 55, 01 }) (10.20)

where N[t is the all-sky number of events with energies EGS > 107 GeV. As before (Sec. 10.4.2),
for a specific choice of the true values of mpy; and Ty and of the non-DM background neutrino
flux, we average the logarithm of the above likelihood over all possibly random realizations of the

observed event sample. In analogy to Eq. 10.14, this yields (In Lmea(8"))mpy;, oy - Finally, to infer
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the values of the DM mass and lifetime, we profile the likelihood over the test parameters and, in

analogy to Eq. 10.16, define the test statistic

<Amea (mDMr TDM)> = minNé,eré,z'sz,s
X [=2(In Limea(mpy = mpM, THv = M NG 1, N2 N 3) Y mpws,om |

—ming [—2(In Lmea(8")) mprs,om | - (10.21)

As in Sec. 10.4.2, based on Wilks’ theorem, this test statistic follows a x? distribution with two
degrees of freedom. Below, we use it to infer allowed regions of mpy and Ty at difference

confidence levels.

10.4.3.2 Results

Figure 55 illustrates that, in the event of discovery of DM decay into UHE neutrinos, IceCube-Gen2
may infer the values of the DM mass and lifetime responsible for the discovered signal. In Fig. 55,
we show results obtained using our illustrative choice for the true DM and mass lifetime (see
above). To illustrate the influence of a non-DM isotropic background flux of UHE neutrinos,
we compare results obtained assuming no background vs. assuming our medium benchmark
background (Sec. 10.2.1).

Our results confirm our expectation (Sec. 10.4.3.1) that using the energy distribution of events
grants us sensitivity to the DM parameters. For the choice of DM mass and lifetime in Fig. 55, and
similar ones, their values can be inferred with an accuracy of a factor of 2-3. In the presence of the
medium background, the accuracy degrades only slightly compared to the null-background case.
A larger background degrades the accuracy further, but does not preclude measurement; it may,
however, reduce the precision with which the DM mass is inferred (see below).

While the accuracy on the DM mass is only weakly degraded by the presence of a background,
the precision on it suffers more appreciably. In the absence of a background, the best-fit value of
the DM mass matches its true value. In the presence of a medium-size background, its best-fit
value is offset from the real one. This stems from our choice of the three-piece background flux,
Eq. 10.18, to analyze projected event samples. On the one hand, this flux prescription frees us
from having to rely on specific theoretical predictions of the UHE astrophysical or cosmogenic

neutrino flux. On the other hand, because it is rather coarse—with decade-wide flux normalization
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Figure 55: DM mass and lifetime inferred from detecting UHE neutrinos from DM decay in the radio array of IceCube-Gen2. Results are
generated for an illustrative choice of the true values of the DM mass and lifetime, mpy = 3.5 x 10° GeV and tom = 1.19 x 10% s,
which are representative of what is discoverable with 10 years of detector exposure and allowed by present-day limits (Fig. 53).
Forecasts are for two choices of the background isotropic flux of non-DM UHE neutrinos: null and medium (Sec. 10.2.1), i.e., 10%
of the cosmogenic flux by Bergman & van Vliet [193] (Fig. 48). The forecasts use the joint angular and energy distribution of
events, and baseline choices of the detector angular and (logarithmic) energy resolution, oo = 3° and 0. = 0.1; see Sec. 10.3.2.

This figure assumes the NFW density profile for Galactic DM. Existing lower limits on the DM lifetime are the same as in Fig. 47.

108 10° 1010 101
Dark matter mass, mpy [GeV]

In the event of DM discovery, the DM mass and lifetime may be measured with reasonable accuracy and precision. See Sec. 10.4.3 for details.

constants—it fails to reproduce closely the shape of the background neutrino energy spectrum,

Fig. 48. Even so, the mismatch between the best-fit and true values is small; they are consistent

within 1¢. Future analyses could mitigate this loss of precision by adopting a more finely binned

version of the piecewise background flux.
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Figure 56: Inferred flux of UHE neutrinos using the radio array of IceCube-Gen2. The flux of neutrinos from DM decay, sky-averaged, and
the isotropic background flux are shown separately. The true values of the DM mass and lifetime are the same as used in Fig. 55.
The allowed band of neutrino flux from DM decay corresponds to the allowed regions of inferred DM mass and lifetime from
Fig. 55. The forecast assumes our medium-sized benchmark background flux of non-DM UHE neutrinos (Sec. 10.2.1), i.e., 10% of
the cosmogenic neutrino flux by Bergman & van Vliet [193] (Fig. 48), or about 3 background events detected per year. This figure
assumes the NFW density profile for Galactic DM. Existing upper limits on the flux of UHE neutrinos are from IceCube [66] and
Auger [67]. The projected sensitivity of the radio array of IceCube-Gen?2 is from Ref. [396]. Even using a coarse model for the UHE
neutrino flux background (Eq. 10.18), the flux of neutrinos from DM decay may be reconstructed with reasonable accuracy and precision. See

Sec. 10.4.3 for details.

Thus, the DM mass and lifetime can be accurately inferred, even in the presence of a non-
DM isotropic background flux of UHE neutrinos, by analyzing jointly the angular and energy
distribution of events. In doing so, there is essentially no degeneracy between the flux of UHE

neutrinos from DM decay and the unknown background flux of UHE astrophysical and cosmogenic
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neutrinos, since in our procedure the former is determined almost exclusively by neutrinos from
the GC, while the latter is determined by neutrinos from every direction.

Figure 56 shows the corresponding allowed regions of the sky-averaged diffuse flux of UHE
neutrinos from DM. The approximate factor-of-2 uncertainty on the DM lifetime translates into
an uncertainty of similar size on the flux normalization. The mismatch between the best-fit and
true vales of the DM mass translates into a mismatch between the low-energy tails of secondary
neutrinos from electroweak corrections in their corresponding fluxes. Figure 56 shows also that our
piecewise background flux model, Eq. 10.18, is able to match the true background flux reasonably
well, within the limitations of its coarse shape, except in the lowest energy bin, where the match is
poor because due to the background flux dipping well below the sensitivity of the radio array of
IceCube-Gen?2, thus leading to low event rates. There, results could be improved by a combined
analyses of TeV-PeV and UHE neutrinos detected, respectively, by the optical and radio arrays of

IceCube-Gen2 [39, 321].

10.5 PROJECTED BOUNDS ON DARK MATTER DECAY

The lifetime of heavy DM that decays into UHE neutrinos may be bound even in the presence of sizable
non-DM neutrino backgrounds, by using the joint angular and energy distribution of detected events, in
10 years of exposure of the radio array of IceCube-Gen2 (Fig. 57). Even when using the largest possible
allowed background, the bounds on the DM lifetime remain competitive or better than present-day bounds

(Fig. 58).

10.5.1 Owverview

Absent evidence for UHE neutrinos from DM decay, it may still be possible to place competitive
bounds on the DM lifetime, even in the presence of a sizable non-DM isotropic UHE neutrino
background flux. Like for the discovery of DM decay (Sec. 10.4), below we gear our results
for radio-detection at IceCube-Gen2, but our methods and, broadly stated, our conclusions are

applicable to next-generation UHE neutrino telescopes in general.
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References [524, 567, 584] reported projected bounds for DM decay into UHE neutrinos, including
via their radio-detection at IceCube-Gen2. We improve on those in two ways. First, we use a
significantly more detailed calculation of event rates in IceCube-Gen2, based on state-of-the-art
simulations of neutrino propagation, interaction, and radio-detection (Sec. 10.3). Like for the
discovery of DM decay, this is key to generating reliable angular and energy event distributions,
which our analysis uses to discriminate against the background. Second, unlike previous works,
we forecast bounds in the presence of a sizable non-DM isotropic UHE neutrino background flux.
Reference [584] did consider the presence of a potential background, but discriminated against
it simply by counting only neutrinos with energy smaller than mpy;/2. In contrast, we use a

full-fledged angular and energy analysis to produce our bounds.

10.5.2 Statistical methods

Unlike our earlier analyses to discover DM decay and infer the DM mass and lifetime (Sec. 10.4), to
place bounds on DM decay we assume that the frue, observed event distributions are due solely to
the non-DM isotropic background flux of UHE neutrinos, and we contrast test event distributions
expected from DM decay against it. For the non-DM background flux, we use our two medium
and large benchmark fluxes (Sec. 10.2.1), based off of the cosmogenic neutrino flux by Bergman
& van Vliet [193]. Our main conclusions hold for other choices of background, and we point out
below what features of our results are due to our specific benchmark choices.

Further, unlike when computing discovery prospects (Sec. 10.4.2), when setting bounds below
we use not only the angular distribution of events, but also their energy distribution. We demand
that the energy distribution of events lacks features that are characteristic of the energy spectrum
of neutrinos from DM decay, i.e., a clustering of events with similar energies that reflects an
underlying bump-like shape of the spectrum (Sec. 10.2.2). Admittedly, this is a broad, conservative
criterion: it discriminates against the flux of neutrinos from DM decay, but also against any
astrophysical or cosmogenic flux that has a bump-like feature in its spectrum, of which there are

many proposals, including our benchmark background fluxes; see, e.g., Fig. 2 in Ref. [390].
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For a given choice of the non-DM neutrino background, we compute the true, observed event

distribution,

N e ”
dETeSdQree — dETeCd e’ (10.22)
S S

using the methods from Sec. 10.3.3. From it, we sample random realizations of the observed
event sample, consisting of a random number Neyts of events, each with reconstructed energy and
direction, Eéﬁfi and Q).

Then, for a choice of the DM mass mpy; and lifetime 1), we compare the true event rate vs. the
test event rate expected from DM decay, dN{*'(9') /dEECd)™C, given by Eq. 10.19 evaluated at test
parameters ¢ = (mpy, = Mpm, Thy = TDM,,/\/&)J, é,erc%s)' This test event rate is computed
using the same piecewise background UHE neutrino spectrum, Eq. 10.18, that we used to infer the
DM mass and lifetime (Sec. 10.4.3).

Like when computing discovery forecasts, we compare the true (i.e., background-only) and test
(i.e., background plus DM) hypotheses via an unbinned likelihood, given by Eq. 10.20, i.e.,

_ e—NLt,eSt(ﬂ/) Nevts dNIEeSt(ﬂ/)
H Greeion

rec (yrec
Esh,i 4 Qi

Lean (8, {E;ﬁ‘;-, Qfec}) (10.23)

which relies on the full available information on the events, i.e., their joint angular and energy
distribution.

In addition, to highlight the role of the angular and energy information in placing bounds, we
compute separately analyses that use limited information. An analysis that relies only on angular
information uses a likelihood where the event rate is integrated across all reconstructed energies

from 107 GeV to 1010 GeV, i.e.,

, Nevts dNteSt(dl)

__ pJtest

Lang(',{O*}) = e ) 11 (/ dE;ﬁchrgchfeJ o) 1oz
i= s rec

An analysis that relies only on energy information uses a likelihood where the event rate is all-sky,

ie.,

, Nevts dNteSt(l,/)

_ nJtest

Lon(8,{E5S}) = e N [ ( / O ke erec) (10.25)
1= S.

And, finally, an analysis that relies only on the all-sky number of events of all energies uses

rec
Esh,i

Leount(#) = e N @) [Ntest (/)] Nevis (10.26)

Like for the DM discovery prospects before, we compute projected bounds on the DM mass

and lifetime using an Asimov event sample. In analogy to Eq. 10.14, we average the above
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likelihood functions over all possible random realizations of the observed events, sampled from
the underlying event distribution due to the non-DM background, dN;"™¢ /dEfecd()™. This yields
the average functions (In L), (In Lang), {(In Len), and (In Leount). In analogy to Eq. 10.15, we

define likelihood functions computed under the background-only hypothesis, e.g.,

(In Leanbg (N1 Nop Nos)) = im (In Lear (mpy, Tom Noay Voo No)),  (10.27)

Tha g0
where the right-hand side no longer depends on the DM mass and lifetime. Similar expressions
apply for the other likelihood functions, i.e., (Langbg), (Lenbg)s (Lcountbg)-

To place bounds, we follow Ref. [595] and define a test statistic that compares the true hypothesis—
that there is no DM neutrino flux—and test hypothesis—that there is a DM neutrino flux with

parameters mpy and Tpy. E.g., for the full analysis,

(Apan(mpm, Tom)) = —2mingg ar ag
X [<1n L (mom, oM, No 1, Nao Nos)) —
(In L bg (N1, N2 No3) >}

x O [tom — TM™] (10.28)

where O is the Heaviside function and tpy(mpy) is the value of the DM lifetime that, for a fixed
value of the DM mass, mpy;, maximizes the likelihood function (In Lgj). Similar expressions
apply for the other analyses, i.e., (Aang), (Aen), {(Acount). With this definition, under the null
hypothesis where neutrinos from DM decay exist, the test statistic should be distributed according
to a half-x? distribution with one degree of freedom. Hence, below, we place limits on the DM

lifetime at the 20 C.L. when (Agy)) > 2.7, and similarly for the other analyses.

10.5.3 Results

Figure 57 shows the resulting projected bounds on the DM lifetime, obtained by adopting our
benchmark medium non-DM UHE neutrino background. We extract two main observations from
it.

First, Fig. 57 shows that the existence of a sizable non-DM neutrino background appreciably

weakens the bounds, compared to those obtained by plainly demanding that no UHE neutrino
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Figure 57: Projected lower limits on the DM mass and lifetime from a search for UHE neutrinos in the radio array of IceCube-Gen2. The
limits are placed in the absence of detection of neutrinos from DM decay, assuming a medium-sized benchmark non-DM isotropic
background flux of UHE neutrinos, i.e., 10% of the cosmogenic neutrino flux by Bergman & van Vliet [193]; see Fig. 48. We show
bounds obtained using the joint angular and energy distribution of events—our main results—only the angular or only the energy
distribution, and only counting the all-sky rate of events of all energies. The bounds obtained using energy information dip
between 10° and 10'° GeV, where our benchmark background neutrino energy spectrum peaks and may mimic the spectrum of
neutrinos from DM decay. We adopt baseline choices of the detector angular and (logarithmic) energy resolution, 0 = 3° and
0. = 0.1; see Sec. 10.3.2. For comparison, we show limits obtained if no UHE neutrinos are detected at 2¢. This figure assumes
the NFW density profile for Galactic DM. Existing lower limits on the DM lifetime are the same as in Fig. 47. Even in the presence
of a sizable non-DM isotropic background flux of UHE neutrinos, using the angular and energy distributions of events keeps the projected
lower limits on DM lifetime comparable to, or better than present-day ones. See Fig. D2 for results obtained using a large UHE neutrino

background. See Sec. 10.5 for details.

is detected, which are representative of most previous analyses in the literature. (In Fig. 57, the

null-detection curve also corresponds to a value of the test statistic of 2.7, which implies a mean
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Figure 58: Projected lower limits on the DM lifetime for different choices of non-DM UHE neutrino background. Same as Fig. 57, but
showing only results obtained from the joint angular and energy analysis. We compare results obtained using our medium and
large benchmark background isotropic fluxes of non-DM neutrinos (Fig. 48), and using 10 years and 20 years of detector exposure.
The limit on DM lifetime is degraded for values of the DM mass that yield neutrino spectra that peak at energies where our
benchmark background neutrino spectrum also peaks, i.e., between 10° and 10'° GeV. This figure assumes the NFW density profile
for Galactic DM. The presence of a sizable non-DM isotropic background flux of UHE neutrinos will degrade the lower limits that can be

placed on the DM lifetime, but only within a window of values of the DM mass. See Sec. 10.5 for details.

number of detected events of 1.35.) Blatantly, when using only a counting analysis, the bounds
that we obtain are up to 40 times weaker than bounds obtained from demanding that no neutrino
is detected. In reality, how much the bounds are weakened will depend on the actual size and
shape of the non-DM background. Still, our results serve as a reminder that projected bounds on

the DM lifetime reported in the literature may be optimistic.
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Second, Fig. 57 shows that using the angular and energy event distributions mitigates how much
the bounds are weakened. Depending on the DM mass, they improve the bounds compared to
the counting analysis by a factor of 2-10. This holds even when adopting our benchmark large
background instead; see Fig. D2. Overall, using the angular and energy distributions allows
projected bounds to remain competitive with present-day ones.

The angular and energy information complement each other. Using the energy distribution
strongly improves the bounds at low and high DM masses. In the intermediate region, between
10° GeV and 10'° GeV, bounds that use energy information weaken because this is where our
benchmark background neutrino spectrum peaks (Fig. 48) and where it may be misconstrued as
being due to DM decay; see the discussion in Sec. 10.5.2. This is counteracted by using angular
information: in the 10°-10'° GeV range, where the detector response is largest (see Fig. 13 in
Ref. [346]), the isotropic neutrino background induces a number of events large enough for the
analysis to reject an excess towards the GC from DM decay. Figure 57 shows the result of this
interplay for our particular choice of non-DM background; in reality, the specifics will depend on
the actual size and shape of the background.

Figure 58 shows that using our large benchmark non-DM UHE neutrino background instead—
ten times larger than the medium one—weakens the bounds by only a factor of roughly 2, except
in the range 10°-10'° GeV, where the bounds weaken by a factor of up to 6, but even so remain
roughly competitive with present-day ones. This represents promising prospects: the background
flux we use here [193] is as large as allowed by the present-day IceCube [66] and Auger [67] upper
limits. Yet, even with this aggressive choice of background, our projected bounds in Fig. 58 remain
comparable or better than present-day ones.

Figure 59 shows that, naturally, the bounds degrade when using the Burkert Galactic DM
profile instead of the NFW profile. Because the Burkert profile is puffier, the bounds derived
from the analysis of the angular distribution of events are weakened, so most of the limit-setting
power comes from the energy distribution of events instead; see also Fig. D4. Still, the energy
analysis sets bounds using the Burkert profile that are only a factor-of-2 worse than using the NFW

profile. Thus, given our extant imperfect knowledge of the Galactic DM profile—in particular,
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Figure 59: Projected lower limits on the DM lifetime for NFW vs. Burkert Galactic DM profiles. Same as Fig. 58, but comparing results
obtained using the NFW vs. Burkert Galactic DM density profiles (see Fig. 49). In this figure, results are for discovery at > 20 after
20 years; see Fig. D4 for more results using the Burkert profile. If the Galactic DM profile is “puffy”, like the Burkert profile, bounds
weaken by a factor of roughly 2, compared to a “cuspy” DM profile, like NFW. See Sec. 10.5 for details.

given the possibility of a puffy DM profile—leveraging the interplay between energy and angular

information is key.

10.6 SUMMARY AND OUTLOOK

In the next decade, ultra-high-energy (UHE) neutrino telescopes, presently in planning, will deliver

a new way to look for heavy dark matter (DM), with masses in excess of 107 GeV, via its decay
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into UHE neutrinos, with energies in excess of 107 GeV. To properly harness this potential, it is
critical to disentangle the signatures of UHE neutrinos of DM decay origin from the signatures of
UHE neutrinos of astrophysical and cosmogenic origin—long-sought but still undiscovered—that
act as a background to DM searches. Failure to do so may incur in steep misrepresentation when
claiming discovery of DM decay, inferring the DM mass and lifetime in the event of discovery, or
setting bounds on the DM mass and lifetime otherwise. The task is complicated by the fact that
the size and shape of the non-DM neutrino background is unknown, that the number of detected
events may be small, and that the direction- and energy-measurement capabilities of the detectors
are limited.

Even so, we have shown, by means of detailed forecasts, that these obstacles are surmountable.
Key to that is to examine the energy and angular distributions of the detected UHE neutrinos. They
grant us access to the essential differences between the diffuse neutrino fluxes from DM decay
and from the non-DM background: in energy, the former is concentrated around the DM mass,
while the latter is more spread out (Fig. 48), and, in direction, the former is concentrated around
the Galactic Center (GC)—where DM is abundant—while the latter is isotropic (Fig. 50). In our
forecasts, we look for these differences in projected observations.

We have geared our forecasts to the radio-detection of UHE neutrinos in the envisioned IceCube-
Gen?2 neutrino telescope, which we simulate using state-of-the-art methods, including experimental
nuance that dull the above differences between the fluxes. Our findings are promising: these
differences survive an analysis under realistic experimental conditions (Figs. 51, 52). Therefore,
while the existence of a non-DM UHE neutrino background, even the largest presently allowed,
weakens claims of discovery of DM decay or bounds on it, it does not necessarily preclude them.
Still, the limit-setting potential and, particularly, the discovery potential, are contingent to the
Galactic DM profile peaking markedly towards the GC (Figs. 54 and 59).

Regarding the discovery of DM decay, we have shown that DM with mass between 108 GeV
and 10! GeV and lifetime of roughly 10* s should be discoverable after 10 years of operation
of the radio array of IceCube-Gen2, even in the presence of a medium-sized non-DM neutrino
background that yields about 3 events per year (Fig. 53). This is conservatively achieved using

only the angular distribution of detected events. Under a larger background, of about 33 events
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per year, discovery becomes unfeasible in the face of existing bounds on the DM lifetime. Our
discovery forecasts depend only mildly on the shape of the energy spectrum of the non-DM
neutrino background—whose size we let float in our analyses—and depend mainly on the total
number of events.

In the event of discovery, the DM mass and lifetime could be measured with reasonable accuracy
and precision (Fig. 55), depending on their true values, and the flux of UHE neutrinos from DM
decay could be similarly inferred (Fig. 56). Importantly, this result is robust: when inferring the
values of the DM parameters—and also when setting bounds on them (see below)—we analyze
the simulated event samples without assuming knowledge of the shape and size of the energy
spectrum of the non-DM neutrino background.

If discovery is not possible, we will be able to place lower limits on the DM lifetime, which
we forecast. Using the joint angular and energy distribution of events allows us to constrain the
presence of bump-like energy spectra and excesses towards the Galactic Center even under chal-
lenging, but plausible scenarios where the energy spectrum of the non-DM neutrino background is
medium-sized and whose bump-like energy spectrum inconveniently resembles that of neutrinos
from DM decay (Fig. 57). Even in the presence of a large bump-like non-DM background, using the
energy distribution of events safeguards the limits on the DM lifetime for DM masses sufficiently
far from the peak of the non-DM flux (Fig. 58). Overall, we forecast lower limits on the DM lifetime
that are comparable to, or better than, existing limits from gamma rays and TeV-PeV neutrinos.

While our forecasts are geared to the detection of UHE neutrinos in the radio array of IceCube-
Gen2, our conclusions apply generally to planned neutrino telescopes of comparable size, radio-
based and otherwise, and our methods can be readily adapted to them. In particular, detectors
with an envisioned high angular resolution, like GRAND, could be better at discovering or
discriminating against an excess of events towards the GC [567].

It seems that, fortunately, the potential of next-generation UHE neutrino telescopes to probe

heavy DM decay may be safeguarded against sizable unknown neutrino backgrounds.
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10.7 CRITICAL OUTLOOK

This section analyzes the key findings and limitations of this study. It also provides insights into

the future perspectives and potential advancements in the search for dark matter signatures.

10.7.1  Owerview and main findings

Our research identified promising paths for the detection and study of heavy dark matter through
its potential decay into ultra-high-energy neutrinos. Through detailed forecasts and simulations,
we demonstrated that the challenges posed by an unknown background of non-DM UHE neutrinos
can be surmountable, and the prospects for discovery and measurement of dark matter properties
are encouraging.

The key findings of this study include:

e The ability to discover dark matter decay for masses between 10® GeV and 10'° GeV and
lifetimes around 10% s with the radio array of IceCube-Gen2, even in the presence of a

medium-sized non-DM neutrino background.

* The feasibility of measuring the dark matter mass, lifetime, and UHE neutrino flux in the

event of discovery, providing valuable insights into the nature of DM particles.

¢ The robustness of lower limits on the DM lifetime, which remain competitive with existing
limits even when faced with challenging scenarios involving a significant non-DM neutrino

background.

10.7.2  Limitations and future perspective

Some aspects and challenges deserve attention in future research on this topic:

 Characterization of Non-DM Neutrino Background: It is essential to continue efforts to refine

our understanding of the non-DM UHE neutrino background. This involves improving our
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knowledge of its energy spectrum and spatial distribution. More precise measurements of

astrophysical sources and cosmic ray interactions could contribute to this characterization.

¢ Galactic DM Profile: The sensitivity of DM detection and lower limit setting depends signifi-
cantly on the assumed Galactic DM profile. Future studies should explore the implications of
different DM density profiles, considering both the NFW and Burkert profiles as this study

does, to account for uncertainties in this aspect.

* Angular Resolution: As detector technologies advance, the angular resolution of UHE neutrino
telescopes may improve. Investigating how an improved angular resolution impacts the
discrimination between DM decay signals and non-DM backgrounds is an avenue for future

exploration.

* Energy Calibration and Spectrum: Ongoing advancements in energy calibration and the ability
to reconstruct neutrino energy spectra accurately will be critical for disentangling the energy

distributions of DM and non-DM neutrinos effectively.

e Different Neutrino Detection Techniques: While this research focuses on radio-detection in
IceCube-Gen2, exploring the capabilities and limitations of other detection techniques and
proposed neutrino telescopes (e.g., GRAND) is vital for a comprehensive assessment of the

field.

e Statistical Methods: Development and refinement of statistical methods for robustly distin-
guishing DM signals from backgrounds will be essential. Exploring Bayesian techniques,

machine learning approaches, and refined likelihood analyses can enhance sensitivity.

In summary, this work provides a strong foundation for the pursuit of DM detection via UHE
neutrinos. Addressing these critical aspects and challenges will further advance the field, enabling

more robust and sensitive searches for heavy DM decay in the coming years.
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CONCLUSION

We have explored the transformative potential of UHE neutrinos. This work was motivated by the
near-future availability of UHE neutrino telescopes with realistic discovery prospects in the next
10-20 years. Our research journey has taken us through a series of investigations, each contributing
to our understanding in the fields of particle physics and neutrino astronomy. In this concluding

chapter, we summarize the key findings and overarching contributions of this work.

11.1 SUMMARY OF KEY FINDINGS

11.1.1 Discovering the first EeV neutrinos

In Chapter 7, we embarked on a comprehensive exploration of the physics opportunities presented
by UHE neutrinos, in particular in the energy range between 10 PeV to 10 EeV. By leveraging state-
of-the-art simulations and detailed theoretical treatment, we provided insights into the potential
discovery of a diffuse flux of UHE neutrinos within the next 10-20 years. Our findings under-
scored the transformative potential of next-generation UHE neutrino telescopes, with encouraging
prospects for discovering benchmark UHE neutrino flux models, even under conservative analysis
choices.

This detailed investigation identified some key features as the most relevant for optimizing the
discovery prospects of an UHE neutrino flux within one decade of exposure. The key findings

from this research included:
¢ The importance of characterizing the UHE tail of the astrophysical neutrino flux.

¢ The impact of energy and angular resolution on UHE neutrino flux discovery potential.
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¢ The significance of Earth-skimming neutrinos in breaking degeneracies in flux and cross-

section measurements.

¢ The limited effect of atmospheric muon background on discovery potential due to its spectral

shape and localization.

Our work in Chapter 7 laid a robust foundation for advancing astroparticle physics and encour-

aged collaboration among experimental scientists to adopt our methods for future discoveries.

11.1.2 UHE Neutrino Spectrum and Neutrino-Nucleon Cross Section Measurement

Chapters 6 and 8 presented our efforts in pursuing a joint measurement of the UHE neutrino
spectrum and neutrino-nucleon cross section. Chapter 6 presented a relatively simple parametriza-
tion of the neutrino flux and the cross section that was only sensitive to energy-independent
deviations.It was this study that allowed us to build the foundations of the numerical and com-
putational tools that were later exploited for more complex analyses. Furthermore, the results in
Ch. 6, together with those in Ch. 7, motivated us to pursue a more ambitious goal: a simultaneous
reconstruction of the UHE neutrino flux and energy-dependent vN cross section with little implicit
theory bias in the flux and cross-section models.

Chapter 8 explored various neutrino flux parametrizations and their impact on the precision and
accuracy of measurements. Notably, we introduced the PCHIP model as a preferred flux model,
capable of reconstructing any neutrino flux spectral shape with a balance of precision and accuracy.
We showcase its capabilities by comparing its performance to that of simpler parametrizations,
such as simple power-law, commonly used in the PeV-TeV energy range.

The key findings of this venture can be summarized in the following;:

¢ The demonstration of the potential of UHE neutrinos to unlock a new frontier for particle

physics explorations.
¢ The identification of the PCHIP model as a versatile and accurate flux parametrization.

¢ Recommendations for optimizing detector designs and the potential benefits of combining

optical and radio arrays.
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Our research in Chapters 6 and 8 highlighted the importance of refining flux models, optimizing
detector configurations, and exploring synergies between detector components for precise UHE

neutrino measurements.

11.1.3  Search for Sources of UHE Neutrinos

Chapter 9 undertook the task of forecasting the discovery of point sources of UHE neutrinos. This
goal is closely connected with the central ambition in astroparticle physics of finding the sources of
UHECRSs. By looking for multiplets of UHE neutrinos arriving from similar directions, we aimed
to identify potential point sources. Our research offered valuable insights into the constraints on
steady-state and transient source classes.

The key contributions and findings in Ch. 9 include:

* The identification of promising candidate source classes, ranging from active galactic nuclei

to hypernovae.

¢ The use of the projected discovery of multiplets, or lack thereof, to place constraints on the

properties of populations of UHE neutrino sources.

* Recommendations for future UHE neutrino telescopes, including target angular resolution.

Chapter 9 provided the first search for UHE neutrino point sources based on realistic detector
detail, establishing a solid foundation for these kind of searches in the near future once multiple

UHE neutrino telescope come online.

11.1.4  Physics Opportunities with Ultrahigh-Energy Neutrinos

Chapter 10 ventured into the realm of dark matter. It provided the first forecast for the detection
of DM decaying into UHE neutrinos that uses detailed, realistic experimental capabilities. This
chapter addressed the challenges posed to the discovery of heavy dark matter by an unknown
background of non-DM UHE neutrinos and demonstrated the feasibility of detecting DM decay

signatures over this background. We found enouraging for discovering DM decay, measuring
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DM mass and lifetime, and setting limits on DM lifetime. This study on the connection between
UHE neutrinos and dark matter is representative of the potential of UHE neutrinos for hunting for
evidence of physics beyond the Standard Model..

The list of key findings from this study include:

¢ The ability to discover DM decay for a range of masses and lifetimes despite the presence of

a non-DM neutrino background.

¢ The feasibility of measuring the DM mass and lifetime, providing insights into the nature of

DM particles.

Chapter 10 laid the groundwork for the robust pursuit of DM detection via UHE neutrinos and

highlighted areas for future research.

11.2 CLOSING REMARKS

In conclusion, our journey through the world of ultrahigh-energy neutrinos and their potential
for astrophysical discoveries has been both enlightening and challenging. Our work has made
significant strides in understanding the prospects of discovering the UHE neutrino flux, UHE
neutrino source searches, and the pursuit of dark matter detection.

As we peer into the future, the mysteries of the high-energy Universe beckon us to continue
our exploration. With advancements in technology and through interdisciplinary research, we
are poised to unlock even more profound insights with the collective efforts of researchers from
diverse fields.

The path ahead is filled with exciting possibilities, and the knowledge gained from this thesis

will serve as a solid foundation for future endeavors in the evolving field of astroparticle physics.
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APPENDIX: UHE vN CROSS SECTION MEASUREMENTS

A.1 POSTERIOR DISTRIBUTIONS FOR ALL BENCHMARK UHE NEUTRINO FLUX MODELS

In the main text we used twelve benchmark UHE neutrino flux models to make our forecasts of
cross-section measurements; see Section 6.4. For all of them, we showed expected shower rates in
IceCube-Gen? in Table 1 and one-dimensional marginalized posteriors of f, and fg in Table 2, but
we showed two-dimensional posteriors of f, and fg only for four of them, models 2, 4, 6, and 7, in
20.

Figure A1 shows the two-dimensional posteriors of f, and fg for all benchmark flux models,
for the same baseline detector parameters as in 20. From top to bottom and left to right, results
are arranged in order of increasing sensitivity, from the most pessimistic to the most optimistic
scenarios.

Figure A2 shows the corresponding one-dimensional marginalized posteriors of f, and f¢. The

68% C.L. ranges in this figure match those shown in Table 2.

292



A.1 POSTERIOR DISTRIBUTIONS FOR ALL BENCHMARK UHE NEUTRINO FLUX MODELS 293

-7 S
O Real value
—~ % Bestfit
— 0 68%ClL.
‘5-4 . 95%CLL.
92} B 99.7% C.L.
D
w
810
O_1 .
> Heinze et al, fit to Auger UHECRs 4 IceCube HESE (7.5 yr) extrapolated Rodrigues et al., all AGN Rodrigues ef al., HL BL Lacs.
() (N, =0.71) ol (N, =0.73) (Ny =0.89) (N, =24.24)
U*l e e e S S R
~, L e e e N L e e e
~
&
S
o~
]

LB B L B

N

=
o
—
o0
o
—
N

>
[9) Muzio et al., fit to Auger & IceCube E TceCube v, (9.5 yr) extrapolated Muzio et al., maximum extra p component Fang & Murase, cosmic-ray reservoirs

U (N, =17.12) C (N, =26.9) C (N, = 56.55) (N, = 57.41)

— F JF JF ]
> 9 1F 1r \ E
o r 1r 1r ]
g 10F 1 F 1 F 1

&7 |

& r 1r ] ]

= -11 C a1 —4F B

< E Padovani et al., BL Lacs Fang ef al., newborn pulsars 1F Rodrigues et al., all AGN ] Bergman & van Vliet, fit to TA UHECRs |

r (N, =57.85) r (N, = 125.38) 1r (N, = 107.16) q (N, =33234) q

N e e S e MY
0 2 0 2 0 2 0

UHE vN cross section, log;, fo = log((0/0xq)

N

Figure Al: Same as 20 in the main text, but for all the benchmark UHE neutrino flux models adopted in our analysis; see Section 6.4.



A.1 POSTERIOR DISTRIBUTIONS FOR ALL BENCHMARK UHE NEUTRINO FLUX MODELS 294

@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs [l Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs
@ IceCube vy (9.5 yr) extrapolated Rodrigues et al., all AGN ° Fang & Murase, cosmic-ray reservoirs 0 Muzio et al., maximum extra p component
Heinze et al, fit to Auger UHECRs @) Rodrigues et al., all AGN <€) Fang et al., newborn pulsars @ Muzio et al., fit to Auger & IceCube

0/ 044, marg. posterior

—_
[«
=)

Cross section, f

IceCube-Gen2 Radio, 10 years]

T
Best fit
68% C.L.

95%C.L. |
99.7% C.L. |

[ERp———

D)/ D 5tq, marg. posterior

IceCube v extrapolated
Cosmogenic v
Source v

[ X3 K

Cosmogenic + source v
1

® o ® & 6 =nm

Ultra-high-energy neutrino flux model

Flux normalization, fe

Figure A2: One-dimensional marginalized posteriors of the UHE vN cross section, f,, and the UHE neutrino flux normalization, fo, for all
the benchmark UHE neutrino flux models adopted in our analysis. See A1 for the corresponding two-dimensional posteriors and

Table 2 for numerical values.



APPENDIX: UHE NEUTRINO FLUX DISCOVERY

B.1 IMPACT OF THE BACKGROUND UHE TAIL OF THE ICECUBE HIGH-ENERGY NEU-

TRINO FLUX ON ALL UHE NEUTRINO FLUX MODELS

Figure 31 in the main text showed, for benchmark UHE neutrino flux models 6 and 7 [179],
the impact on the flux discovery potential of using our three choices of background UHE tail
of the IceCube high-energy neutrino flux: hard-spectrum—our conservative baseline choice—
intermediate, and soft-spectrum. See Section 7.4.5.2 for details.

Figure B1 extends the result to all flux models 3-12. The same conclusions as in Section 7.5.2.4
hold: using a softer background UHE tail of the IceCube high-energy neutrino flux may expedite
flux discovery significantly. However, UHE neutrino flux models with meager event rates, like
flux models 3 and 5 (see Table 3) remain undiscoverable regardless of the choice of background.

Figure 38 in the main text showed, for all benchmark UHE neutrino flux models, the confusion
matrix representing the degree of separation between models achievable, after 1, 3, and 10 years of
detector exposure. Those results were computed under our baseline choice of a hard-spectrum
UHE tail of the IceCube high-energy neutrino flux.

Figure B2 shows the confusion matrix computed using also the intermediate- and soft-spectrum
choices of the UHE tail of the IceCube high-energy neutrino flux, for a fixed exposure time of 3
years. Using a softer background appreciably improves the separation between UHE neutrino flux
models 3-12, since it allows the features of their event energy distributions to be resolved more

cleanly.
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Figure B1: Discovery potential of benchmark UHE neutrino flux models 3-12 [174-180, 193] (see Fig. 26) in the radio array of IceCube-Gen2,
for three different choices of the background UHE tail of the IceCube high-energy neutrino flux; see Section 7.4.5.2. All other
analysis choices are baseline and conservative; see Table 4 and Section 7.5.2.1. UHE neutrino flux models 1 [188] and 2 [37]—the
UHE extrapolation of the IceCube high-energy neutrino flux—are not included in this figure because in their analysis the sole
background is from atmospheric muons; see Section 7.5.2.9. Left: Baseline choice of a hard-spectrum background, with spectral
index 7y = 2.37, motivated by the IceCube 9.5-year through-going v, analysis [37]. Results match Fig. 25 in the main text. Center:
Intermediate background, with the same normalization, but v = 2.50. Right: Soft-spectrum background, with ¢ = 2.87, motivated

by the IceCube 7.5-year HESE analysis [188]. See Appendix B.1 and Section 7.5.2.4 for details.
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Figure B2: Confusion matrix showing the experimental separation between true and test UHE neutrino flux models 3-12 (see Fig. 26) in the
radio array of IceCube-Gen?2, after T = 3 years of detector exposure, computed using the same three choices for the background
UHE tail of the IceCube high-energy neutrino flux as in Fig. B1; see Section 7.4.5.2. All other analysis choices are baseline and
conservative; see Table 4 and Section 7.5.2.1. Left: Baseline choice of a hard-spectrum background. Results match Fig. 38 in the

main text. Center: Intermediate background. Right: Soft-spectrum background. See Appendix B.1 and Section 7.6.2 for details.
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B.2 IMPACT OF THE DETECTOR ANGULAR AND ENERGY RESOLUTION ON ALL UHE

NEUTRINO FLUX MODELS

Figure 34 in the main text showed, for benchmark UHE neutrino flux model 6, the impact on
the flux discovery potential of alternative choices of the detector energy and angular resolution.
In connection to Fig. 34, in Section 7.5.2.7 we found that poorer energy resolution hinders flux
discovery by diluting the features of the event energy spectrum and poorer angular resolution, by
preserving the innate degeneracy between the UHE neutrino flux and cross section (see Section 7.3).
Here we extend these results to all the benchmark UHE neutrino flux models 1-12. As for Fig. 34,
when changing the energy and angular resolution, we change the size of the bins of reconstructed
shower energy and reconstructed zenith angle commensurately; see Section 7.5.2.7.

Figures B3 and B4 show, respectively, the flux discovery potential for detector energy resolution
of ¢ = 0.1 (our baseline choice), 0.5, and 1.0, and for detector angular resolution of oy, = 2° (our
baseline choice), 5°, and 10°, for the benchmark UHE neutrino flux models 3-12. The results are
similar as for flux model 6 in Fig. 34.

Figures B6 and B5 show the confusion matrix representing flux model separation, after 3 years of
detector exposure, for the same choices of detector angular and energy resolution, respectively, as
Figs. B4 and B3. Since most of the power to separate between flux models comes from resolving the
differences between their event energy distributions, model separation is affected more severely
by poorer energy resolution than by poorer angular resolution.

Figure B4 shows a subtle feature: for some flux models, notably, for flux model 1, poorer angular
resolution improves the discovery potential, which seems counter-intuitive. The reasons behind
this behavior expose limitations associated to using a binned likelihood to compute the flux
discovery potential (Section 7.5.1). In our prescription, the event rates of low UHE neutrino fluxes,
like flux model 1, that predict fewer than one event in a decade of detector exposure (Table 3), are
plagued by a large number of unpopulated event-rate bins in many of the random realizations
of their mock observed event rates that we use to compute the mean discovery Bayes factor
(Section 7.5.1). (High UHE neutrino fluxes are unaffected because they do not have unpopulated

event bins.) When using poorer detector resolution in our forecasts, as in Fig. B4, our prescription
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Figure B3: Impact of the resolution of the radio array of IceCube-Gen?2 in measuring the reconstructed energy, o = 0.1 (left, our baseline
choice), 0.5 (center), and 1.0 (right), on the flux discovery potential of UHE neutrino flux models 1-12. All other analysis choices

are baseline; see Table 4 and Section 7.5.2.1. See Appendix B.2 and Section 7.5.2.7 for details.

changes to using coarser event bins (Section 7.5.2.7). This reduces the number of unpopulated
bins by merging formerly unpopulated with populated bins and this, in turn, improves the flux
discovery potential of the low UHE neutrino flux models, as seen in Fig. B4 for flux model 1.

Figure B3 shows that, in contrast, when using poorer energy resolution the discovery potential of
flux model 1 remains unchanged. There are two competing effects responsible for this. On the one
hand, like with poorer angular resolution, using a poorer energy resolution induces coarser binning
and improves discovery prospects. On the other hand, unlike with poorer angular resolution,
using poorer energy resolution reduces the integrated event rate due to some events leaking out of
the energy range of interest to our analysis, E;¢ = 107-10'° GeV, on account of broader Gaussian
energy resolution function; see Eq. (15) in Ref. [346]. These two effects balance each other out,
leaving the discovery potential of flux model 1 unchanged.

Evidently, the above features are not physical, but rather limitations that stem from using a
binned likelihood for scenarios of low event rates. In revised versions of our analysis [336], these

limitations will be overcome by switching to an unbinned likelihood analysis.
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Figure B4: Impact of the resolution of the radio array of IceCube-Gen2 in measuring the reconstructed zenith angle, 0y, = 2° (left, our
baseline choice), 5° (center), and 10° (right), on the flux discovery potential of UHE neutrino flux models 1-12. All other analysis

choices are baseline; see Table 4 and Section 7.5.2.1. See Appendix B.2 and Section 7.5.2.7 for details.
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Figure B5: Impact of the resolution of the radio array of IceCube-Gen2 in measuring the reconstructed energy, o = 0.1 (left, our baseline
choice), 0.5 (center), and 1.0 (right), on the confusion matrix that represents the separation between true and test UHE neutrino
flux models 3-12, after T = 3 years of detector exposure. All other analysis choices are baseline; see Table 4 and Section 7.5.2.1.

The left panel coincides with Fig. 38 in the main text. See Appendix B.2 and Section 7.6 for details.

B.3 IMPACT OF THE SURFACE VETO ON THE FLUX DISCOVERY POTENTIAL

Section 7.5.2.3 found that increasing the normalization of the background of atmospheric muons
has little impact on the flux discovery potential. (The same may not be true of changing the energy

spectrum of the background.) Our baseline analysis choice for the atmospheric muon background
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Figure B6: Impact of the resolution of the radio array of IceCube-Gen2 in measuring the reconstructed zenith angle, 0y, = 2° (left, our

Figure B7: Same as Fig. 37 in the main text, for UHE neutrino flux model 2 [37] only, but showing the impact of using the veto of air-shower

includes applying a veto from air-shower surface detectors to mitigate it, following Ref. [77]; see
Section 7.4.5.1 for details. Removing the surface veto increases the background rate, especially at
high energies, though not greatly; see Fig. 15 in Ref. [346]. Here we study the impact of the surface

veto on our results; we focus on its impact on the discovery of flux model 2 [37], for which the only
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background is from atmospheric muons.
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Figure B8: Mean and standard deviation of the discovery Bayes factor of benchmark UHE neutrino flux models 6 and 7 [179] (see Fig. 26).
The mean is computed using Eq. (7.21); the standard deviation is built from many random realizations of the observed event
rate in the radio array of IceCube-Gen2. Left: Evolution of the mean and standard deviation with detector exposure time. Right:
Probability distribution functions of the Bayes factor after T = 5 years of detector exposure. See Appendix B.4 and Section 7.5.1

for details.

Figure B7 shows that switching off the surface veto shifts the discovery Bayes factor to longer
exposure times. This delays the discovery of flux model 2, but only slightly. This weak impact is
expected, since flux model 2—and our other benchmark UHE neutrino flux models (Section 7.2)—
reach higher energies than the atmospheric muon background, even without the surface veto, and
so can be clearly separated from it; see Fig. 27 and Fig. 15 in Ref. [346].

Thus, the discovery of flux model 2 with a high cut-off energy is only delayed by a few months,
since in that case events induced by it reach EF® > 108 GeV, far from the atmospheric muon
background that is concentrated at EZZ® < 108 GeV. The discovery of flux model 2 with a low cut-off
energy is delayed longer; at worst, by a handful of years, for E1I/_,I(]:3ut = 50 PeV. Other UHE neutrino
flux models with meager associated event rates, like flux models 1, 3, and 5, remain undiscoverable
even if the surface veto is switched off. Overall, these results suggest that the surface veto, while

helpful, might not be determinant for UHE neutrino flux discovery (barring a change in the

atmospheric muon background that stretches it to higher energies; see Section 7.5.2.3).
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B.4 STATISTICAL SIGNIFICANCE OF THE MEAN BAYES FACTOR

In the main text and other appendices, we reported our results in terms of the mean Bayes factor,
Eq. (7.21), averaged over Ngmples = 10* random realizations of the observed event rate, following
the prescription in Section 7.5.1. Here, we examine the distribution of values of the discovery
Bayes factor obtained in those random realizations, in order to assess how representative the mean
value is of the underlying distribution.

Figure B8 shows the mean value and standard deviation of the discovery Bayes factor for two
representative UHE neutrino flux models, models 6 and 7 [179]. For both models, the standard
deviation is broad, especially at low exposure times, where event rates are low and more severely
affected by random Poissonian fluctuations; see Section 7.5.1.

Figure B8, left, shows that within the standard deviation of the Bayes factor the detector exposure
time needed for flux discovery can be significantly longer or shorter compared to the man, by up
to years. In the case of flux model 7, decisive discovery may be unfeasible within 20 years if the
observed Bayes factor lies close to the bottom of its standard deviation. UHE neutrino flux models
with larger event rates have a smaller spread of their discovery Bayes factor, and so their discovery
is more robust to statistical fluctuations, viz. flux models 6 vs. 7 in Fig. BS, left.

Figure B8, right, shows the corresponding probability distribution functions of the Bayes factor
after 5 years of exposure. The distributions span several orders of magnitude in B. This justifies
our averaging procedure, introduced in Section 7.5.2.1, of reporting our results via the arithmetic
mean of log,, B or, equivalently, the geometric mean of 3, to avoid biasing the mean Bayes factor
towards large, unrepresentative values. At longer exposure times, where event rates are higher,
the probability distribution functions become more symmetric and narrower around the mean,

mitigating our original need to avoid the above bias.

302



APPENDIX: UHE NEUTRINO POINT SOURCE DISCOVERY

C.1 DERIVATION OF THE PROBABILITIES TO DETECT MULTIPLETS

In the main text, we computed the size of the smallest multiplet required to claim detection of
a source located at different positions in the sky, i.e., in each pixel in the sky. For each pixel, we
computed the global probability that one or more multiplets of that size appears anywhere in
the sky as a result of random over-fluctuations of the diffuse background of UHE neutrinos and
atmospheric muons. From the global probability, we computed the local p-value, in each pixel,
that is required to claim source detection. Below, we derive the global probability and generalize it.

Reference [371] adopted a different, but related strategy to ours. They used the sky-wide
distribution of the angular separation of detected neutrino pairs to reject the hypothesis of no
point sources. This strategy does not directly lead to locating point sources, but has the well-suited
for identifying the presence of a large number of dim point sources that might not be discovered
individually. This is because a dim point source may produce a multiplet that is not large enough
to claim lead to source discovery by itself, yet the detection of more than one such multiplet may
reveal the subtle presence of point source, since it is unlikely that the pure diffuse background
leads to sub-threshold fluctuations in the number of events in multiple pixels simultaneously.
Reference [472] applied these methods to locate sources by ranking the pairs according to their
statistical significance. Below, we extend our methods in a similar direction, using the combined
information from more than one multiplet over all the sky. However, we do not use this extension
to produce the results in the main text.

In the i-th pixel, the probability of detecting a multiplet of any size at less than the local p-value

pis
) Vk
mp) = Y bew, 1)
k=m(p) *
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C.1 DERIVATION OF THE PROBABILITIES TO DETECT MULTIPLETS

where 71;(p) is the size of smallest multiplet required to claim detection at local p-value p, as
defined in the main text. If the number of events were a continuous variable, 77;(p) would be
identically equal to p. However, because the number of events is a discrete quantity, 77;(p) jumps
discontinuously and is always less than or equal to p.

The probability 77;(p) is local, in the sense that it involves a single pixel. To shift to a global
description, i.e., one that accounts for the full sky, we compute the probability for the detection of

no multiplet anywhere in the sky, i.e.,

Npixels
Po(p) =TT (1=mi(p)), (C2)
i=1
where Npixels is the number of pixels that tessellate the sky. The probability of detection of exactly
one multiplet in the j-th pixel, and no multiplet in any other pixel, is
Npixels
Pii(p) = mi(p) TT (1—m(p)) - (C3)
i£],i=1
From this, the probability of detection of exactly one multiplet in any of the pixels is
Npixels

Pi(p) =Y. Pii(p). (C4)
j=1

These results can be generalized to the case of multiple multiplets: the probability of detection

of Nyt multiplets in the pixels jq, ..., jn,,, i

N, pixels

(p) I (1-m(p)) , (C.5)

B (e N JA=1

mult

PNt o (P) = 7T (P) - Ty,

ult

and the probability of detection of Ny; in any of the pixels is

N pixels N pixels N pixels

meulf(p) = Z Z o Z PNmult;jlr"'/jN

=1 pFEue=l Ny e F G i) AN =1

mult

(p) - (C.6)

mult

The functions Py(p), P1(p), ..., PN, (p) represent how likely it is to detect 0, 1, ..., Ny multiplets
over all sky, each at local p-value p. Using them, we define the probabilities P>, (p) of detecting
at least n multiplets in the pure-background case. The probability P>o(p) = 1 identically. The

remaining probabilities are computed recursively via

P>y(p) = Pon-1(p) — Pu-1(p) - (C.7)

The probabilities P>, (p) allow us to define the global p-values for the rejection of the pure-

background hypothesis, accounting for the look-elsewhere effect. In particular, if n multiplets
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Figure C1: Global probabilities, P, (p) (left), and p-values, P>, (right), in the IceCube-Gen2 radio array, as functions of the local p-value p, for
the first few multiplets. The diffuse UHE neutrino background is our benchmark intermediate background; see Appendix C.4.
The radio array design is our baseline design (see main text), the detector angular resolution is our 0y, = 2°, and the exposure

time is T = 10 years. See Appendix C.1 for details.

are detected, each with a local p-value smaller than p, the global p-value is P>, (p). Indeed, the
definition adopted for the global p-value in the main text coincides with P>1(p).
Figure C1 shows the functions P,(p) and P>,(p) for the first few values of n, assuming our

intermediate benchmark diffuse UHE neutrino background; see Appendix C.4. For very small local

p-values p, the probability of detecting a multiplet anywhere in the sky is negligible, i.e., Py(p) ~ 1.

At larger values of p, it becomes increasingly likely that one or more multiplets are detected
anywhere in the sky, due to the large number of pixels. For our baseline choice of detector angular
resolution of 0y, = 2° (see the main text), there are Npixels =~ 3400 pixels. Hence, the threshold
value of p at which the probability of detecting one multiplet, P; (p), becomes significantly large is
between 10~* and 1073, of the order of 1/ Npixels-

Correspondingly, the global p-values for diffuse background rejection in the case of 1, 2, and 3
detected multiplets, shown in Fig. C1, monotonically increase with p. Further, the global p-value
at a fixed value of p decreases monotonically with the number of detected multiplets. This means
that, for a fixed global confidence level, if the sky contains more multiplets, then a larger value of
p is sufficient to claim background rejection. For example, claiming a 5¢ detection with a single
multiplet requires p ~ 10~?, whereas claiming it with two multiplets requires only p ~ 10~

Therefore, even if the two multiplets are detected with p-values that are insufficient to claim their

6
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C.2 RADIO-DETECTING ULTRA-HIGH-ENERGY NEUTRINOS IN ICECUBE-GEN2

discovery as two individual point sources, we can still claim that there is at least one point source
in the sky.

Above, in C.6, we implicitly assumed that, regardless of the number of multiplets detected, each

multiplet was detected with the same p-value p. However, in data collected by a real experiment,

it is unlikely that all multiplets have the same local p-value. In that situation, we can compute the

global p-value for the hypothesis that no point source is present in any pixel as

plxels (¢S] k
global H 2 l, (C8)
=1 k= nobs '

where n?bs is the observed number of events in the i-th pixel. This approach amounts to a

complementary, binned version of the method in Ref. [371]. However, it is only feasible a posteriori,

with the data available. That is why, in our analysis, we focus on a simplified version where all

multiplets have the same local p-value.

C.1.1  Temporal look-elsewhere effect

For transient sources, with a neutrino-emission period of duration dt, e.g., a flaring blazar or
gamma-ray burst, this procedure requires modification. If the detector exposure time T >> 6t, a
look-elsewhere effect may also happen in time, i.e., background over-fluctuations in any of the
N;; = T/0t time intervals may be misattributed to transient sources. To prevent this, we raise
the number of pixels to Npjxels X Ny, scale the background event rate in each pixel by 1/ N, and

repeat the procedure introduced in the main text to claim source discovery.

C.2 RADIO-DETECTING ULTRA-HIGH-ENERGY NEUTRINOS IN ICECUBE-GEN?2

To compute neutrino-induced event rates at the IceCube-Gen2 radio array, we follow the procedure
introduced in Ref. [346]. Below, we sketch it; for details, we defer to Ref. [346].

After UHE cosmic neutrinos reach the surface of the Earth, they travel underground towards
the detector, IceCube-Gen2, at the South Pole, across different directions. Underground, neutrinos

interact with matter; as a result, their flux is attenuated and shifted to lower energies. These effects
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C.2 RADIO-DETECTING ULTRA-HIGH-ENERGY NEUTRINOS IN ICECUBE-GEN2

grow with the matter column density traversed by the neutrinos on their way to the detector, i.e.,
they depend on the neutrino direction. Downgoing neutrinos arrive at the detector from above,
after traversing a small column density, and so are largely unattenuated. Upgoing neutrinos
arrive at the detector from below, after traversing up to diameter of the Earth, and so their flux is
attenuated to the point of being negligible. Earth-skimming neutrinos arrive at the detector from
directions around the horizon, and so their flux is attenuated, but not fully; in general, it remains
detectable.

The leading neutrino-matter interaction at ultra-high energies is neutrino-nucleon (vN) deep-
inelastic scattering (DIS) [217-220]. An interaction can be neutral-current (NC)—when it is medi-
ated by a Z boson, i.e., v; + N — v; + X, where X are final-state hadrons-or charged-current (CC),
ie, v+ N — I~ + X—when it is mediated by a W boson. NC interactions shift neutrinos down to
lower energies; CC interactions dampen the flux by removing neutrinos. At ultra-high energies,
CC interactions of v may lead to “v; regeneration,” which makes v more likely to survive their
passage through Earth [598-605]. We compute neutrino in-Earth propagation at next-to-leading
order, for v, and 7, (v = e, 4, T) separately, using the state-of-the-art tool NUPROPEARTH [209,
210]. For the internal matter density of Earth, we use the Preliminary Reference Earth Model [295].

Inside the detector, a neutrino interacts with a proton or neutron of the Antarctic ice, via
vN DIS, triggering a high-energy particle shower that receives a fraction of the neutrino energy.
As the shower develops, the charged particles in it emit a coherent radio signal—Askaryan
radiation [165]. It offers a promising method of detecting UHE neutrinos [204], validated by
laboratory measurements [169, 305, 306] and atmospheric shower measurements [304, 307-309].
Existing UHE neutrino telescopes—ARA [316], ARIANNA [69]—and upcoming ones—RNO-
G [71], IceCube-Gen2 [39]—target it. Because radio waves have an attenuation length of roughly
1 km in ice [310], compared to the roughly 100 m for optical light applicable to optical-Cherenkov
detectors like IceCube, a large detection volume can be monitored with sparser instrumentation.
The simulated detector volume is a cylinder 1.50 km tall, its top lid, with an area of 500 km?, buried
100 m underground [346].

Following Ref. [346], we model the IceCube-Gen?2 response as the fraction of all the neutrino-

initiated showers inside the geometric volume of the detector that trigger a signal and are recorded

307



C.2 RADIO-DETECTING ULTRA-HIGH-ENERGY NEUTRINOS IN ICECUBE-GEN2

as events, and we use this fraction to define an effective volume for the experiment. This effec-
tive volume depends on the energy deposited in the ice and on the direction of the incoming
neutrino. The simulations are performed in Ref. [346], using the same tools as the IceCube-Gen2
Collaboration, NURADIOMC [211] and NURADIORECO [212]. Appendix C.3 details our baseline
design of the radio array, and alternative designs. Different array designs have different effective
volumes; we compute the effective separately volume for each. The resulting effective volumes do
not include the impact of reconstruction efficiencies, since this is not presently available in public
literature. This effect could somewhat reduce the total number of events and influence our results,
but its importance is still under consideration.

Given a flux of v, at the detector, @ﬂft, the differential rate of neutrino-induced events, in shower

energy and direction, is

d’N, 1 ENC(Eg,
i :27rTnt/ dy (Vﬂ (Esn.y) VNC (Egn, cosb)
O Y

dEgnd cos 0, Eqn
(C.9)
d NC E,,
X Mqﬁf(a, cos ) + NC - cc> )
¥ Ey=ENC (Esny)

where T is the exposure time, 11; = Naypice/ Mice is the number density of water molecules in ice,
Nay is Avogadro’s number, pjce is the density of ice, Mjc. is the molar mass of water, and o, is the
neutrino cross section on a water molecule. The integration over y accounts for the contribution of
all possible initial neutrino energies E, that can produce a given shower energy Egy,. To account for
the resolution of the detector in measuring shower energy and direction, we rewrite the differential
event rate in terms of measured quantities, i.e., the reconstructed shower energy, E°, and the
reconstructed arrival direction, 6;°°. We use energy and direction resolution functions, Rg, and

Ry, , respectively, to cast the event rate in terms of measured quantities, i.e.,

>N _ W d*N, Va rec rec
T / dcose/ AEan JpJensg R (ES Ean) R, (02°,02) (C.10)
S

The energy and direction resolution functions are modeled as Gaussian functions centered at the
real values of shower energy and direction, with widths 0y, and og_ , respectively. To produce
our main results, we set 0p, = 2° and 0, = 10%Eg,, where 0 = 0.1 is the spread in the ratio
€= loglo(EreC /Egn)- These values are chosen based on simulations [212, 300, 312, 314, 315, 317,
324, 326, 346]. To produce our results, we use the total event rate, summing C.10 over all flavors

of neutrinos and anti-neutrinos. To obtain the expected number of events in a given energy and
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Figure C2: Distribution of events induced in IceCube-Gen2 by our high benchmark diffuse UHE neutrino diffuse model, in reconstructed
shower energy (left) and direction (right), in T = 10 years of detector exposure time. Events are computed following the procedure
in Appendix C.2. For this plot, we use our baseline design of the IceCube-Gen2 radio array, a detector shower energy resolution
of 10% in logarithmic scale, and a detector angular resolution in zenith angle of 05, = 2°. See the main text and appendices C.2

and C 4 for details.

direction bin, we integrate the total rate over the range reconstructed shower energy and direction
boundaries of the bin.

Figure C2 illustrates the event rate, binned in reconstructed shower energy and direction,
assuming for the neutrino flux our high benchmark flux; see the main text and Appendix C.4.
The event rates for our intermediate and low benchmarks are shifted-down versions of Fig. C2.
To produce our results, we do not use the distribution of events in energy, only in direction; see

Appendix C.4 for details.

C.3 IMPACT OF THE DETECTOR ANGULAR RESOLUTION AND THE RADIO ARRAY DE-

SIGN

In the main text, we presented results obtained using our choice of baseline detector angular
resolution and of the design of the IceCube-Gen2 radio array. The baseline detector angular

resolution is 0p, = 2° in zenith angle [300]. The baseline design is composed of 144 hybrid stations
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Figure C3: Same as Fig. 1 in the main text, but for different choices of the detector angular resolution: oy, = 1° (top left), 5° (top right), and 10°

(bottom).

(shallow + deep components) plus 169 shallow-only stations [396]; the deep components are
buried 200 m underground. In the main text, we commented on the effect on our results of using
alternative choices of the angular resolution and the array design. Here we present these results.

Figure C3 shows the impact of varying the angular resolution on the smallest multiplet size
needed to claim source discovery. For comparison, in the main text we obtained results using
0y, = 2°. The angular resolution has a dramatic impact on the results: worsening it implies

tessellating the sky with larger pixels and a corresponding larger diffuse background in each of
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Figure C4: Same as Fig. 1 in the main text, but for two alternative designs of the IceCube-Gen?2 radio array. See Appendix C.3 for details.

them, hindering claims of source discovery. For g, = 5°, discovering steady-state sources would
require up to size-13 multiplets if the diffuse background is high. Transient sources would be more
weakly affected: even for 0y, = 10°, short-duration transients may require at most a quintuplet or
hexaplet to claim a detection.

Figure C4 shows the impact of using two alternative designs of the IceCube-Gen2 radio array
on the smallest multiplet size to claim source discovery. We do not account for changes in the
reconstruction efficiency of different array designs, since this information is presently not publicly
available; see Appendix C.2. In the main text we used our baseline array design. Alternative
array configuration A contains 361 shallow stations and 164 deep stations. Alternative array
configuration B contains 208 hybrid stations only. The prospects for detection are weakly dependent
on the choice of array design; for our three design choices, at most heptaplets are needed to claim
source discovery. Because our exploration of alternative array designs is non-exhaustive, the weak
dependence that we find should only be considered tentative. More simulation work is necessary

to claim this definitively.
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C.4 DIFFUSE ULTRA-HIGH-ENERGY NEUTRINO BACKGROUND

The diffuse UHE neutrino flux depends on the properties of UHECRSs and their sources. Because
these are known uncertainly, the diffuse UHE neutrino flux is predicted uncertainly, and there
are many competing theory models [174-180, 193]. The diffuse UHE neutrino flux remains
undiscovered, but there are upper limits on it, from IceCube [66] and Auger [67].

In our work, rather than adopting one of the above predictions for the diffuse UHE neutrino

background, we adopt a flux that saturates, at each value of the neutrino energy, the IceCube

upper limit [66]. This makes our background experiment-motivated rather than theory-motivated.

To account for future improvements in the detector sensitivity, we consider the three benchmark
neutrino diffuse flux levels introduced in the main text—the present-day IceCube upper limit
(high) and two smaller ones (intermediate and low). See the main text for details. Because we do
not use the energy distribution of the events, only their angular distribution, the specific shape
of the neutrino energy spectrum that we adopt has no large consequence on our results. What
matters is only the total number of events, integrated across all energies. The fact that our choice
of spectral shape follows present-day upper limits and has no realistic theoretical counterpart does
not impact our results significantly.

We take the diffuse neutrino flux to be isotropic at the surface of the Earth, in agreement
with the expectation of a predominantly extragalactic origin. Neutrino propagation through the
Earth makes the resulting distribution of neutrino-induced anisotropic; see Appendix C.2 and
Fig. C5. For our three benchmarks, we assume approximate flavor equipartition at the surface

of the Earth, i.e., equal proportion of v, + 7., v, + 7y, and vz + 7 in the flux. This is the nominal

expectations for high-energy neutrinos made in proton-proton and proton-photon interactions.

Because in our analysis the neutrino-induced event rate is due to all flavors (see Appendix C.2)
and we conservatively do not assume that flavor identification will be available, our results are
only weakly sensitive to the precise flavor composition. Further, we assume that the flux is
equally divided between neutrinos and anti-neutrinos. (At the highest energies, this may no

longer be true, though we do not consider that possibility here; see, e.g., Ref. [257, 346]). At these
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same as in Fig. 1 in the main text. See Appendix C.4 for details.

energies, the neutrino and anti-neutrino cross sections are nearly equal, so uncertainties in the
neutrino-to-antineutrino ratio have no discernible impact on the event rate.

Figure C5 shows our three benchmark diffuse UHE neutrino fluxes and their associated number
of neutrino-induced events expected at IceCube-Gen2, in each pixel of the sky, computed following
the procedure in Appendix C.2. We include an additional benchmark flux that approximates the
level of the projected 10-year sensitivity of the IceCube-Gen2 radio array [396]. Because diffuse
flux is isotropic at the surface of the Earth, the angular distribution of the events reflects solely
the effects of in-Earth propagation and the detector response. The number of events close to the
horizon is larger than at higher declination because there the detector angular response is strongest,
while in-Earth attenuation is mild, compared to the severe attenuation experienced by upgoing
neutrinos.

Figure C2 shows details of the angular and energy distribution of events induced by our high
benchmark diffuse UHE neutrino flux. In our analysis, we do not use the energy distribution of the
events; rather, we group all events in a single bin of reconstructed energy, 10’-10'° GeV. We show
finer energy bins in Fig. C2 for illustration only. The energy dependence of the diffuse background
model follows the energy spectrum of the IceCube upper limit, and is not theoretically motivated.

In terms of number of events, this leads to a signal that is more pronounced near 10° GeV, mostly
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because of the higher effective volume of the detector at these energies. A different, possibly more
realistic energy spectrum of the background diffuse neutrino flux would lead to a different event
energy distribution. However, as pointed out earlier, because our analysis does not use the event
energy distribution when looking for multiplets, our results are not significantly impacted by
specific choices of the neutrino energy spectrum.

The second background that we account for is due to atmospheric muons coming from extensive
air showers initiated by cosmic-ray interactions in the atmosphere [213]. The number of events is
highest at slant and near-horizontal directions, where the atmospheric muon flux is largest. We use
the same muon background as Ref. [346], computed using the SYBILL 2.3C hadronic interaction
model [293], mitigated by a surface veto, and subject to the same angular and energy resolution
as neutrinos. The background of muon-induced events is < 0.1 per year, sub-dominant to the
background of neutrino-induced events. Even without the veto mitigating the atmospheric muon
rate, we still expect less than one muon-induced event per year [346]. Figures C5 and C2 show
the energy and angular distribution of events induced by atmospheric muons, subject to the
same angular and energy resolution as neutrino-induced events. For our benchmark background
diffuse UHE neutrino fluxes, atmospheric muons are always sub-dominant in the total diffuse
background, and influence weakly our results. In principle, their impact could be further reduced
by using the information on the energy spectrum in our analysis. Since muons are produced by
cosmic-ray interactions, their spectrum decreases steeply with energy, so their contribution is
only relevant below 10% GeV. We conservatively do not use this information, but it could improve
source-discovery prospects.

An additional background for UHE neutrino radio-detection may be due to the reflected cores
of cosmic-ray showers [327]. However, because its size is still under study, we cannot yet assess its

impact on source discovery.

C.5 SMALLEST MULTIPLET SIZE FOR 50 DETECTION AND VERY SHORT TRANSIENTS

Figure 1 in the main text shows the smallest multiplet size required to claim source discovery at a

30 significance. The largest multiplet, for steady-state sources, is a heptaplet.
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Figure C6 shows the smallest multiplet size required for a 5¢ discovery. In this case, larger

multiplets are needed to overcome the background by a larger margin: up to decaplets may be

needed to discover steady-state sources.
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Figure C7 shows the smallest multiplet size needed to discover very-short-duration transient
sources. Because the background accumulated over the source duration is tiny, source discovery is

significantly easier: doublets or triplets are sufficient anywhere in the sky.

C.6 CONSTRAINTS ON SOURCE POPULATIONS FOR VARYING BACKGROUND

Figure C8 shows how the size of the smallest multiplet needed to claim source discovery varies
with the all-sky number of background-induced events, which is proportional to the background
diffuse UHE neutrino flux. A lower background means that smaller multiplets are needed to claim
source discovery.

Figure C9 shows the probability of source discovery in each pixel, for our low and high bench-
marks of the diffuse UHE neutrino background. Figure 45 shows the case for our intermediate
benchmark. A larger diffuse background requires larger multiplets to claim source discovery.
However, because in Figs. 45 and C9 the neutrino flux from each source class is chosen to saturate
the diffuse background (see Tables 7 and 8), a larger diffuse background implies a higher chance of

source discovery in every pixel.
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Figure C9: Same as Fig. 45, but using our benchmark low (left) and high (right) UHE neutrino background. See Appendix C.6 and the main
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Figure C10: Same as Fig. 2 in the main text, but using our benchmark low (left column) and high (right column) UHE neutrino background, for

Figure C10 shows the constraints on UHE neutrino sources, from the discovery or absence of

UHE multiplets, for our benchmark low and high UHE neutrino background. In the main text,
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Figure C11: Same as Fig. 2 in the main text, but using an UHE neutrino background approximately coinciding with the IceCube-Gen2 radio

array sensitivity [396]. See Appendix C.6 and the main text for details.

Fig. 2 shows constraints for our intermediate benchmark. Fig. C10 shows that the qualitative
impact of the choice of background on the constraints is mild. For steady-state sources, regardless
of the background, if even a single source is discovered, most known candidate source classes
would be disfavored. Figure C10 reveals that this is especially true if the background is low,
because then sources cannot be too bright without exceeding it. For transient sources, in the
high-background case our conclusions are unchanged, whereas in the low-background case the
absence of a detection would not disfavor the known source classes.

Figure C11 shows the constraints on the source population assuming an even lower background,
one approximately at the same level as the projected 10-year sensitivity of the IceCube-Gen?2 radio
array sensitivity [396]; see Fig. C5. For such a low background, we expect about 9 events all-sky
in 10 years of IceCube-Gen2 for our baseline array design. Indeed, in the case of no point-source
discovery, Fig. C11 shows that point source discovery is not expected for any source class. It is
entirely possible that the diffuse neutrino flux is lower even than our low benchmark model. In
that, case the bounds obtained from the absence of point sources would be significantly weaker

than the requirement of not exceeding the bounds on the diffuse neutrino flux.
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C.7 IMPACT OF REDSHIFT AND LUMINOSITY EVOLUTION

The results shown in the main text are based on the assumption of sources having all the same
luminosity in their rest frame, and evolving in redshift according to the star formation rate. While
this may be a reasonable assumption for some of the sources we consider, it does not apply to some
of the most promising candidates, including BL Lacs and TDEs, which have a negative evolution
with redshift, and FSRQs, which have a significant luminosity evolution with redshift. Here we
apply our methods to study how the results change by relaxing our assumptions on the evolution.

First, we focus on jetted TDEs. We extract their redshift evolution from Fig. 14 of Ref. [607], for
a black hole mass of 10°~107 solar masses. The projected constraints for this redshift evolution
are shown for transient sources in Fig. C12. Compared to Fig. 46, which was generated assuming
SFR redshift evolution, in Fig. C12 we find that jetted TDEs still lie in the regions where they
could be excluded by the absence of multiplets, provided they saturate the diffuse flux for our

intermediate diffuse background model. The question of whether TDEs are able to produce a
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Figure C12: Same as Fig. 46 in the main text, for transient sources, but assuming a TDE-like redshift evolution for the number source density.

See Appendix C.7 for details.
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Figure C13: Expected number of FSRQ-like sources detected after 10 years of exposure in the IceCube-Gen?2 radio array, as a function of
the all-sky number of detected neutrino events. The neutrino luminosity is assumed to scale with the gamma-ray luminosity
following Ref. [285]. We adopt the luminosity and redshift evolution of the source number density from Ref. [606]. For reference,
we mark the threshold value of one detected source and the expected all-sky number of events for the blazar model of Ref. [179].

We show results for 3¢ and 50 detection.

diffuse flux comparable to the intermediate diffuse background model depends on their neutrino
luminosity, depends on specifics of the neutrino production model [182, 515, 518, 583, 608]; we do
not investigate this question here.

Next, we turn to the case of blazars. We focus on FSRQs only, since, as discussed in Refs. [179,
285], the UHE neutrino production from blazars is expected to be dominated by them (see also
Refs. [495-498]). For a detailed treatment of FSRQs, a crucial element is the evolution with redshift
of the luminosity distribution. Therefore, we change our approach compared to the main text in
the following way: in place of Eq. 9.3, we use a correlated redshift and luminosity probability
distribution extracted from Ref. [606]. For this calculation, the local source density is not a free
parameter that we let float, but is determined by the distribution of blazars detected by Fermi-LAT.
Therefore, throughout the rest of the calculation, all the averages over the redshift distribution
become averages over the redshift and luminosity distribution. The distributions of Ref. [606] are

in terms of the gamma-ray luminosity of FSRQs, whereas for the determination of the point source
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sensitivity we need the neutrino luminosity. We assume that the two are related by an efficiency

€y, i.e.,, Ly = €,(Ly)L,. We assume that the efficiency depends on the gamma-ray luminosity

following the dependence found in Ref. [285], Fig. 15, for proton injection and advective escape.

However, we let its normalization float. Finally, following the procedure described in the main
text, we obtain the expected number of sources discovered in 10 years. This number depends on
the normalization of the neutrino production efficiency: a higher efficiency leads to a larger diffuse
neutrino flux, more events detected and, therefore, more sources discovered.

Figure C13 shows the expected number of detected sources as a function of the all-sky expected
number of events. In this case, a point source can be discovered even if there are only 10-20 over
the full sky, since the sources are especially bright. For the neutrino production model of Ref. [179],
which predicts about 108 events over all sky, a sizable number of point source discoveries is

expected.
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APPENDIX: DARK MATTER DECAY INTO UHE NEUTRINOS

D.1 ADDITIONAL FIGURES

Without further ado, we include additional figures to complement those in the main text:

FIGURE D1 Discovery prospects at 3¢, for the NFW Galactic DM profile.

FIGURE D2 Lower limits on DM lifetime under a large background of non-DM UHE neutrinos,

for the NFW profile.
FIGURE D3 Discovery prospects at > 20 and > 3, for the Burkert Galactic DM profile.

FIGURE D4 Lower limits on DM lifetime, for the Burkert Galactic DM profile.
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Figure D1: Discovery prospects for UHE neutrinos from DM decay, at > 30. Compare to Fig. 53, which is for > 20.



D.1 ADDITIONAL FIGURES

1031 T T T T TTTTg T T T TTITT] T T T T rIrr]| T T T T T 177

'| DM decay disfavored (20), Lower limit from no UHE v detected
| IceCube-Gen2 (radio)10yr, | i

large UHE v bg. (33 v yr 1) P N i
_| B Angular + energy analysis | .-~ ’ ) N -

B Angular analysis only

1030 ©" Energy analysis only - /

W Counting anaysis

1 029

1
/
’

\

Dark matter lifetime, Ty [S]

Disfavored by v, y today
10%”

107 10® 10° 1010 101
Dark matter mass, mpy [GeV]

Figure D2: Projected lower limits on the DM lifetime, under a large background of non-DM UHE neutrinos. Same as Fig. D2, but assuming
our large benchmark non-DM isotropic background flux of UHE neutrinos, i.e., the cosmogenic neutrino flux by Bergman & van

Vliet [193]. See Sec. 10.5 for details.
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