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i

Jean remembered the forewoman at the jade fac-

tory in China who was asked how you could

tell good jade from bad jade. Through an

interpreter, and through a megaphone that

didn’t work, came the reply, ‘You look at it

and by looking you tell its qualities.’

Julian Barnes
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Abstract

Despite its immense success, the Standard Model of particle physics is unable to provide an explanation

of the nature of dark matter and the origin of neutrino masses. A desire to jointly explain these

two mysteries motivates careful studies of neutrino properties. The goal of this thesis is to explore

possible connections of neutrinos to beyond Standard Model physics. In particular, we will focus on

searches for high-energy astrophysical neutrinos and develop new tools that undergird these searches.

First, we perform an analysis looking for an excess of neutrinos from the direction of the Sun using

data from the IceCube Neutrino Observatory. Such an excess would be a signature of dark matter

captured by scattering on solar nuclei and annihilating to Standard Model particles. In addition, we

will describe using this same analysis framework to search for the predicted, but yet-unobserved flux

of solar atmospheric neutrinos created when cosmic rays interact and produce meson in the thin

solar atmosphere. To perform these analysis, we develop the χaroν package, which simulates the

neutrino yields from dark matter annihilation and decay.

Next, we will turn our attention to flavor physics, and discuss how new physics may manifest in

the ratio of neutrino flavors at Earth. In particular, we will discuss the importance of tau neutrino

identification in understanding the flavor triangle. Then we will introduce the TauRunner package

which simulates the passage of the highest energy neutrinos through arbitrary media, including

previously neglected effects. This new simulation framework will then be applied to simulating

ultra-high-mass dark matter in the solar core, in an attempt to evade the solar opacity limit. Finally,

we will describe the simulation framework that has been developed for the Tau Air-Shower Mountain-

Based Observatory. This proposed, next-generation detector in the Colca Valley of Peru could

provide a tau-pure flux of neutrinos in the 1 PeV–100 PeV energy range.

Finally, we will describe the Prometheus simulation package, an open-source framework for

simulating neutrino telescopes with arbitrary geometries in water and ice. For the first time, this

allows for a consistent simulation framework between the global network of neutrino telescopes that is

currently being constructed. Furthermore, this allows for the rapid prototyping of new reconstruction

and data storage techniques with easy, cross-detector application. We provide two examples of such

techniques: a machine-learning-based reconstruction capable of running faster than the trigger rate

of neutrino telescopes; and a demonstration of efficiently storing event-level data from neutrino

telescopes in quantum memory.
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Chapter 1

Introduction

How does the Sun shine? This question has surely plagued humans since there were humans

to plague, and it is this question that drove a debate two scientific greats of the the Nineteenth

Century, Lord Kelvin and Charles Darwin. For Darwin estimated his theory of Natural Selection

would need 300,000,000 years to produce the variety of species that had been observed at the time.

Lord Kelvin, a believer that the species had come to be through an Almighty, refuted Darwin’s

theory on the grounds that the Sun could not sustain itself for that long before running out of energy.

He argued that the Sun could only sustain itself for 30,000,000 million years if powered by absorbing

the gravitational energy of primordial meteorites.

At the time of this debate, quantum mechanics, special relativity, and general relativity had not

yet revolutionized our understanding of the natural world, and so nuclear fusion could not have

been imagined. It would take contributions from some of the great physicists of the Nineteenth

and Twentieth Centuries to realize the potential of this process. Without Marie Skłodowska-Curie’s

pioneering studies of radium, Albert Einstein’s revolutionary realization that mass and energy can be

interchanged, and Wolfgang Pauli’s daring prediction of a potentially undetectable particle, it would

have been impossible to realize that if hydrogen fuses into helium deep in the solar core, the Sun

could shine for 30,000,000,000 years. It would take these contributions and more to understand that,

if this is the Sun’s power source, 1038 elusive—but not undetectable—particles would stream out of

the Sun every second. And that a tiny fraction of these elusive neutrinos may be observed at Earth.
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It is this possibility that drove Ray Davis and his team to bury 100,000 gallons of perchloroethylene,

a common dry-cleaning ingredient, in the Homestake Mine. The simply-named Homestake Experiment

would detect the solar flux of neutrinos by looking for the footprint they leave behind when passing

through. A neutrino could capture on a chlorine atom, convert a neutron into a proton, thus creating

an argon atom in place of the chlorine. After some time, usually around a month, the experimenters

would flush the tank, and count all the argon inside. When measured, the presence of argon proved

that nuclear fusion powers the Sun and showed that invoking primordial meteorites is not necessary

to explain the Sun’s light.

While this was a monumental step forward in understanding the most-studied celestial object,

it did open a new question. For, the Homestake Experiment had observed only one third of the

argon that John Bahcall, who performed calculations of the solar neutrino flux, had predicted. Over

the course of the coming decades the deficit persisted in the face of refined calculations and new

experiments, eventually coming to be known as the solar neutrino problem. All these experiments

that sought to measure the solar neutrino flux were sensitive only to one particular type, or flavor,

of neutrino. This was not expected to be an issue as only electron-flavor neutrinos are produced in

the nuclear reactions that fuel the Sun, and so these electron-neutrino-detecting experiments should

be sensitive to the entire solar neutrino flux.

Given the deficit’s persistence, the Sudbury Neutrino Observatory (SNO) was constructed to test

the theory that perhaps these previous experiments had not been seeing the entire flux. In addition

to the same charged-current detection channel that had been used to detect electron neutrinos in the

previous experiments, SNO used heavy water to open a neutral-current channel that could detect all

neutrinos of all flavors. When SNO measured both the electron-only and all-flavor fluxes, they found

the previously observed, theory-measurement disagreement in the former channel, but good theory-

measurement agreement in the latter channel. These results showed that neutrinos were changing

flavors as they travelled from the Sun to Earth. At about the same time, the Super-Kamiokande

experiment observed a similar phenomenon in neutrinos produced in cosmic-ray showers. Taken

together, these results proved that neutrinos were changing flavor in-flight, a phenomenon commonly

called neutrino oscillation. This phenomenon requires neutrinos have non-zero mass, a fact that the

Standard Model (SM) of particle physics cannot accommodate.

Armed with an ad hoc insertion of neutrinos masses into the SM, physicists set to work char-

acterizing this newly discovered behavior, measuring the amplitude and frequency of oscillations
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as a function of the energy and propagation distance. Soon enough this yielded further surprises

when �rst the Liquid Scintillator Neutrino Detector and later the MiniBooNE experiment observed

an excess of low-energy events in each detector. Yet again, neutrinos produced an excess�this one

termed the short-baseline anomaly�that could not be accommodated by the SM; however, this

anomaly could be explained by introducing a fourth neutrino that does not interact directly with the

SM, a so-called sterile neutrino. The evidence for such a neutrino has grown in recent years, with the

data preferring a four-neutrino model over a three-neutrino model at greater than 6� signi�cance [1].

Even as the three-neutrino model becomes increasingly untenable, the path forward is far from clear.

Data from oscillation experiments that probe di�erent neutrino energies and propagation baselines

are in 4:9� tension with each other [1]. While more precise quantum mechanical descriptions of the

neutrino production region [2, 3] can relax the tension to the3:5� level, there is no clear way to fully

resolve the issue.

While we do not know what form the �nal theory of physics will take, we will need footholds

along the way that we can use to anchor searches and guide extensions. The origin of neutrino

masses and resolution of the short-baseline anomaly continue to elude us, guiding our e�orts even as

they beguile us. It seems reasonable to expect that further studies of neutrinos from new sources and

at previously unexplored energies and baselines will continue to chip away at mysteries of beyond

SM physics. Furthermore, it is always tempting to search for solutions that tie two open questions

together, for instance a link between neutrinos and dark matter (DM).

Neutrino astronomy o�ers the opportunity to pursue this proven program by giving access to

neutrinos with supraänthropogenic energies travelling from cosmic distances. The largest, currently

operating neutrino telescopes is the IceCube Neutrino Observatory. Located at the geographic South

Pole and deployed between 1.45 km and 2.45 km beneath the ice's surface, IceCube comprises a

cubic kilometer of ultra-clear ice instrumented with 5,160 light-detecting digital optical modules

(DOMs). These DOMs are arranged on 86 vertical strings which each support 60 DOMs. 78 of these

strings have 17-m vertical spacing between DOMs and are arranged in a regular, hexagonal lattice

with 125-m interstring. The remaining eight strings form a denser, more irregular in�ll region known

as DeepCore. The DOMs detect Cherenkov light emitted by the charged byproducts of neutrino

interactions, and the two distinct regions give access to neutrinos with initial energies spanning six

order of magnitude from a few GeV to a few PeV. By looking at the timing and spatial patterns of

the light in the detector, we are able to infer the neutrinos energy, direction, and �avor.
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In the decade since its completion, IceCube has made great strides in the �eld of neutrino

astronomy. Beginning with the discovery of the di�use astrophysical neutrino �ux in 2013 and

culminating with strong evidence for emission from the Galactic Plane and from three known,

extragalactic gamma-ray emitters in 2023, IceCube has delivered on its promise to open a new

window to the Universe. These continued study and characterization of these new sources will enable

the previously mentioned oscillation studies.

If the work of the past decade constitutes opening a window, the prospects for the next decade may

be more akin to throwing open the �ood gates. In addition to planned improvements to the IceCube

array to lower its energy threshold and to increase the instrumented volume by a factor of eight, four

water-based, northern-hemisphere neutrino telescopes are projected to be completed by 2035. When

construction is �nished on these next-generation detectors, the instrumented volume of Cherenkov

neutrino telescopes will have increased from the 1.5 km3 it sits at today to 25 km 3. In addition

to this rapid expansion in the Cherenkov sector, the next-generation of neutrino telescopes will

include new detection principles that push the energy frontier even higher and enable unambiguous

measurements of the astrophysical �avor composition.

As we stand at the precipice of a new era in neutrino astronomy, we are undergoing a revolution

in data analysis techniques. Machine learning (ML) has already proved an invaluable tool in neutrino

astonomy, having played an integral role in IceCube's recent observation of the Galactic Plane and

extragalactic point sources; however, it is clear that current techniques can be improved upon. For

instance, IceCube recently hosted an open-science challenge through the Kaggle website. In this

challenge, participants were tasked with reconstructing the incident direction of the neutrino using

simulated events in the IceCube detector. Within two and half weeks of the context opening, a

submission had beaten the state-of-the-art IceCube reconstruction. In addition to demonstrating the

potential for improving our current methods, this case study shows the power of open science to

collectively address current shortcomings.

In this thesis, I will present the work I have carried out as a graduate student under the joint

supervision of Francis Halzen and Carlos A. Argüelles. This has included a search for connections

between neutrinos and dark matter, simulations for next-generation neutrino telescopes, and open-

science reconstructions for the multi-telescope era. In each chapter, I will begin by describing software

that I helped develop and proceed to describe the analyses, calculations, and reconstructions these

packages enabled.
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In Chap. 2, I will describe � aro � , a package for computing neutrino yields from DM annihilation

and decay. I will then report results of a recent search for high-energy neutrinos from the direction of

the Sun, and frame these results in the context of DM annihilation and solar atmospheric emission.

Next, In Chap. 3, I will describe the taurunner package which simulates the passage of extremely

high-energy neutrinos through matter. I will then use this package to calculate neutrino yields from

DM annihilation in the Sun beyond the solar opacity limit. I will describe the simulation framework

for the next-generation TAMBO telescope, in which TauRunnerplays an important role. Then, in

Chap. 4, I will describe the Prometheus packages that provides end-to-end simulation for neutrino

detectors with photon level output. Finally, in Chap. 5, I will conclude.

But before we set out, a kind warning to the reader. This document is not self-contained, and

some prior knowledge is assumed. In particular, I will assume the reader has an understanding of

particle physics at the level of the Halzen and Martin textbook [4]. Furthermore, I will assume

that the reader is familiar with the statistical techniques of the Particle Data Group [ 5]. Finally,

since I had no role in designing or deploying the IceCube Neutrino Observatory, I will leave detailed

discussions of these topics to the IceCube detector paper [6]. With that out of our way, let's go!
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Chapter 2

Searches for High-Energy Solar Neutrinos

The existence of (DM) has been veri�ed by measurements probing length scales ranging from the

galactic to the cosmological [7, 8, 9]. In the standard � CDM model of cosmology, DM comprises

about 85% of the Universe's present matter content [9]; however, the SM cannot provide a DM

candidate with appropriate interaction strength, abundance, and stability. This shortcoming is

perhaps the most signi�cant �aw of the SM.

This shortcoming has prompted a massive e�ort�both experimental and theoretical�to uncover

the nature of DM. Numerous DM candidates have been put forward, but de�nitive detection has

yet eluded us. One generic, frequently considered DM candidate class is weakly-interacting, massive

particles (WIMPs). These particles have signi�cant mass and interact with the SM with strengths

at or below the weak interaction strength. One may use this small but non-zero cross section to

search for WIMPs in three di�erent ways. In direct detection experiments, one looks for excess

energy deposited in a calorimeter when WIMPs scatter on SM nuclei. Next, in production searches,

one looks for missing transverse momentum in colliders when WIMPs are produced and escape the

detector without interacting. Finally, in indirect detection searches, one looks for the stable SM

byproducts created when WIMPs annihilate with each other.

Neutrino telescopes play an important role in this last class of searches. Since WIMPs should

accumulate in regions with large gravitational potential, one looks for the SM by-products coming

from these regions. Since neutrinos interact weakly, they can escape unimpeded from these dense

astrophysical environments. This chapter will focus on potential connections between neutrinos and
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WIMPs. First, we will describe the � aro � software, which allows the user to simulate the yield of

neutrinos from WIMP annihilation and decay. We will then proceed to describe a search for neutrinos

from WIMP annihilation in the solar core using data from the IceCube Neutrino Observatory, a

search that this software was designed to facilitate.

2.1 Indirect Searches for Dark Matter and the � aro � Package

The � aro � package calculates the neutrino �ux from WIMPs annihilating or decaying in the Sun,

the Earth, and the Galactic halo. In the name of conciseness, we will describe only the case of

annihilation, but this case di�ers only from that of decay by rescaling the initial energies. Since the

interaction of WIMPS with the SM is unknown, we take a pragmatic approach of computing the

neutrino spectra for WIMP annihilation to q�q, gg, W + W � , Z 0Z 0, HH , l+ l � , and direct neutrino

channels� � �� � ; the latter channel is relevant in the case of Kaluza-Klein DM [10]. Here, q�q are the

six quarks, l+ l � are the three charged leptons, and� � �� � are the three neutrino �avors. In the case

that a model predicts a speci�c SM branching fraction, one may compute the �ux via a weighted

average of the� aro � base cases.

In � aro � , we calculate hadronization and �nal-state radiation of the initial annihilation products

either by running PYTHIA [11, 12] or by using a calculation for high-mass particles [13]. We use

the latter case when the energy of the initial state is above the electroweak scale,i.e. for WIMPs

with masses greater than 250 GeV. After accounting for hadronization and �nal state radiation,

we simulate the interaction of the secondary products with their environment using Monte Carlo

methods. The general idea is to recursively simulate both the interaction and decay of the secondary

products and weight the neutrino �ux from each branch by the associated probability of that branch.

In general, this will depend on the particle in question and the environment in which one wishes to

propagate that particle. A high-level diagram of this process is shown in Fig. 2.1 and the result of

the algorithm is shown in Fig. 2.2 for DM masses below and above the EW scale.

In order to simulate the e�ect of hadrons, we need to consider the competing e�ects of the hadron

both interacting with the environment and decaying. Quantitatively, we need to consider the relative

probabilities of interaction and decay given by:

pint =

� dec

� int + 
� dec
and pdec =

� int

� int + 
� dec
; (2.1)
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Yes

No

Weight
by pdec

Weight
by pint

Construct primary
annihilation/de-

cay products

Is the
medium
sparse?

Allow primary
particle to
decay to �

Determine
pint and pdec

Recursively
simulate primary

and secondary
interactions and
record � yield.

Allow particles to
decay and collect�

Collect all �
and propagate

to detector.

BRW Calculation

PYTHIA 8.2

� SQuIDS

Figure 2.1: Diagram of code structure. Flow chart depicting the major steps in the calculating
�ux from DM annihilation or decay. The light yellow boxes indicate direct calculation or decision
making; other colors indicate the main program used in each step.

where � dec is the mean lifetime of the hadron, 
 is the relativistic boost factor, and � int is the mean

interaction time given by [4]:

� int = ( n�v ) � 1 � 5:5 � 10� 8 s �
�

g=cm3

�

� �
mb
�

�
� � 1; (2.2)

where � is the density of the medium, � is the hadron-nucleon cross section, and� is the velocity of

the hadron normalized to the speed of light.

For most hadrons, one of these terms clearly dominates. For instance, hadrons composed only

of up, down, or strange quarks yield a ratio ofpint to pdec on the order of 104 and 103 in the solar

and terrestiral cores respectively atm� = 1 GeV. These ratios grow to108 and 107 at m� = 1 TeV.

Thus, one can safely assume that such hadrons, namely� � , K � , K 0
L , and neutrons are fully stopped

on account of rapid interactions before decaying. At the other extreme, since the top quark lifetime

is a small fraction of the interaction time of the strong force, top quarks are unable to form hadrons.

Thus, any top quarks undergo on-spot decay in our simulation.

When a hadron containing bottom or charm valence quarks is created in the simulation, interaction

and decay must be balanced. In this case, we simulate both interaction and decay. In the case of

decay, all products are weighted bypdec. In the case of interaction, the hadron is given a new energy

E 0 = hZx i E �where E 0 is the energy after interacting hZx i is the average fractional energy transfer,

and E is the initial hadron energy�and weighted by pint . This may now decay or interact again, and

this process is carried out recursively until the hadron has lost all kinetic energy. In this procedure,

low-energy neutrinos produced in hadronic showers initiated by the aforementioned hadron are not

tracked, and thus we underestimate the low-energy �ux; see [14] for a detailed low-energy calculation.

We follow the estimates of [15] and set hZbi = 0 :7 and hZci = 0 :6 m c
m hadron

. � aro � and WimpSimuse
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Figure 2.2: Di�erential neutrino �ux at production. We show spectra for several representative
annihilation channels, indicated by di�erent line colors. The top panel shows the spectra for
m� = 100 GeV in the center of the Sun, generated without EW correction and with decays from
stopped particles. Features related to� , � , and K decays are indicated by their respective symbols.
The two-row linear scale panel at the bottom shows spectra for a DM mass ofm� = 1000 GeV with
EW correction and without decays from stopped particles. Di�erent polarization states are averaged
over. Due to EW corrections, direct neutrino channels no longer show a two-body decay distribution,
but have a low-energy tail. The top row corresponds to the center of the Sun, while the bottom
row is for the Galactic Halo. The di�erent columns indicate the neutrino �avor, from left to right:
electron, muon, and tau �avored neutrinos. For DM decay, m� should be multiplied by a factor of 2
and x be replaced byx = 2E � =m� . Quarks not shown in this plot lie between the dashed and solid
u and b lines, and di�er only by a normalization.

this energy loss estimation method, while PPPC samples from an energy loss distribution; we have

checked that these two approaches yield comparable results.
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We now turn our attention away from our treatment of hadrons and towards the case of simulating

secondary leptons. The rate at which charged leptons lose energy in a plasma, such as the center of

the Sun, is given in [16]. We �nd that the rate of energy loss, dE
dt , is larger than 109 GeV=s. This

gives that the stopping time is bounded by tstop = m� =(dE=dt). In the Sun, computing the ratio of

tstop to 
� dec for charged tau leptons and muons leads to the conclusion that in the relevant energies,

the tau leptons will promptly decay, but most muons will stop before decaying.

For annihilations that happen in Earth's core, charged leptons lose energy through ionization,

bremsstrahlung, photo-nuclear interaction, and electron pair production, which we estimate using

the Bethe-Bloch formula [17]. The interaction length of charged tau leptons in Earth is signi�cantly

larger than the decay length up to � energies of109 GeV [18]. Thus for the WIMP mass range

under discussion in this work, one can assume the charged tau leptons decay at production without

interacting. Muons are longer lived, and at energies above a few GeV the interaction length is much

shorter than the decay length. As in the case of the Sun, they can be assumed to come to rest before

decaying.

Long-lived hadrons� � � , K � , K 0
L , and neutrons�are either fully absorbed by matter or decay

after being stopped. Among them,� � and K � are captured by matter and would form atom-like

systems, which prohibits them from further decays [19]. Due to di�erent interactions of K 0 and �K 0

with nucleons, which causes quantum coherence loss,K 0
S are regenerated fromK 0

L continuously and

followed by hadronic decays [20]. Stopped � � , � + , and K + subsequently decay at rest. Neutrinos

from decay of stopped particles are produced at energies below 1 GeV, thus are not of great importance

for current indirect searches. � aro � provides an option to compute these low-energy neutrinos using

PYTHIA. These neutrinos have also been considered in previous calculations,e.g. they are included in

PPPC using GEANT4 [21], a technique �rst developed in [14]; see also [22, 23, 24].

For DM masses above the EW scale, the neutrino �ux generation in� aro � is coupled to a new

computation of the EW correction which also accounts for polarization of annihilation and decay

states and the evolution of the polarized particles to the EW scale [13]. As EW interactions are

not fully implemented in PYTHIA, this calculation incorporates a more complete consideration such

as the missing triple gauge couplings in the EW sector. Polarization and EW correction e�ects

are also implemented in PPPC, which takes a di�erent approach by augmenting leading order EW

correction term [25]. Other works have studied the e�ects of polarization of annihilation or decay

products without EW correction in [ 26, 27]. We �nd that the inclusion of this new estimation of EW
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corrections and polarization gives rise to di�erent spectra, which may be softer or harder depending

on the channel and DM mass. These di�erences will be discussed in more detail later when we

compare the� aro � spectra to those from other softwares.

The neutrinos that remain after this initial step are must then be propagated from the production

point to the detector, we consider two cases of interest: neutrino-opaque and neutrino-transparent

media. The neutrino interaction length is an energy dependent quantity given by

� int (E � ) =
�
nN � tot (E � )

� � 1
= [ nN � CC (E � ) + nN � NC (E � )] � 1 ; (2.3)

wherenN is the number density of nucleons,� CC is the neutrino-nucleon charged-current cross section,

and � NC the neutral-current cross section; the neutrino-electron cross section is a subdominant

contribution to the interaction rate and can be neglected in most applications [28].

For electron and muon neutrinos with energies above 100 GeV [29], the interaction length is

essentially identical, and thus the interaction rate will be the same for both �avors of neutrinos. On

the other hand, the tau-neutrino charged-current cross section di�ers signi�cantly from the electron-

and muon-neutrino charged-current cross sections due to phase-space suppression, which results in a

30% di�erence at 100 GeV [30, 31, 32]. This means that below this energy, environments will be

less opaque to tau neutrinos than to neutrinos of other �avors. Furthermore, the neutrino yield is

�avor-dependent because the competition between interaction and decay di�ers for each �avor of

charged lepton. We do not consider neutrinos from electrons since they do not decay, and, in this

work, we do not include neutrinos produced by showers induced by electrons. Muons can decay,

but since they are relatively long-lived, they will interact with a dense medium, losing energy and

reducing the yield of high-energy neutrinos. Charged tau leptons, on the other hand, are short-lived,

and will decay quickly enough to give a signi�cant fraction of their energy to the produced neutrino

in a process known as tau-neutrino regeneration [33]. To be concrete, for energies less than 10 PeV

and densities ofO
�
g=cm3

�
, the charged tau lepton will decay promptly to a hard neutrino.

In addition to e�ects arising from the neutrinos' interactions with their environment, one must

also consider the e�ect of neutrino �avor change, commonly called neutrino oscillations [34]. This

phenomena is due to the fact that the mass and �avor bases are misaligned. These two bases

are related by a unitary transformation known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

matrix. This three-by-three, complex-valued matrix can be parameterized as a product of two real

and one complex rotations, namelyU = R23 �R13R12 [17] where Rij is a real rotation and �R13 a

complex rotation. The real angles involved in this parameterization have been measured to percentage
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levels [35], and there is hint of a non-zero complex phase [36]. The elements of this matrix, which

relate the �avor and mass states, dictate the �avor transition amplitude, while the characteristic

length over which transitions occur depends on the mass-squared di�erences between the mass

eigenvalues. This oscillation length is given by

� osc;i = 4 �
E �

� m2
i 1

; (2.4)

where� m2
i 1, with i = 2 or 3, are the two neutrino mass-squared-di�erences which have been measured

from terrestrial and solar neutrino experiments and are known to the few-percent level [35].

In this work, we use the � SQuIDS[37, 38] software package to consistently account for the

above e�ects in neutrino transport. This package represents the initial �avor in the density matrix

formalism, � � = j� � i h� � j, the evolution of which is governed by

@�
@r

= � i [H; � ] � f � ; � i g +
Z 1

E
F (�; ��; r; E 0; E )dE0; (2.5)

where H is the full neutrino Hamiltonian, including both the neutrino kinetic terms and matter

potentials; � is the interaction rate; and F is a functional which encodes the cascading down of

neutrinos due to charged and neutral current processes, see [38] for details. The terms in this equation

depend on the environment traversed by the neutrino, as well as the PMNS matrix and neutrino

cross sections. For our nominal results and plots shown in this work we set the oscillation parameters

to the best-�t values for normal ordering from NuFit-4.1 [ 35, 39] and model the neutrino nucleon

cross section using thenuSIGMAsoftware package [40].

After the neutrinos exit their production region�in this work the Sun center, the Earth center or

the Galactic Halo �they must be propagated to the detector location at Earth. In this voyage, we

need to account for neutrino oscillations in vacuum and propagation inside Earth if the �ux traverses

signi�cant matter, which imply that the spectrum for � � at the detector can be written as

dN �
� �

d
 dE� � dt
= f (
)

3X

�

dN prod
� �

dE� �

�P� � ! � � (d; E� ); (2.6)

where dN prod
� �

=dE� � is the neutrino yield per annihilation or decay; �P� � ! � � (d; E� ) is the production-

region-averaged probability of � � oscillating to � � at distance d with energy E � ; and f (
) is a

function which encodes information about the rate of neutrino production and the geometry of the

source.

In what follows, we give additional details relevant for the propagation in the three production

environments considered in this work. The result of these processes is summarized in Fig. 2.3.
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Figure 2.3: Neutrino �ux from DM annihilation at Earth's surface. Colors and line styles
have the same meaning as in Fig. 2.2. Results in the top panel are computed with a zenith angle of
60� while those in the bottom panel are computed with a zenith angle of180� . The DM mass have
been set to 1 TeV for annihilation; for decay it should be read as 2 TeV andx should be replaced by
x = 2E � =m� .

The distance between the Galactic Center and the Earth is su�ciently large that all current- and

next-generation detectors do not have su�cient energy resolution to resolve individual oscillations.

Thus, the energy and distance dependence in Eq.(2.6) is given by its average value. In this regime,

the �avor transition probabilities are give by

P(� � ! � � ) =
3X

i

jU�i j2 jU�i j2 �

2

6
6
6
6
4

0:55 0:18 0:27

0:18 0:44 0:38

0:27 0:38 0:35

3

7
7
7
7
5

; (2.7)

where parameters are obtained by using the best-�t values from NuFit-4.1 with normal ordering.

Neutrinos produced in the solar center must travel through solar matter, vacuum, Earth's

atmosphere, and the Earth itself to get the detector. In this article, we use the standard solar model

given in [41] to propagate neutrinos from center of the Sun to the surface of the Sun.� SQuIDS

accounts for matter e�ects in solar matter in this process. Assuming the DM is at rest relative to

the Sun, the neutrino �ux will be emitted isotropically from the center of the Sun.
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To compute the expected �ux at the detector, one must consider both the detector position and

the Earth's position relative to the Sun. We can compute the time-dependent �ux which changes

with the solar zenith angle and the time-integrated �ux which depends on the time window.

For DM clustered in the center of the Earth, neutrinos propagate from the Earth center to the

detector. The Earth density and composition is parameterized by the Preliminary Reference Earth

Model (PREM) [ 42]. Since the detector is embedded in Earth, there is no time-dependent information

of the �ux; namely we assume that there is no relative motion between the DM distribution and the

detector. As discussed above, we can use� SQuIDSto propagate neutrinos from the center of the

Earth to the location we are interested in.

In this section, we compare our calculation to other results in the literature and estimate the

impact of di�erent sources of uncertainties on the �nal neutrino �ux. For a discussion of QCD

uncertainties on particle spectra from showering and hadronization, see [43]

Finally, we conclude the discussion of the� aro � by comparing the neutrino �uxes obtained from

� aro � with those obtained from other packages. In some instances, our results di�er signi�cantly

from previous works, so understanding this discrepancy's origin is important. Two broadly used

calculations of the �ux of neutrinos from DM annihilation or decay have been used in the literature:

PPPC and WimpSim. Here, we brie�y comment on the di�erences and similarities between our result

and these calculations in the three sources of neutrinos from DM discussed in this work.

Previous works by IceCube [44, 45], ANTARES [ 46, 45], and Super-Kamiokande [47] searching

WIMP annihilation in the Galactic Plane have used DarkSUSY[48, 49], PPPC, or direct PYTHIA

calculation, has been used in results predominantly from DM annihilation from the Galactic Halo,

seee.g. results by I. Our calculation using PYTHIA8.2 matches well with previous calculations with

PYTHIA6. SincePYTHIAonly partially includes EW interactions, both predicted �uxes are smaller than

those given by PPPC, e.g. the PPPC calculation gives spectra which are� 20 times larger for DM

annihilation to e� e+ with m� = 1 TeV. When we incorporate EW corrections, by coupling our

calculation with BRW [ 13], our results yield a �ux greater than the PYTHIAversions, but less than

the PPPC calculation by an average factor of 1.8, for the same parameters mentioned above, due to

di�erent implementation of the EW correction between these works.

Though PPPC provides a calculation of DM annihilation from the Sun, most experimental results

useWimpSim. These calculations di�er from each other as well as from� aro � in several meaningful

ways, both in their treatment of �uxes at production, and in neutrino transport.
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Figure 2.4: Comparison of � � -yield using four di�erent signal generators for DM at
the Sun center. The major contribution to di�erences between the lines is that a more complete
treatment of the EW correction has been implemented in PPPC and� aro � (BRW). As expected,
the magnitude of this di�erence grows as the mass of the DM increases. When comparing the
PYTHIA-based calculations, theb�b channel in � aro � is slightly harder than WimpSimwhich is consistent
with the result from [ 50]. The BRW calculation does not extend to masses below 500 GeV and so it
is absent from the �rst column.

With respect to production, both PPPC and � aro � include a treatment of the EW correction,

which is not implemented in WimpSim. Furthermore, PPPC handles interactions of stable and

metastable particles usingGEANT4, which tracks low-energy neutrinos produced in interactions of

primary hadrons with the environment. These neutrinos are ignored byWimpSim, and as mentioned

above, � aro � allows the inclusion of these low-energy neutrinos as an option. Lastly, PPPC samples

energy losses ofb and c hadrons from a distribution, whereas� aro � and WimpSimuse the average

energy loss for a given interaction. Though small, this e�ect is most notable notable in hadronic

channels,e.g. b�b [21].



16

With respect to propagation, both PPPC and � SQuIDSuse an integro-di�erential equation

approach, while WimpSimuses a Monte Carlo-based transport. The Monte Carlo approach allows for

event-by-event simulation, which o�ers several advantages. Speci�cally, it is easier to couple such

simulations to detector simulations and allows tracking the position of the Sun on an event-by-event

basis. These advantages, however, come at the cost of signi�cantly increasing propagation time.

Additionally, the WimpSimcalculation uses a neutrino cross section which uses the CTEQ6 parton

distribution functions which which yields a more accurate cross section than other calculations at

small-Q2 values, e.g. [51] that use HERAPDF. Our calculation is more similar to PPPC than to

WimpSim, and has the following notable di�erences compared to the latter: we treat DM emission to

SM particles as a point-source; we propagate the neutrinos using a di�erential equation instead of a

Monte Carlo method, we take into account the polarization of the � when considering tau-neutrino

regeneration, and, when coupled with BRW calculation [13], have a more complete treatment of EW

corrections. As can be seen in Fig. 2.4 for a WIMP of 100 GeV our calculation andWimpSim's are in

agreement. For DM masses above the EW scale, for de�niteness at103 GeV and 104 GeV in the

�gure, our calculation that includes EW corrections is signi�cantly larger than the WimpSimand

PYTHIA-only predictions. In this range the e�ects can be as large as a factor of four for theb�b channel

with m� = 1 TeV. Lastly, we �nd the e�ect of PPPC's partial implementation of EW corrections is

channel dependent. For example, in theb�b channel, PPPC tends to overpredict the �ux relative to

our calculation over the whole energy range, whereas in theW + W � channel PPPC overpredicts

the �ux at low energies, but underpredicts it at high energies. WimpSimhas been used in recent

searches for DM annihilation from the Earth, seee.g. results by ANTARES [ 52], IceCube [53] and

Super-Kamiokande [54]. In this case, we �nd that our results agree well with WimpSimwhen we use

PYTHIA to generate the �uxes and are larger when seeding with the BRW [13] calculation as discussed

in the Sun case, as expected.

2.2 Indirect Searches with the IceCube Neutrino Observatory

Equipped with this software, we now focus on searching for neutrinos from WIMP annihilation in the

Sun with the IceCube Neutrino Observatory (IceCube). IceCube is a neutrino telescope comprised of

5,160 light-detecting digital optical modules (DOMs) buried between 1,450 m and 2,450 m beneath

the surface of the Antarctic ice sheet. The DOMs detect the Cherenkov light emitted when the

charged byproducts of neutrino interactions travel at velocities higher than the phase velocity of light
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in ice. These DOMs are arranged in vertical strings with 17 m vertically between, most of which are

arranged in a hexagonal grid with an interstring spacing of 125 m. This allows IceCube to detect

neutrinos with energies&100 GeV. In the center of the detector is a more densely instrumented

subarray, the DeepCore detector. The 7 m�10 m vertical spacing and 42 m�72 m interstring spacing

in this region allow IceCube to detect neutrinos with energies as low as to� 5 GeV.

IceCube can reconstruct the properties of the incident neutrino, such as its direction and energy,

using the quantity of light and its timing information. In particular, this ability to reconstruct the

direction of the incident neutrino allows IceCube to function as a telescope. Thus, IceCube may

search for an excess of neutrino events coming from the direction of the Sun as a signature of WIMP

annihilation.

The �ux of neutrinos that arrives at IceCube is given by:

� � =
� ann

4�r 2

dN �

dE �
;

where� ann is the WIMP annihilation rate, r is the astronomical unit, and dN � =dE � is the di�erential

distribution of neutrinos as a function of energy. In indirect searches that look towards the Galactic

Plane, the annihilation rate is proportional to the thermally averaged WIMP annihilation cross

section, h� ann vi ; however, in the searches for neutrinos coming from the Sun, the rate is proportional

to the WIMP-nucleon scattering cross section. To understand this, it is helpful to look at the

di�erential equation that governs the number of WIMPs in the Sun. This is given by:

_N = C � AN 2 � EN:

Here, the C is the rate of WIMP accretion due to capture, A is the thermally-averaged WIMP

annihilation cross section per unit volume, andE is evaporation rate per WIMP [55, 56]. The

evaporation rate for WIMPs with masses above a few GeV is negligible [56]; thus, we may safely

set the last term on the right-hand side of the equation to zero. We are then left with a di�erential

equation with a solution given by:

N (t) =

r
C
A

tanh
�

t
�

� t0

�
;

where � = 1=
p

AC and t0 is an integration constant. Assuming the boundary condition that there

are no WIMPs in the Sun when the Sun forms, we can �nd that this integration constant should be

zero. For WIMP annihilation cross sections that reproduce the dark matter relic abundance and

for weak-scale scattering cross sections, it has been shown thatt � � � , where t � is the age of the
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Sun [56]. Thus, we �nd that:

_N (t � ) = Csech
�

t �

�

�
' 0:

We can safely set the left-hand side of our di�erential equation to zero. At last, we can conclude

that the rate of annihilation and capture are equal. Since the capture rate is proportional to the

WIMP-nucleon scattering cross section, we can directly probe this cross section by looking for WIMPs

captured in the Sun. This is the parameter that direct detection experiments are sensitive to. Thus,

searches for neutrinos from WIMPs annihilating in the Sun o�er a complementary probe of the

scattering cross section.

The capture rate has been computed analytically in [56], and it depends on the dark matter

mass, scattering cross section, and the composition of the Sun. We use the solar composition model

from [41] for this analysis.

2.3 Solar Atmospheric Neutrinos

Since the neutrino cross section grows with energy, the Sun is only transparent up to certain energies.

At 1 TeV, a neutrino produced in the solar core only has a 10% chance of escaping without interacting,

and above 3 TeV, this probability has fallen below 5%. Thus, we need only consider sources of

backgrounds with energies below� 3 TeV. In this energy range, the main source of neutrinos in

IceCube is atmospheric neutrinos produced when cosmic rays interact in Earth atmosphere, creating

charged mesons that decay to neutrinos. Assuming that the astrophysical neutrino �ux follows a

single, unbroken power law, it is buried many orders of magnitude beneath the astrophysical �ux at

these energies. Additionally, these cosmic-ray interactions also generate a �ux of muons, which are

able to travel from their production points in the atmosphere to IceCube. This gives rise to a large

number of background events in the southern sky.

Both of these backgrounds are well-understood and have been measured. Furthermore, each of

these backgrounds can be estimated from data, as will be described in Sec 2.5. In addition to these

two terrestrial backgrounds, there is another production mechanism for neutrinos in the Sun. Just as

in Earth's atmosphere, cosmic rays may interact with nuclei in the Sun and create charged mesons

that can decay into neutrinos. This �ux has been studied in the literature [59, 60, 61], but despite

precise predictions, it remains yet undetected. A schematic representation of this process is shown in

Fig. 2.5 This forms an intrinsic background for searches for neutrinos from WIMP annihilation in
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Figure 2.5: Schematic representation of solar atmospheric neutrinos. Cosmic rays arrive
from left and interact in the solar atmosphere. This gives rise to charged and neutral mesons, which
can decay to neutrinos and high-energy gamma rays. While the gamma-ray component has been
observed [57, 58]

the Sun, and since the predicted value of the �ux is� 5 on the neutrino �ux that would be produced

from by WIMPs annihilation at current limits on the cross sections, this cannot be neglected.

In this work, we model the background of solar atmospheric neutrinos using the calculation

from [59]. This calculation uses theMCEqpackage to simulate the interactions of cosmic rays in the

Sun and propagates the resulting �ux with � SQuIDS. Speci�cally, we will use the prediction that

comes from using the primary cosmic-ray �ux from [62], the SIBYLL2.3 interaction model [63, 64],

and the so-called MRS model of the prompt component of the �ux [65] as our nominal model. When

performing �ts, we allow the normalization of this �ux to take on any value within the 99% limits

found by the previous IceCube analysis [66]. Additionally, we studied the e�ect of mismodelling by

comparing the sensitivity of the analysis to mismodelling by injecting the �ux from one calculation

and trying to �t the �ux from another. This showed no impact on the sensitivity.

In addition to treating this �ux as a background, I performed a dedicated search for solar

atmospheric neutrinos, the sensitivities and results of this analysis will be discussed later, alongside

the same discussions for WIMP searches.
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2.4 Event Selections

For this analysis, we wanted to target events spanning the entire energy range to which IceCube is

sensitive. In order to meet this goal, we combined a selection of events dominated by events arising

from muon-neutrino, charged-current interactions that produce track-like features in IceCube with a

selection of lower-energy events created in the interaction of all �avors of neutrinos.

The former selection targets neutrinos with energies above a few hundred GeV. In this regime,

muons can travel more than hundreds of meters in ice, creating long, track-like patterns of light in

their wake that allow for reliable directional reconstructions. Furthermore, restricting the selection to

the northern sky leverages the natural overburden of the Earth to �lter out atmospheric muon. This

enables a neutrino-pure selection that can point to the Sun with� 1� resolution. In this analysis, we

use data taken between 2011 and 2021, for a total livetime of 3,804 days or approximately 10.42

years.

The latter selection targets neutrinos with energies below 100 GeV. At these energies, muons

typically travel only a few hundred meters, and the long lever arm that makes a muon-pure selection

advantageous at higher energies is diminished. In addition, muons are minimum ionizing particles in

this regime and as such have a lower light yield per unit length. These two e�ects�the shorter lever

arm and lower light yield�combine to make muon directional reconstruction more challenging at

these energies. Considering the fact that the �ux from solar neutrinos is split equally between the

�avor while the the terrestrial �ux is muon-dominated means that it is advantageous to consider

all neutrino �avors in this selection. In order to ensure the statistical independence of these two

selections, we remove any events that could enter the high-energy selection at early in the analysis

chain. This reduces the total data rate by approximately a factor of two. For this selection, we

use data taken between 2012 and 2021, with a total livetime 3,565.5 days, or approximately 9.76

years. The di�erence in livetimes between these two selections is due to the fact that the DeepCore

subarray was deployed one year after the main IceCube array was �nished, resulting in roughly one

less season of data.

2.5 Analysis Methods

We are doing a binned analysis, and in this section, we will show the binned analysis-level distributions

for each selection in signal and background. We use the azimuth scrambling�a data-driven approach�
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Figure 2.6: E�ect of oversampling data for background distribution in point source
selection. The left-hand plot shows the distribution of background events as a function of the
reconstructed energy and angle from the center of the Sun after choosing one set of random azimuth
angles. The right-hand plot shows the same distribution after oversampling the data 75 times. In
addition to smoothing out the distribution, the oversampling procedure ensures that we do not have
empty bins in our background distribution in the region where we expect the signal to come from.
This is important to prevent an in�nite likelihood, an issue that will be discussed in more detail later.

to model our background. This is possible because the signal is subdominant relative to the

background. In this method, we replace the azimuth angle determined by the angular reconstruction

with a random value drawn uniformly between 0 and 2� . This preserves the expected zenith

dependence of the background atmospheric neutrinos and atmospheric muons while spreading the

signal. When de-localized, the signal is so small that it has almost no impact on the background

distribution. It is worth pointing out that this method assumes that the detector acceptance is

uniform in azimuth. While this is not strictly true, the approximation works well enough for this

purpose.

We use 360 linearly-spaced bins from0� to 180� for the angle between the Sun and the reconstructed

neutrino direction, and 60 logarithmically-spaced bins from1 GeV and 106 GeV for the reconstructed

energy. In addition to these common bins, we bin in the morphology identi�cation boosted decision

tree from the DeepCore selection. We adopt the binning used in other analyses that use three bins

with edges at [0.0, 0.43, 0.8, 1.0].

To generate the isotropic, data-driven background distributions, we take an event from the

experimental data and replace the reconstructed azimuth with a random number drawn uniformly

from [0:0; 2� ). We then compute the zenith and azimuth of the Sun when the event arrived. We then

�nd the reconstructed angular distance between the Sun's position and the new reconstructed neutrino

direction. This quantity, the reconstructed neutrino energy, and, if applicable, the morphology
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Figure 2.7: Background distribution drawn from data. Analysis-level background distributions
for DeepCore and point-source selections made from oversampling the data. These were made by
oversampling the data 65 and 75 times, respectively.

identi�cation score are then binned in the previously described bins. This procedure is then repeated

for each event. To have a well-populated background distribution, we repeat this processN � 50

times and divide the resulting distributions by N to get the distributions used in our analysis. See

Fig. 2.6 for an example of this e�ect and see Fig. 2.7 for �nal background distributions for the point

source and DeepCore selections.

In addition to the data-driven background distributions, two additional distributions must be

computed from MC. These are the signal distributions and the background from solar atmospheric

neutrinos. In both cases, we �rst sample a time,t, drawn uniformly over the sidereal year running

from 00:00:00, 1 Jan., 2013 until 06:00:00 1 Jan., 2014. The start point is arbitrary and should not

a�ect the expected distribution. We then compute the position and angular extension of the Sun at

the time t. We select the events that originated inside the solar disk using the Sun's position and

the true direction of each simulated event. We then histogram those events in the reconstructed

quantities, weighting by the rate, i.e. by the oneweight times the �ux. This process is repeated many

times, typically on the order of 104, adding the histograms together and dividing by the total number

of times. This is essentially computing the average rate via a Monte Carlo integration method. See

Fig. 2.8 and Fig. 2.9 for the distribution of events for three di�erent dark matter hypotheses in the

DeepCore and point-source selections, respectively.

We use a binned, Poisson likelihood for this analysis,i.e. the :

L (~� jn) =
Y

i

e� � i � n i
i

ni !
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Figure 2.8: Distribution of signal events in DeepCore selection for example dark matter
hypotheses. The number of events expected in the eleven-year livetime of the DeepCore selection.
All three hypotheses have been computed at a reference cross section,� �N = 10 � 40 cm2.

Figure 2.9: Distribution of signal events in point-source selection for example dark matter
hypotheses. The number of events expected in the eleven-year livetime of the point-source selection.
All three hypotheses have been computed at a reference cross section,� �N = 10 � 40 cm2. These are
the same example cases and reference cross section as in Fig. 2.8.
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Figure 2.10: Trials test-statistic distributions for background-only models for example
dark matter hypotheses. The orange line shows the best �t of the sum of a delta function,� (TS),
and a chi-squared distribution with a �t number of degrees of freedom. This is the result of104

background only trials. We do not expect these to follow a chi-squared distribution because an
assumption of Wilks' theorem is that we are not near any boundaries; whoever, we enforce that the
�tter cannot �t negative signal.

Where ~� are the model parameters,n is the observed data,i indexes the bin, � i is the expected

number of events from a given model in thei th bin, and ni is the observed number of events in the

i th bin. We then de�ne the log-likelihood, LLH as:

ln L = ln

"
Y

i

e� � i � n i
i

ni !

#

=
X

i

� � i + ni ln � i � ln ni !

We may optimize over the model parameters,~� , to �nd the model that best describes the observed

data. In this analysis, these model parameters are the normalizations of the nominal signal and

background distributions, i.e. ~� = hns; nbi , and the model is given by

� = ns � s + nb � b;

where � s and � b are the signal and background distributions computed as described previously.

Since we have ensured that all of the sub-selections that we are using are statistically independent,

the likelihoods for each selection factor and the total likelihood is the product of the likelihood for

each sub-selection,i.e.:

L tot : =
Y

sel:

L sel:

and equivalently, the total log-likelihood is just the sum over the individual log-likelihoods, i.e.:

LLH tot : =
X

sel:

LLH sel:

We construct our sensitivity from trials for this analysis. To do this, we consider a model given by

a set of model parameters,~� true = h� true
dm ; 1; 1i , where we have set both background normalizations

to 1. We then draw data realizations, i.e. for each bin, we draw a number,ni , from a Poisson

distribution with a mean � = � dm � dm ;i + � iso;i + � sol;i . We then maximize the likelihood under two

di�erent model assumptions:
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Figure 2.11: Median and 1 � inject-recover tests for example signal hypotheses. The red line
gives the median test statistic for 10,000 pseudoëxperiments at each normalization. The gray band
shows the1� range for the same set of pseudoëxperiments. Horizontal, dashed orange lines indicate
the values of certain background quantiles test-statistic. We mark the point where we achieve our
median 90% sensitivity with an orange star.

1. �̂ s = h�̂ dm ; �̂ iso ; �̂ sol i

2. �̂ b = h0; �̂ iso ; �̂ sol i

called the signal-plus-background model, and the background-only model, respectively. We then

de�ne our test statistic as:

TS = 2
h
ln L (�̂ s jn) � ln L (�̂ bjn)

i

Simply put, this quanti�es the degree to which the signal-plus-background model �ts better than the

background-only model. As long as the �tting procedure performs correctly, and the value ofn̂s is

allowed to go to 0, this quantity should be non-negative.1

By repeating this procedure a number of times, we build atest-statistic distribution for a particular

model. If we choosens = 0 , we call this the background model, and the resulting test-statistic

distribution the background test-statistic distribution; see Fig. 2.10 for the background test-statistic

distribution from the di�erent event selections. If the parameters being �t in the background-only

case are far from any boundaries, the background test-statistic distribution should follow a known

distribution, called the chi-squared distribution. We plot the chi-squared distribution for one degree

of freedom in crimson in Fig. 2.10. It is clear that our test-statistic distribution does not quite follow

this distribution, but this is expected since.

We then de�ne our median sensitivity at q con�dence, as the model whose test-statistic distribution

has a median value that is greater thanq% of the background test-statistic distribution. In words, this

means that if this model were the true model, we would be able to reject the background-only model

1We note that it is also a requirement of this construction that all bins with a signal contribution must have a
non-zero background contribution. This is because if an event occurs in that bin, the second term in this di�erence
will be go to �1 since n i � i ! 0 for this supposed bin.
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Figure 2.12: Sensitivities of this analysis to the spin-dependent WIMP-nucleon scattering
cross section. This analysis's sensitivities improve upon limits from IceCube's previous solar WIMP
analysis�shown as dashed lines�for every channel over the whole mass range. We see particularly
dramatic improvements for high-mass WIMP annihilation to b�b due to the new calculation of the
initial neutrino �ux used in � aro � . Additionally, we see large improvements in sensitivity to low-mass
WIMPs, which are driven by improved reconstruction techniques for low-energy neutrinos.

at with a p-value of p = 1 � q=100half the time. We should note that this departs from the sensitivity

convention that is used in the IceCube point source group, in which the sensitivity is de�ned as the

model at which 90% of test-statistics exceed the median of the background test-statistic distribution.

We believe that the de�nition we have chosen lends itself to a cleaner statistical interpretation and is

more in line with the colloquial understanding of the word �sensitivity." We �nd that using only the

northern tracks selection, we have sensitivity to 2.55 times our nominal model. We also �nd that if

the true model is the nominal model, we should expect to be able to see it at 95% con�dence 14% of

the time. See Fig. 2.11 for a visual representation of this de�nition, and Fig. 2.12 for the sensitivity

of this analysis to all WIMP hypotheses we consider. The current sensitivities improve over limits

from the previous analysis in theb�b, W + W � , and � + � � channels. In some regimes�such as the

high-massb�b and low-masses�this analysis improvement is greater than an order of magnitude.

In the former case, this improvement is driven by the updated calculation of the initial neutrino

spectrum introduced in � aro � . Furthermore, this is the �rst analysis that will test direct annihilation

to neutrinos.
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Figure 2.13: Inject-recover tests for the three example WIMP hypotheses. The injected
cross section is shown as a dashed orange line, while the median and 1� bands for the �t cross section
are shown as a black line and grey envelope respectively. At cross sections below the sensitivity of
this analysis, the median �t value does not match the injected value; however, above the sensitivity
threshold, the median value and the injected value are in good agreement.

In addition to computing the sensitivity, we can also look at the �tted value of the model

parameters as a function of the true injected parameters. The expectation is that, on average,

the �t should recover the injected value. In the left panel of Fig. 2.13, we show the �tted signal

normalization as a function of the injected value. The median, denoted by the crimson line, is in

good agreement with the injected value, shown as a dashed grey line. Furthermore, the spread is

symmetric about this line in regions where the �t is not limited by the physical boundary at n�t
sig: = 0 .

In the middle and right panels of the same �gure, we should the �tted background normalization as a

function of the injected signal normalization for the signal-plus-background and background-only �ts,

respectively. Since we are using a data-driven background approach, we always inject atninj :
bg = 1 .

As expected, we are able to recover the background with a typical precision on the order of0:1%.

In addition to the previously described search, we can use the same analysis framework to search

for solar atmospheric neutrinos. In this search, we assume there is no dark matter in the Sun

and compare the hypotheses of no emission localized at the Sun and our nominal model of solar

atmospheric emission. To do this, we carry out the same procedure described above under the

substitution:

�̂ s ! �̂ 0
s = h0; �̂ iso ; �̂ sol i

�̂ b ! �̂ 0
b = h0; �̂ iso ; 0i :

In Fig. 2.14, we show the background-only test-statistic distribution, signal test-statistic distri-

bution, and inject-recover tests for the solar atmospheric analysis. The background test-statistic

distribution matches the We �nd that we have sensitivity to a �ux that is 2.75 times larger than our
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Figure 2.14: Test statistic, sensitivity, and inject-recover for solar atmospheric analysis.
The left panel shows the test-statistic distribution for background �ts of the solar atmospheric model.
As expected, it follows a linear combination of chi-squared and delta distributions. The middle panel
shows the median test statistic and 1� containment as a function of the injected signal normalization.
The sensitivity is shown as a star. We show the �tted signal normalization in the right panel versus
the injected signal normalization. The median �tted value is in good agreement with the injected
value.

nominal prediction. Furthermore, we �nd that we have a chance of observing the nominal model at

2� 10% of the time due to statistical �uctuations.

2.6 Results and Interpretations

We show the unblinded data for this analysis in Fig 2.15. For each WIMP hypothesis, we �t the

background-only and signal-plus-background hypotheses to the unblinded data and compute the test

statistic between the two �ts as previously described. We observed the largest preference for the

Figure 2.15: Unblinded event distribution for low- and high-energy selections. The event
distribution as a function of the reconstructed energy and reconstructed angular distance from the
center of the Sun. No signi�cant excess of events from the Sun was found in these data.
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Figure 2.16: Per-bin test statistic for the channel with the largest preference for the signal-
plus-background-�t. Green (pink) bins (dis)favor the signal-plus-background. The preference
for the signal-plus-background hypothesis is driven by the leftmost panel, which is dominated by
cascade-like events. Since the 20 GeV WIMP mass is below the simulation threshold for the high-
energy selection, we only show these distributions for the low-energy DeepCore selection.

Figure 2.17: Background-only test-statistic distributions with �tted test statistic. In each
case, the best-�t point of the background-only and signal-plus-background models was identical,
resulting in a test statistic of zero.

signal-plus-background �t in the We observed the most signi�cant preference for the signal-plus-

background �t in the �� ! b�b channel with a WIMP mass of 20 GeV. This WIMP hypothesis had a

test statistic of 2.00, corresponding to ap-value of 0.076. We show the per-bin test statistic for this

WIMP hypothesis in Fig 2.16. This �gure shows that the preference for the signal-plus-background

�t is driven by cascade-line events with reconstructed energies between 5 and 15 GeV.

This was the only WIMP hypothesis with a p-value less than 0.1, and this is consistent with

statistical �uctuations for the number of WIMP hypotheses considered. We compare the �t test

statistic value to the background-only trials for the example WIMP hypotheses in Fig. 2.17. This is

consistent with no excess from the Sun due to WIMP annihilation so that we can set limits on the

WIMP-nucleon scattering cross section.
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Figure 2.18: Limits on spin-dependent WIMP-nucleon cross section obtained in this
analysis compared to analysis sensitivity. We set limits that are slightly stronger than the
sensitivity in the high-mass regime and slightly weaker in the low-mass regime. All limits are within
the expected statistical �uctuations of the analysis.

We increase the dark matter �ux normalization to �nd the limit�holding the normalization

on our data-driven and solar atmospheric backgrounds at the best-�t values�until the likelihood

di�erence between this model and the background-only model exceeds a certain threshold. In our

case, we choose this threshold to be the 90% containment of the background-only test statistics, and

thus, we call these 90% upper limits. In Fig. 2.18, we compare the limits obtained in the analysis

to the sensitivities. In the high-mass regime, we obtain limits that are slightly more constraining

than our sensitivities. In contrast, in the low-mass regime, we obtain limits that are slightly less

constraining than the sensitivities. These slight di�erences are not unexpected, and all limits are

well within the expected statistical �uctuations of the analysis. In Fig. 2.19, we show the limits from

this analysis compared to other experiments.

Additionally, we did not �nd evidence of solar atmospheric neutrino emission. The best-�t point

was at a normalization relative to the nominal model at 0.0. This allowed us to set a limit on the �ux

of neutrinos from cosmic rays interacting in the solar atmosphere at 2.41 times the nominal model.



31

Figure 2.19: Limits on spin-dependent WIMP-nucleon cross section obtained in this
analysis compared to limits from other experiments.
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Chapter 3

Exploring the Energy Frontier with Tau

Neutrinos and the TauRunnerSoftware

Since its completion a decade ago, IceCube has made signi�cant progress in characterizing

the di�use spectrum of astrophysical neutrinos. The most recent �ts [67] show that the energy

dependence of this spectrum is consistent with a single power law up to a few PeV. A signi�cant

fraction of the next-generation neutrino telescopes will focus on measuring neutrinos with even

higher energies to test whether the power-law �t continues to hold and to detect new �uxes of

neutrinos [68, 69]. Furthermore, these observatories will attempt to make unambiguous measurements

of the �avor composition of the astrophysical neutrino spectrum. Such measurements are currently

limited by di�erentiating tau-neutrino-induced charged-current events from electron-neutrino-induced

charged-current events and all-�avor neutral-current events.

� � and the unique properties of� � will play a crucial role in both of these pursuits. In particular,

the phenomenon of tau regeneration [70] needs to be treated properly. In this process, a� � undergoes

a charged-current interaction and creates a� � , which quickly decays into another � � and an electron

or muon neutrino. This e�ect means that �uxes of high-energy � � arriving at Earth are not attenuated,

but are merely shifted to lower energies, allowing the high-energy �uxes to be seen in the low-energy

secondaries.

Additionally, the short lifetime of the � � enables a class of searches that provide a pure sample

of tau-neutrino events, thus breaking the previously mentioned �avor degeneracy. In these searches,
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one looks for evidence of the air shower formed when a� � decays hadronically emerging from a

region that would �lter out non-neutrino-induced events. This �ltering is typically accomplished

either by looking at a small region of the Earth near the horizon or into a mountain.

If we are to realize these goals, we must accurately model the behavior of high-energy neutrinos

and charged leptons. The previous generation of software primarily concerned itself with neutrinos

with energies below 1 TeV. In this energy range, the negligible scattering rates imply that the problem

of neutrino transport requires considering only in-�ight �avor change. Thus, the currently available

packages for simulating neutrino transport [71, 72] are not well-suited to addressing the evolving

needs of the neutrino community.

In this chapter, we will begin by describing TauRunner, a Python-based package for simulating

neutrino transport that considers several previously neglected e�ects. We will then use this package

to simulate the neutrino yields from extremely heavy, WIMP-like particles in the Sun. Finally, we

will show the simulation framework for the Tau Air-Shower Mountain-Based Observatory, a proposed,

next-generation telescope in the Peruvian Andes.

3.1 TauRunnerMonte Carlo Package

To address the problem of neutrino transport, the neutrino community has developed analytical and

numerical methods to compute the neutrino oscillation probabilities e�ciently [ 73], e.g. nuSQuIDS[38]

among others [74, 75, 76, 77]. In these �rst-generation packages tau regeneration was implemented

by using the so-called on-spot tau decay approximation, which neglects tau energy losses. Though

this approximation satis�es the needs of most current scenarios and experimental settings, next-

generation neutrino telescopes aim to reach EeV energies [78, 79]. At these extremely high energies,

the taus produced in neutrino interactions are su�ciently long-lived that their energy losses cannot

be neglected. Recently, dedicated software packages have been made available to solve this problem

in this energy regime. However, the bulk of the available solutions neglects the stochasticity of tau

losses considering only their mean e�ect. This limits their ability to function as event generators in

neutrino telescopes and produces mismodeling of the yield of tau-induced events for a small number

of scatterings, where the stochastic nature of the losses is more relevant. A notable exception is the

NuPropEarth [80] package developed for the KM3NeT experiment [81], which is presently being built

in the Mediterranean Sea. ThoughNuPropEarth o�ers a complete solution, this package requires a

large number of dependencies to function, making its distribution and installation di�cult.
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Software Language Input Output Medium Energy
losses(l � )

TauRunner Python � � ; �; � � � ; �; � Earth/Sun/
Moon/Custom

PROPOSAL

NuPropEarth[80] C++ � � � � ; � Earth/Custom TAUSIC

nuPyProp[90] Python/ FORTRAN� � � Earth Internal

NuTauSim[91] C++ � � � Earth Continuous

Table 3.1: Software comparison table. Each row of this table represents a given package. Input
and output particles include their not explicitly mentioned antiparticles. Custom medium refers to
a user-de�ned Body in TauRunner. The Energy losses column compares the treatment of charged
particle losses.

Here, we describe a new package,TauRunner, that aims to provide a complete and versatile

solution to the neutrino transport problem at high energies. Our Python-based package is designed

to have minimal dependencies, to allow the user to construct arbitrary neutrino trajectories and

propagation media, and to provide interfaces to modify physics inputs such as neutrino cross sections

easily. This package was �rst introduced in [82, 83], where it was used to study the ANITA

anomalous events [84, 85], and is currently used in studies relating to extremely high-energy neutrinos

in IceCube [86]. With respect to the preliminary version, the version presented in this paper contains

signi�cant improvements in terms of performance and available features to the user. In this article,

we describe the software and provide examples, benchmarks and comparisons to other packages

that have similar aims. We expect that our software will be useful for next-generation neutrino

detectors operating in liquid water (P-ONE [87]), solid water (IceCube-Gen2 [78]), mountains (Ashra

NTA [ 88], TAMBO [ 89]), and outer space (POEMMA [79]). Our hope is that the success of neutrino

oscillation measurements enabled by the previous generation of software will be mirrored in the study

of high-energy neutrino properties with e�cient propagation software such as the one presented in

this paper.

The aim of this software is to solve the transport equation for high-energy neutrino �uxes passing

through matter. The transport equation can be written as follows [92],

d~' (E; X )
dX

= � � (E ) ~' (E; X ) +
Z 1

E
d ~E f ( ~E; E ) ~' ( ~E; X ); (3.1)

where E is the neutrino energy, X is the target column density, � (E ) = diag(� � ; � �� ) holds the

total � and �� cross section per target nucleon,f ( ~E; E ) is a function that encodes the migration

from higher to lower neutrino energies and between� and �� , and ~' (E; x ) = f � � ; � �� g contains the
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neutrino and anti-neutrino spectrum. At energies supported by this package,10 GeV� 1012 GeV,

neutrino-nucleon deep inelastic scattering (DIS) is the dominant neutrino interaction process. The

�rst term on the right hand side accounts for the loss of �ux at energy E due to charged-current

(CC) and neutral-current (NC) interactions, whereas the second term is the added contribution from

neutrinos at higher energy, ~E , to E through NC interactions of � e;�;� and CC interactions in the � �

channel.

This latter channel is unique in that the short � lifetime causes the decay of the charged lepton

before losing a large fraction of the parent energy. The� then decays into a daughter� � , meaning

that the primary � � �ux is not lost, but only cascades down in energy. Moreover, if the� decays

leptonically, �� � and �� e are created, contributing signi�cantly to the outgoing �ux, as was �rst pointed

out in [93]. By default, TauRunnertakes all those contributions into account. The story is simpler for

the electron channel. There, CC interactions result in electrons which lose their energy quickly and

are subsequently absorbed in the medium. As a result, electron losses are not modeled inTauRunner

by default, though the capability exists if needed. For the muon �avor, muons resulting from CC

interactions can travel O(1) kmwe. Therefore, it is important to model the propagation and losses of

muons near the point of exit, and that is accounted for in TauRunneras well.

In TauRunner, Eq. (3.1) is solved using a Monte-Carlo approach. A �owchart of the TauRunner

Monte-Carlo algorithm is shown in Fig. 3.1. Given an initial neutrino type, energy, and incident

angle, it begins by calculating the mean interaction column depth, � int , which depends on the

medium properties and neutrino cross section. A column depth is then randomly sampled from

an exponential distribution with parameter � int , and the neutrino advances the corresponding free-

streaming distance. If the neutrino does not escape the medium, either an NC or CC interaction is

chosen via the accept/reject method. In the case of an NC interaction, the neutrino energy loss is

sampled from the di�erential cross section, and the process repeats. In the case of a CC interaction,

a charged lepton is created with energy sampled from the neutrino di�erential cross section.

The treatment of the charged lepton then varies according to the initial neutrino �avor. Electrons

are assumed to be absorbed and the propagation stops there.� and � , however, are recorded and

passed toPROPOSAL[18] to be propagated through the same medium.� that do not escape will

either decay at rest resulting in neutrinos that are below the energies supported byTauRunner, or

get absorbed. Therefore a� that does not escape is not tracked further. Finally, � s can either escape

or decay. In the latter case, a secondary� � is created whose energy is sampled from tau decay
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Figure 3.1: Flowchart of the TauRunnerpropagation algorithm. Square boxes indicate actions
performed by the software. Diamond boxes indicate decision-making stopping points. Rounded-
corner squared boxes indicate beginning and end of the algorithm. Note that users can select also
charged leptons as the initial state, in which case the algorithm skips straight to the charged particle
propagation step.

distributions provided in [ 94]. Additionally, if the � decays leptonically, � e or � � will be created.

When this happens, the properties of the resulting secondaries are recorded and added to a basket

which stores all secondary particles to be propagated together after the primary particle propagation

is complete.

Measurements of neutrino cross sections with matter have been performed up to a few PeV in

energy [95]. This includes a multitude of accelerator [96, 97] and reactor [98, 99] experiments as well

as solar [100], atmospheric [101], and astrophysical neutrinos [102, 103]. However, the energy range

supported by TauRunnergoes far beyond the measurements, where the fractional momenta,xBjorken ,

of the quarks probed by the neutrino can reachxBjorken � 10� 8. The nucleon structure function is

not measured at such lowxBjorken and is extrapolated in cross section calculations [51, 80]. Such

extrapolations neglect gluon color screening making perturbative QCD calculations of the neutrino

cross section grow faster than allowed by unitarity at extremely high energies [104]. Phenomenological

approaches to include gluon screening parameterize the extremely smallxBjorken behavior using

a dipole model [105] of the nucleon so as to result in aln2(s) dependence of the cross section at

extremely high energies [106]. This ultimately results in a di�erence of a factor � 2 at 1012 GeV.

TauRunnerprovides, by default, neutrino and anti-neutrino DIS cross section tables for two PDF
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models: a perturbative QCD calculation [51], and a dipole model [105]. Additionally, the user can

provide their own cross sections.

In the Standard Model, when neutrinos undergo CC interactions, they convert to their charged

partners through the exchange of aW boson. Charged particles lose energy in dense media through

many processes, and the relative importance of each process depends on the lepton's mass and its

energy [107]. At lower energies, a charged lepton can ionize atoms as it traverses the medium. This

process is described by the Bethe-Bloche equation, and at higher energies scales logarithmically

and becomes sub-dominant for all �avors. A charged lepton can also interact with the electric �eld

of a nucleus, losing energy in the process through the emission of a photon. This process, called

bremsstraahlung, scales like the inverse-sqaured mass of the lepton, and is therefore the dominant

energy loss mechanism for electrons. Another possible interaction with the �eld of a nucleus leads to

the production of electron-positron pairs. This process scales like the inverse of the lepton mass, and

is one of the leading energy-loss mechanisms for charged mu and tau leptons. Finally, charged leptons

can lose energy by exchanging a photon with a nucleon, in what is referred to as a photonuclear

interaction. This process dominates tau energy losses at the highest energies (� 109 GeV). The

aforementioned processes are implemented inPROPOSAL, which we use to model them inTauRunner.

Apart from interacting, charged mu and tau leptons can also undergo weak decays. This process

scales like the mass of the lepton to the �fth power, and is therefore the most likely outcome for

taus propagating in Earth up to 109 GeV. Above this energy, the total interaction length for other

processes becomes shorter than the decay length. Charged mu leptons, on the other hand, are much

more likely to lose all of their energy before decaying at rest, or getting absorbed by a nucleus.

Therefore, we only model decays of� � using parametrizations in [94].

A Particle instance contains the structure of aTauRunnerevent. This includes, among other

quantities, the particle's initial and current energies, particle type, and position. Additionally, it

has a number of methods for particle decay and interaction as well as charged lepton propagation.

Finally, the � decay parametrization is contained inparticle/utils.py .

The user may propagate � e, � � , � � , � � , � � , or any of the corresponding anti-particles in

TauRunner. To do this, the user should initialize the the Particle object with the corresponding

Particle Data Group Monte Carlo number [107]. It should be noted that the user may create ane� ,

but the internal logic of TauRunnerassumes alle� are immediately absorbed and thus no propagation

occurs; see Fig. 3.1.
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The Track class contains the geometrical information about the particle's trajectory. A track

is parametrized by an a�ne parameter which de�nes the position along the trajectory: 0 is the

beginning of the trajectory, and 1 is the end. Almost all of the methods of theTrack class are

mappings between the a�ne parameter and physically relevant quantities, e.g. radius, distance

traveled, and column depth. The only argument which is generic to theTrack class isdepth which

speci�es the distance below the surface of the body at which to stop propagation. This may intuitively

be thought of as the depth of the detector to which the particles are propagated. An illustration of

the TauRunnergeometry and a diagram of the functional relation of physical quantities to the a�ne

parameter is shown in Fig. 3.2

The Track class allows the user to make custom trajectories. The user need only specify mappings

between the a�ne parameter and these variables. Di�erent trajectories may require additional

arguments from the user, depending on the nature of the trajectory. To illustrate this point, we

can look at the two tracks which are implemented by default, theChord and Radial trajectories.

The former is used for paths which originate outside theBody and cross a section ofBody. The

latter is used for paths which originate at the center of the Body. The former Track describes

neutrinos coming from space and passing through Earth on the way to a detector, as in the case

of Earth-skimming � searches, while the latter gives the trajectory of a neutrino originating in the

center of the planet, relevant for searches for neutrinos from gravitationally trapped dark matter.

Clearly, an incoming angle needs to be speci�ed for theChord trajectory. Thus, we can see that the

necessary arguments for specifying aTrack may vary from one geometry to another.

The Body class speci�es the medium in which theParticle is to be propagated. In TauRunner,

we require that all bodies be spherically symmetric, and so aBody may be minimally speci�ed by a

physical radius, and a density pro�le. The density pro�le may be a positive scalar, a unary function

which returns a positive scalar, or a potentially-mixed list of positive scalars and such functions. The

sole argument of the functions used to specify the density should be the radius at which the density

is to be given, in units of the radius of the body, i.e. the domains should be[0; 1]. In this system

r = 0 is the center of the body andr = 1 the surface. If the user wishes to make a layered body,i.e.

one where a list speci�es the density pro�le, they must pass a list of tuple with the length of this list

equal to the number of layers. The �rst element of each tuple should be the scalar or function which

gives the density, and the second element should be the right hand boundary of the layer in units of
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Figure 3.2: Schematic of TauRunner geometry as contained within the Track class. (a)
shows the relation between the physical quantities relevant to propagation and the a�ne parameter
that parametrizes the Track . The arrows connecting these quantities are labeled with the functions
used to convert between them inTauRunner. Speci�cally, these are the functions a user must de�ne
in order to specify a customTrack geometry. All distances are normalized with respect to the radius
of the body in which the track sits. (b) shows a diagram of these parameters within a spherical
TauRunner body. Colors correspond to the boxes in (a). Additionally, it illustrates the depth
parameter which intuitively gives the depth of the detector.

the radius. The last right hand boundary should always be 1 sincer = 1 is the outer edge of the

body. Lastly, all densities should be speci�ed ing=cm3.

In addition to a radius and a density pro�le, the user may also provide the proton_fraction

argument to specify the fraction of protons to total nucleons in the body. By default, we assume

that the propagation medium is isoscalar,i.e. we set the proton fraction to 0.5 throughout the entire

body. As in the case of the density pro�le, this argument may be a scalar, a function, or a list of

function-boundary tuples. The domains of any functions provided must be [0, 1], and the ranges

must be in this same interval.

While the user can construct bodies themselves, there are �ve bodies implemented by default in

TauRunner: the Earth, a high-metallicity Sun, and low-metallicity Sun, the moon, a constant density

slab. We use the PREM parametrization to model the densities of Earth [42]. For the Sun, we use �ts

provided by [108]. To instantiate the Earth object, one calls theconstruct_earth function, which

returns an Earth object. Additionally, this function allows one to pass in a list of additional layers

which will be placed radially outward from the edge of the PREM Earth. This functionality may be

useful for e.g. adding a layer of water or ice or adding the atmosphere for simulating atmospheric
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air showers. To initialize the Sun, one can use theconstruct_sun function. With this function,

the user may specify `HZ_Sun' or `LZ_Sun' to use the high- and low-metallicity TauRunnersuns

respectively, or a path to a user de�ned solar model.

The TauRunnercross sections module de�nes the neutrino interactions. Internally,TauRunner

assumes that cross sections are equal for all neutrino �avors. Additionally,TauRunneruses the

isoscalar approximation by default, i.e. it assumes a medium is made of equal partsp+ and n;

however, this assumption may be changed by altering theproton_fraction of the Body object.

The software includes both CSMS [51] and dipole [109] cross sections implemented by default;

however, it is straightforward for the user to implement other cross section models by providing

scipy splines in the appropriate format. For the total neutrino cross section these splines are

scipy.interpolate.UnivariateSpline objects whosex-axis is the log10 of the neutrino energy in

eV and whosey-axis is the log10 of cross section incm2. The di�erential cross section splines are

scipy.interpolate.RectBivariateSpline objects whosex-axis is the log10 of the neutrino energy

in eV, whosey-axis is a convenience variable which combines the incoming and outgoing neutrino

energies,E in and Eout , given by

� =
Eout � 109 eV
E in � 109 eV

;

and whosez-axis is the log10 of incoming energy times the di�erential cross section incm2.

To propagate charged leptons,TauRunnerrelies on PROPOSAL, an open source C++ program

with Python bindings. A utility module to interface with PROPOSAL, utils/make_propagator.py , is

provided with TauRunner. This function instantiates PROPOSALparticle and geometry objects, which

are then used to create a propagator instance. SincePROPOSALdoes not support variable density

geometries, thesegment_bodyfunction is used to segment theTauRunnerbody into a number of

constant density layers. The number of layers is determined by solving for points in the body where

fractional change in the density is equal to a constant factor, calledgranularity . This argument

may be speci�ed by the user, and by default is set to0:5. A single propagator object is created for

all � � and, if needed, for all � � . SinceTauRunnerassumese� are always absorbed, a propagator

will never be made for these. Whenever a new geometry is used,PROPOSALcreates energy loss tables

which are saved inresources/proposal_tables . The tables require a few minutes to generate,

resulting in an overhead for new con�gurations, but subsequent simulations with the same geometry

will not su�er any slow down.
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TauRunner uses a natural unit system in which ~ = c = eV = 1 . As a consequence of this

system, any energy passed toTauRunnermust be in eV. TauRunnerincludes a units package to

easily convert common units to the units TauRunnerexpects. This may be imported from theutils

module, and its usage is demonstrated in several examples. Additionally, sinceTauRunnerassumes

that propagation occurs in a spherical body, the radius of this body establishes a natural length

scale. Thus all distances are expressed as a fraction of this radius.

The run_MCfunction, which carries out the logic of TauRunner, returns a numpy.recarray . This

array may be set to a variable if running TauRunnerfrom a script of notebook, or printed or saved if

running TauRunnerfrom the command line.

In this paragraph, we will describe the �elds of this output. The "Eini" �eld reports the initial

energy of the lepton in eV. The "Eout" �eld reports the energy of the particle when propagation

has stopped ineV. In the case that the particle was absorbed, this �eld will always read0.0 . The

"theta" �eld reports the incident angle of the lepton in degrees. The"nCC" and "nNC" �elds report

the number of charged and neutral current interactions the particle underwent in its propagation.

The "PDG_Encoding"�eld reports the particle type, using the Particle Data Group MC numbering

scheme. The"event_ID" is a number carried by�eld reports which initial lepton the particle comes

from. The "final_position" �eld reports the track parameter when the propagation was ended.

This may be used to physical quantities of a particle when it was absorbed, or when a user-de�ned

stopping condition was met.

The results of several� � simulation sets are illustrated in this section. Fig. 3.3 shows column-

normalized distributions of outgoing neutrino energy fraction as a function of initial neutrino energy.

Interestingly, the dashed line showing the median outgoing� � energy fraction varies with a constant

slope, corresponding to the energy at which Earth becomes transparent. That energy is roughly10

PeV at the horizon (top left), O(1) PeV in the mantle (top right and bottom left), and O(10) TeV

through the core (bottom right). This means that for a large fraction of the Northern Sky, � � pile-up

and escape at energies where the atmospheric neutrino background is relatively low. This idea is

also made clear when illustrated for a monochromatic �ux. In Fig. 3.4, EeV � � are propagated and

the outgoing energies are plotted as a function of nadir angle. A similar feature can be seen, where a

majority of neutrinos in this simulation escape with energy above100 TeV.

TauRunnerhas also been compared to several publicly available packages that perform similar

tasks. A summary of the various tested packages and their features is shown in Tab. 3.1. Besides
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Figure 3.3: Outgoing � � distributions for an E � 1 power-law �ux. Shown are the outgoing� �

energy fraction as a function of the primary tau-neutrino neutrino �ux injected as an E � 1 power-law
from 100 TeV to 10 EeV, shown in slices of equal solid angle in the Northern Sky. The dashed line
indicates the median outgoing energy

Figure 3.4: EeV � � in Earth Median outgoing energies of secondary� � shown as a function of
nadir angle. Also, 68% and 90% probability contours for outgoing energies are included. The feature
at approximately cos� of 0.8 is caused by the core.

TauRunner, only NuPropEarth o�ers a full solution in the case of � � . To illustrate this, we show in

Fig. 3.5 the output of both packages for an injected monochromatic �ux of � � at 1010 GeV and one

degree below the horizon. For secondary taus and� � , the two packages show excellent agreement.

We note that comparisons with NuPropEarth use the trunk version of the code, which has a new

treatment for charged particle propagation using PROPOSALinstead of TAUSIC. Secondary anti-muon

and -electron neutrino distributions show slight disagreement in the tails, likely due to di�erent tau

polarization treatments. These di�erences are still being investigated, and will be addressed in an

upcoming work.
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Figure 3.5: A monochromatic �ux of � � Outgoing particle energy distributions for a �xed
angle and energy. We include secondary anti-electron and -muon neutrinos, as well as charged taus.
TauRunnershows good agreement withNuPropEarth. This set assumes Earth as a body with a 4km
layer of water.

Figure 3.6: � � exit probability. Di�erent colors correspond to four di�erent monochromatic
neutrino energies. The emergence angle is measured with respect to horizon. TheTauRunner
prediction (solid line) is compared to NuTauSim, NuPropEarth, and nuPyProp, which are shown in
di�erent linestyles.

Fig. 3.6 shows a comparison of the charged tau exit probability in Earth as a function of nadir

angle. P �
exit is the probability that an incoming neutrino will exit Earth as a charged tau. This

quantity is especially relevant for future neutrino observatories hoping to detect Earth-skimming � � .

In that scenario, exiting taus make up the bulk of the expected signal.TauRunneragain shows great

agreement overall with other packages.

3.2 Extremely Heavy Solar Dark Matter

When search for neutrinos from WIMP annihilation in the Sun, one runs into an issue when looking

moving to higher WIMP masses. Since the Sun's core is both more than an order of magnitude denser
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and larger than that of the Earth, the Sun becomes neutrino-opaque at lower energies. Absorption

begins to play a signi�cant role for neutrinos with energies around 1 TeV and is over 99% opaque to

neutrinos with energies NUMBER. This means indirect searches for WIMPs captured in the Sun are

limited to WIMPs with masses below a few TeV. While this constraint is not an issue for WIMPs in

the context of the �WIMP Miracle� [ 56], which typically have masses on the order of a few hundred

GeV, heavier WIMPs may be invoked to explain other anomalies.

For instance, ultra-high mass WIMP-like particles have been proposed to explain the so-called

ANITA anomalous events. The Antarctic Impulsive Transient Antenna (ANITA) is a balloon-based

observatory that detects radio signals from Askaryan emission of extremely-high energy (EHE)

charged particles. The primary goal of this observatory is to indirectly detect EHE � � via the

Askaryan radiation emitted by the � � created when the� � undergoes a charged-current interaction.

For this to happen, the � � must come from with a few degrees below the horizon, undergo a single

charged-current interaction to create a � � which exist the Earth and decays in the air. The signal

can be di�erentiated from background Askaryan radiation created by EHE cosmic rays re�ecting

o� the ice by observing the polarization of the signal. Re�ected cosmic-ray signals will pick up an

additional phase compared the the unre�ected counterparts.

The tau-neutrino signal can only come from shallow angles because otherwise, there will be

multiple charged-current interactions and the � � will be beneath the Askaryan threshold. However,

in 2016 and 2018, the ANITA collaboration reported two events whose polarizations were consistent

with unre�ected signal and whose reconstructed direction was approximately30� beneath the

horizon [110, 111]. In Ref. [82], the authors show that any transient or steady SM �ux that

could produce such events is ruled out by IceCube's non-observation of lower-energy, regenerated

counterparts. Having ruled out SM explanations of the �ux, the authors of Ref. [112] postulated

that a WIMP-like particle with a mass of approximately 480 PeV decaying to a � � -�� � pair inside the

Earth could create this signal.

If this were true, one would expect the same WIMP-like particle to accumulate in the Sun as well

as the Earth, and may use the approach of the last chapter to probe this hypothesis; the extremely

high mass of this particle presents a challenge. Even though tau regeneration is accounted for

in packages like� SQuIDS, which is used for neutrino transport in � aro � , these packages use the

previously discussed, on-spot decay approximation. This assumes that the� � decays instantaneously

without losing energy. This should hold in the energy range below approximately 50 TeV where the
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Figure 3.7: Neutrino �ux output from TauRunner from initial � � . The curve in each �gure is
determined both by the changing solar density and the remaining propagation distance. The yellow
regions suggest most neutrinos lose su�cient energy to allow oscillations to dominate within the
solar core; however, a non-negligible fraction reaches this criterion in the Sun's lower-density outer
region. Furthermore, some neutrinos escape the Sun entirely, as can be seen by the bin on the right
edge of each plot. The plots for the initial �� � are identical up to particle-anti-particle conjection.

tau travels only a few meters before decaying, but at higher energies, one must properly account

for the energy losses of the� � . Furthermore, these packages do not include secondary neutrinos

produced from the � � decay.

The �exible implementation of propagation media and trajectories in TauRunnermakes it capable

of propagating the � � from the WIMP-like particle's decay in the Sun. To do this, we inject a

neutrino-anti-neutrino pair at the core of the Sun and propagate it radially. TauRunner follows

its normal algorithm, with one additional stopping condition. Since TauRunnerdoes not simulate

neutrino oscillation, we need to stop the simulation if we reach neutrino energies where oscillations

dominate, i.e. where the oscillation length becomes shorter than the interaction length. This

consideration can be safely ignored in the Earth because the Earth becomes transparent to neutrinos

below energies of approximately 100 TeV, where the oscillation length is on the order of108 km,

approximately 4,000 times larger than the diameter of the Earth.

After carrying out this procedure 108 times, we get the average distribution of neutrinos as a

function of energy and the radius at which the propagation ended. The resulting distribution of � �

and electron- and muon-anti-neutrinos resulting from the initial � � is shown in Fig 3.7. Along the

top of each plot, there are some events that escape the Sun with su�ciently high energies that the

oscillation length is never shorter than the interaction length. The curve that runs through the plot

re�ects the radial density pro�le of the Sun, which sets the interaction length.
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Figure 3.8: Neutrino �ux at the Sun's surface after propagation with � SQuIDS. One can see
two distinct regimes above and below the critical energy for each channel.

Since the resulting �ux is safely in the regime where the on-spot approximation holds, we then pass

these neutrinos to� SQuIDSto propagate the neutrinos to the surface of the Sun. This is accomplished

by using the �emitting body� functionality of � SQuIDS, which continuously adds neutrinos as the

propagation moves radially outward. Some care must be taken here as the sharp cuto�s at the critical

energies of 30 GeV and 110 GeV can cause numerical instabilities in� SQuIDS. To circumvent this, we

perform two propagations, one above and below the critical energies for each channel. Once reaching

the surface of the Sun, the results from both are combined and smoothed to get the total spectrum.

In Fig. 3.8, we show the �ux for � � and electron- and muon-anti-neutrinos at the surface of the Sun.

The combined �uxes are then propagated to Earth, where we can convert them to a �ux via:

� � +�� =
N �
4�r 2 [� � � ! � � + � �� � ! � � ] ;

where N is the total number of WIMP-like particles in the Sun, � is the decay rate,r is the distance

between the Earth and the Sun,� � � ! � � is the �ux of neutrinos from the initial � � , and � �� � ! � � is

the �ux of neutrinos from the initial �� � . We show this �ux at the Earth's surface in Fig. 3.9.

We can now recast the previously published IceCube limits on solar WIMPs [113] as limits on

the rate from this �ux of neutrinos. We use the limits obtained for annihilation to an initial � + � �

pair since the shape of this spectrum is closest to the one we computed. This analysis considered

three WIMP masses of 3 TeV or greater. Speci�cally, they considered 3 TeV, 5 TeV, 10 TeV WIMPs,

and set limits on the combined � � -�� � �ux at � � � +�� � = 29:0 km2 yr � 1, � � � +�� � = 29:3 km2 yr � 1,
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Figure 3.9: Flux of neutrinos after propagation to the surface of Earth. We have averaged
this �ux over energy bins that are 0.1 decades wide to �lter out the e�ects of rapid neutrino oscillations
at energy scales smaller than IceCube's energy resolution.

and � � � +�� � = 32:1 km2 yr � 1. By integrating our �ux in energy, we are able to set a limit at

N � = 5 :26� 1015.

Interpreting this result in the context of the WIMP-like particle proposed in Ref. [ 112] is di�cult

as it is heavily dependent on the particle distribution in Earth, which the authors say does not follow

a standard thermal distribution. Possible con�gurations that would reproduce the ANITA events is

currently being investigated and should appear in future work. However, this calculation technique

can be applied in general to study high-mass, WIMP-like particles in dense media.

3.3 Simulation for the Tau Air-Shower Mountain-Based Observatory

The Tau Air-Shower Mountain-Based Observatory (TAMBO) is among the proposed next-generation

neutrino observatories. Deployed in the Colca Valley in the Peruvian Andes, this detector will

comprise � 20; 000 plastic scintillator panels set up on one side of the valley. A� � traveling through

the mountain may undergo a charged-current interaction. The� � produced in this interaction can

travel a mean distance of approximately 50 m per PeV of energy before decaying. If the tau lepton

exits the mountain in this time and decays hadronically, the resulting byproducts will induce an air

shower of muons, electrons, and photons that the scintillator array can detect.
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Figure 3.10: Schematic of the TAMBO design and detection principle. in this diagram, the
incident � � enters from the �gure's right and interacts within the mountain. The resulting � � exits
the mountain and decays in the valley. Particle detectors can detect the resulting air shower on the
opposite face of the valley.

This air shower will not form for a � e or � � in teracting in the valley. A � e will produce an electron

that would lose all its energy in � 10 m, likely leading to becoming trapped in the mountain. A � � ,

on the other hand, will produce a muon, which is expected to travel� 10 km at energies above a PeV.

Thus, it will travel through the array before decaying, creating a signal in at most one scintillator

panel. Thus, the valley's geometry ensures that the TAMBO will observe high-purity tau-neutrino

events, allowing an unambiguous measurement of the tau-neutrino fraction of the astrophysical

neutrino �ux.

TAMBO will have peak sensitivity to neutrinos with energies between 500 TeV and 100 PeV.

The short lifetime of the � � sets the lower limit, while the width of the valley sets the upper limit.

This lower end of this range overlaps with the highest-energy neutrinos that IceCube has observed,

guaranteeing a �ux of neutrinos for TAMBO to observe. Furthermore, TAMBO will be sensitive to

neutrinos that are over an order of magnitude more energetic than those seen by IceCube. This will

allow TAMBO to di�erentiate between di�erent astrophysical models and determine if there is an

exponential cuto� of the astrophysical �ux, as predicted by some models [114, 115].

Initial predictions of TAMBO's detector acceptance and event rate were performed in [89]. By

extrapolating the �ux reported by IceCube in [ 116], this work found that TAMBO would expect
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to see approximately 18 events in three years of observing. While this work shows that TAMBO's

design is promising, it used a simpli�ed canyon geometry, did not simulate� � energy losses in the

rock, and relied on a parametrization of the air-shower physics. Furthermore, it did not have particle

timing information, making detailed triggering and reconstruction studies impossible. To understand

TAMBO's sensitivity more precisely, we developed a full simulation chain that properly treats these

e�ects e�ects and includes per-particle timing information.

The simulation proceeds in several stages. First, we must select the properties�e.g. the energy,

incident direction, and interaction vertex�of the incident neutrino. Given these neutrino properties,

we must select the properties of the outgoing� � . These two steps are typically called eventinjection .

We then propagate the injected� � through the simulation region, accounting for the di�erent media

the lepton moves through along the way and any energy losses that may occur in �ight. Next, we

allow the � � to decay, and, if relevant, simulate the air shower that the decay products induce, �nd

the distribution of air-shower products on the valley's face, and simulate the detector response.

At each step, we must strike a �ne balance between covering the full phase space relevant to

our detector while maintaining computational e�ciency. To give an extreme example, we want to

simulate interactions that happen in the mountain opposite our detector, but we certainly should

not simulate a neutrino interacting in the Moon since such an interaction has a negligible chance of

triggering our detector. Deciding where to draw this line between these two extremes requires some

care and will be outlined later in this section. Furthermore, it may sometimes be more convenient to

sample quantities in a way that does not follow the physical distribution. For instance, it might be

easier to sample the incident neutrino energies from a power-law distribution or to ignore an angular

dependence and sample uniformly in the angular phase space. In order to remove these convenient

but non-physical choices, one must weight the events in order to convert them to a physical rate.

One may then take the total rate of events as the weighted average over all simulated events.

To perform these steps, we use newly built software for sampling, weighting, and geometric

handling supplemented with external packages to handle more involved simulation of the physics

processes. Speci�cally, we use the previously describedTauRunnerpackage to simulate the passage

of neutrinos from Earth's surface to the simulation region; PROPOSALto simulate both the passage of

the � � through matter and its subsequent decay; andCORSIKA[117, 118] to simulate the air shower

induced by the decay products. Both the newly built code and interfaces to external modules are
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written in the Julia programming language [119]. All code used for this work is publicly available

on GitHub [120].

Before describing the workings of the code, we will summarize our conventions and give an

overview of the internal struct s that undergird the simulation. The SimulationConfig contains all

the con�guration information for setting up the simulation sequence. This includes metadata about

the simulation run, the injection parameters, the charged lepton propagation energy cut settings,

and the geometrical con�guration. All inputs to this con�guration should follow the unit conventions

of TAMBO, in which eV= c= ~=1. Common units are available through the units utility, e.g. an

energy of 1 PeV would be expressed as1units.PeV . Additionally, we adopt the convention that a

particles direction is aligned with its momentum. This is opposite the convention of many neutrino

observatories which choose to have direction anti-aligned following the convention of telescopes.

the interna geometry is handles by theGeometry struct . The valley �eld contains a spline of

the valley and may be called as a function. Since the simulation coordinate system is centered on the

TAMBO detector, this struct also contains thetambo_offset which converts to a coordinate system

whosez-coordinate is at sea level. Additionally, this contains the tambo_bounds�eld, which is a list

of xy-coordinates that roughly give the outer limits of the TAMBO detector, with the z-coordinates

being given implicitly by the height of the valley. These are used when deciding whether to propagate

an event in CORSIKAand will be discussed further later. The last aspect ofstruct is the � air and

� rock which give the mass density of the air and rock. By default, these are1:2 � 10� 3 g=cm3 and

2:6 g=cm3 respectively, expressed in TAMBO units. It should be noted that all geometry in the

TAMBO simulation assumes that one is localized to a region where the Earth can be approximated

as a plane. The maximum error that this induces is given by:

� zmax =
r 2

sim

2R�

where r sim is the radius of the simulation region, andR� is the radius of the Earth. This means that

for the 30 km-by-40 km simulation region, the maximum error is � 200 m. This is not insigni�cant

prima facia, but, as we will describe later, almost all of the of the neutrinos are simulated within

10 km of the detector, where the maximum error is less than 10 m.

This struct can be be loaded by specifying aJLD2-formatted �le that has two keys� spline and

mincoord�and a Coord struct that gives the latitude and longitude of the center of TAMBO in

radians. The former should give a two-dimensional spline that takes in anxy-position and outputs

the height of the valley. These positions should be in unit of meters and the �rst knot should be at
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x= y=0 m. The latter key should be a Coord struct that gives the latitude-longitude of the origin in

radians.

Next, we turn our attention to the Injector object, which as the name may suggest, handles initial

state injection. This struct has six �elds: config , powerlaw, xs, anglesampler , injectionvolume ,

and geo. The �rst �eld contains an InjectionConfig struct that has con�guration information

used to construct the Injector . The last �eld is an instance of previously discussedGeometry

struct that handles all geometrical considerations. The middle four �elds are used for sampling

the initial neutrino energy, the outgoing tau lepton energy, the initial neutrino direction, and the

interaction vertex. These should be instances ofPowerLaw, CrossSection , UniformAngularSampler ,

and InjectionCylinder struct s respectively. These are all general examples ofSamplers, other

features of which will be disussed later. While there are other ways to sample initial energies and

angles beyond what is currently implemented, these options should be su�cient as non-powerlaw

energy distributions and non-uniform angular distributions can be attained by event weighting.

The event injection, carried out by running the calling the Injector as a function, �rst selects

an incident direction uniformly in phase space� i.e. uniform in the azimuthal angle and uniform in

the cosine of the zenith angle�and an initial energy. We then sample a point of closest approach on

a two-dimensional surface oriented perpendicular to the incident direction. This shape is a cross

section of the injectionvolume , and asInjectionCylinder suggests, this surface is a circle in the

default implementation.The radius of this disc, r inj : should contain the detector; in this work, we

set it to 2 km, but this may be changed in the future. We note here that more studies are required

to know if this is the most e�cient choice since TAMBO is more approximately a rectangle than a

circle. Having picked a direction and point of closest approach, we can then backtrace the direction

of the neutrino and determine whether it had to cross the Earth in order to arrive at TAMBO.

Next, we must determine the energy of the neutrino when it enters the simulation region. If the

neutrino did not have to traverse the Earth, we may draw an energy from a power-law distriubtion

and set the equal to the energy of the neutrino at the edge of the simulation region. If the neutrino

had to cross a portion of the Earth, we sample an energy from the same power-law distribution and

set this equal to the energy of the neutrino at the surface of the Earth and propagate the neutrino to

the detector. At the energies that TAMBO can probe, tau regeneration plays a crucial role in the

tau-neutrino propagation. To simulate this, we interface to the TauRunnerpackage. Although there

are a variety of packages that specialize in treating tau regeneration,TauRunneris one of two�the
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Figure 3.11: Lepton energies at di�erent injection stages as a function or angle. All events
are drawn from a power law with a spectral index of 1, as evidenced by the pink line being �at in
each panel. As we move from Earth-skimming neutrinos in the top, left panel to core-traversing
neutrinos in the bottom, right panel, the distribution of energies at the TAMBO simulation volume
moves to lower energies due to tau regeneration; however, the total number of events is conserved.
The distribution is further shifted to lower energies when the � � creates a� � . This e�ect is less
pronounced for higher-energy neutrinos since the charged-current interaction becomes more elastic.
The shaded regions roughly correspond to the energy range to which TAMBO is sensitive. Only
angles shown in the top row of panels were considered in previous sensitivity estimates. Clearly,
steeper angles contribute to the total number of neutrino interactions near the detector; however,
further study is required to know if these events will trigger the detector.

other being NuPropEarth [80]�that gives the � � �ux. As such, only these two software are suitable for

event injection; however, we opt forTauRunnersince its Python implementation is easier to interface

with from Julia . Once TauRunnerhas propagated the neutrino to the surface of the simulation

volume, we set the �nal neutrino energy from TauRunnerto the energy in the simulation volume.

We now know the energy of the neutrino that we will force to undergo a charged-current interaction,

and as such can sample the outgoing� � energy. To do this, we sample from the di�erential cross

section as computed by Cooper-Sarkar, Mertsch, and Sarkar [121] and as implemented in [122]. We

assume that the momentum of the outgoing tau lepton is parallel to that of the neutrino, and as

such we only need to sample from the Bjorken-y distribution. The energy distributions for neutrino

energies at Earth's surface, neutrino energies in the simulation region, and for� � are shown for

di�erent injected zenith angles in Fig. 3.11.

At last, we can sample an interaction vertex and thus conclude the event injection. We must

make sure that we are sampling all vertices that could lead to the air-shower from the� � to trigger

the detector. Since higher-energy tau leptons can travel for larger distances before decaying, this
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Figure 3.12: Diagram of ranged vertex sampling procedure. The so-called injection disc�the
large black ring�is centered on the center of the detector, represented here as an orange circle, and
is oriented perpendicular to the direction of the incident neutrino direction. An interaction vertex is
the sampled by computing R99:9% �shown in the plot on the right�for the exiting � � and sampling
a distance in the range[0; ` inj : + ` (R99:9% j�; � )] uniformly in column depth.

process should depend on energy. We solve this by computingR99:9%(E � ), the 99.9% quantile of

distances� leptons can travel before decaying. This is computed for a number of energies, and is

then �t to the parametrization:

R99:9%(E � ) =
1
�

log
�
1 + E �

�
�

�
:

After propagating 105 tau leptons at energies ranging from103 GeV to 108 GeV with the PROPOSAL

software [123], we found best-�t values of � = 1 :473� 103 GeV mwe� 1 and � = 2 :63� 10� 5 mwe� 1. We

then sample a distance from the point of closest approach in the ranged 2 [0; ` inj : + ` (R99:9% j�; � )],

where ` inj : is an injection parameter and `(X j�; � ) a function that converts a column depth to a

distance, is sampled uniformly in column depth. We then set the interaction vertex a distanced

from the point of closest approach, in the direction opposite the neutrino momentum.

This whole injection process creates anInjectionEvent struct , which contains three Particle

struct s� initial_state , entry_state , and final_state �that tell about the state of the particle

at the di�erent stages of the injection process. It has one additional �eld, genX, which gives the

total column depth that was sampled from when determining the interaction vertex since this will be

necessary when weighting the particle.

Next, we pass the �nal-state � � to PROPOSALfor propagation. This requires creating aProposalPropagator

struct . This struct contains particledef_def and crosssections_dict �elds. These contain

de�nitions that are useful to precompute as they do not change when propagating di�erent charged

particles; however, it is expected that the user should not need to interact with these. One may call
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Figure 3.13: Propagation process for tau and mu neutrinos. The top panels show a bird-eye
view of the propagation process, while the bottom panel shows the process from a vantage point
perpendicular to the neutrino momentum. The thickness of the line in each plot is proportional
to the nergy of the lepton. Since the simulation does not di�erentiate between neutrino �avors
within the simulation region, we represent the neutrino as a dashed black line in both cases. Once a
charged-current interaction takes place, we simulate the energy losses of the particle in matter. As
mentioned in the main text, the charged mu lepton loses energy much more quickly than the� � ,
and does not decay as promptly.

the ProposalPropagator as a function with a InjectionEvent and Geometry as arguments, and

the final_state of the event will be propagated through the environment speci�ed by the geometry.

This can also be used for propagating any charged lepton by passing an appropriateParticle into

the function call with a Geometry.

Fig. 3.13 shows the result of propagating a muon and� � resulting from identical, up to �avor,

incident neutrinos. The top panels show a top-down view of the neutrino, represented as the dashed,

black line, coming in from the north west. The transition to solid red and pink lines represent the

conversion to a� � and muon respectively, and the thickness of this line is proportional to the energy.

As one can see the muon loses energy much more rapidly than the� � , and the � � decays in the air

due to its muc shorter lifetime. This underscores the earlier discussion about TAMBOs ability to see

a tau-pure �ux. We neglect to show a panel for an incoming electron neutrino since the electron will

stop within 20 m of the interaction vertex, and thus will create only a point at the resolution of this

plot.
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Figure 3.14: Top-down view of CORSIKAoutput overlain on the mountainside. Each dot
colored represents a particle that reached the plane in theCORSIKAsimulation. The color corresponds
to time, with warm colors corresponding to earlier arrival times. The transparent, black points
represent the position of TAMBO's detection units. Additionally, the interaction and decay vertices
for the incident � � and � � are also shown as a maroon and white scatter point respectively. The
incident neutrino had an energy of 200 PeV.

If the � � decays hadronically, we take the decay products and useCORSIKAto simulate the

extensive air shower. The typical usage forCORSIKAis simulating down-going air showers on a

horizontal plane. We need to depart from this typical case in two ways. First, we need to simulate

up-going air showers since we focus on this region of phase space to reject background. Second, we

need to determine the output of the air shower on the inclined plane we use to approximate the

valley.

At the time of development, these two requirements could not be simultaneously satis�ed in

CORSIKA7, the latest o�cial release. We were able to obtain a beta version ofCORSIKA8from the

CORSIKAdevelopers and began developing within that framework. This is the �rst project to use this

new CORSIKAin production for any experiment, and we have been working closely with theCORSIKA

developers and occasionally making improvements to theCORSIKA8code. One such improvement is

a modi�cation of the CORSIKAgeometry to make it more general and suit TAMBO's unique needs.

We expect them to make it into the production version of CORSIKAwhen it is released. Furthermore,
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this is the �rst use of CORSIKA8to simulate up-going events, and have received interest from other

experiments in using the code we developed in their simulation chains.

Running CORSIKAis the most time-consuming step of the simulation chain and as such, we

perform some preliminary checks to see whether an event has any chance of producing hits within

the detector. The simplest of these checks makes sure the decay happens in the air, and in fact, this

is the cut that cuts most of our events, removing approximately 90% of injected events. We then

perform checks on the direction of the particle relative to the plane's position to ensure it is not

heading away from the detector approaching at such an oblique angle that the air-shower simulation

will not terminate in a reasonable amount of time. Lastly, we check that the air shower has a path

to the detector that is not blocked by the mountain. This could happen when the decay occurs in

a gap between the mountains, but not in the instrumented portion of the valley. To do this, we

check whether any path to one of the previously mentionedtambo_boundsdoes not pass through a

mountain. If any such path exists, we propagate the particle.

Approximately 2.5% of events pass all checks. While this is somewhat low and perhaps points

to an ine�ciency in the injection step, it is still su�ciently fast that it is not a bottleneck in our

simulation. This is because the injection steps run at about 18 Hz, meaning that we get one event

that we will be run by CORSIKAper second; however, theCORSIKAsimulation takes O(10 s) and as

such, even a perfectly e�cient injection would only result in a 5-10% increase in the simulation speed.

Having simulated the shower, we then check if the shower products trigger the detector. To do

this, we de�ne a number of detector units arranged in a hexagonal grid. In the initial simulations,

the detectors are circular and have a radius 1 m. If any of the particles from theCORSIKAsimulation

are within this radius of any detection unit, we add the event number to the total number of particles

seen by that detection unit.

De�ning the �number of particles� involves some subtlety since the electromagnetic component of

the CORSIKAshower is thinned to boost computational e�ciency. Particles belonging to this class

include a so-called weight, which, roughly speaking, corresponds to the number of similar particles

that would have arrived had thinning not taken place. To convert these events into an integer number

of particles, we sample an integer from a Poisson distribution with a mean equal to the event weight.

An individual detection unit is triggered if it detects three or more particles, and an event triggers

detector readout if the number of particles in all activated detection units is at least 30.
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Figure 3.15: Triggered modules from a cosmic-ray air shower in previous �gure. As in
Fig. 3.14, each dot is a detection module. Black indicates an untriggered module, while yellow
indicates a triggered module. The area of the yellow dot is proportional to the number of particles
collected by that detector.

We then convert the events that pass this trigger criterion to a rate of events at the detector.

To accomplish this, we must undo all unphysical choices that were made in the simulation chain, a

process known as event weighting. SinceTauRunner, PROPOSAL, and CORSIKAsimulate according to

physical processes, we need only be concerned with removing unphysical choices from event injection.

Again drawing inspiration from [ 124], we de�ne the probability of generating an event according to

our injection procedure as:
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� (E vol :

� )
@�
@y

(E ` jE � )
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dE � �( E � )
:

Where A inj : is the area of the injection disc,
 inj : is the solid angle of the directional sampling,� (~xint :)

is the mass density evaluated at the interaction vertex,X gen: is the total column depth in the range

[0; ` inj : + ` (R99:9% j�; � )], � (E vol :
� ) is the total neutrino cross section evaluated at the neutrino energy

when it enters the simulation volume, @�
@y(E ` jE � ) is the di�erential cross neutrino cross section,� is

the power-law spectrum according to which the initial, i.e. at the surface, neutrino energies were

drawn from, and Emin : and Emax : are the minimum and maximum energies that can be sampled. It
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Figure 3.16: Event rate as a function of number of deployed detection modules. The
three lines show the expected event rate for three di�erent inter-module spacing. Under the current
simulation settings, the event rate is sensitive only to the total number of detectors and not the
inter-module spacing. We suspect this is related to the energy cut settings of theCORSIKAsimulation
discussed in the main text.

should be noted that all quantities with inj : are metaparameters of a given injection and do not vary

from event to event.

The true rate of a physical event may be computed with:
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1
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where X phys : is the column depth traversed by the neutrino en route to the interaction vertex, M iso:

is the isoscalar nucleon mass,� phys :(~xint : is the mass density of the physical medium evaluated at the

interaction vertex, and � phys : is the physical neutrino spectrum for which one wishes to compute the

rate. One may then compute the average rate for an ensemble of events by taking the average,i.e.:

� tot : =
1

N inj :

X

evts :

wevt:

Additionally, we typically de�ne the oneweight for an event as:

wevt : =
� evt :

� phys :(E
gen:
� )

:

This is a convenient quantity since one may then �nd the rate for any �ux by taking the product of

the �ux and the oneweight. Furthermore, this quantity may be used to �nd the so-called e�ective

area of TAMBO by computing the average value in a given zenith and energy range.

We used the software to simulate injection on a �at portion of the valley to evaluate TAMBO's

performance. We simulated with an injection radius of 2 km, resulting in 4 km of coverage on

the mountain's surface. Of the 105 events we injected, only 2,759 were passed toCORSIKA. Of the

97,241 events we did not pass toCORSIKA, 88,039 were cut because the� � decay occurred within the
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mountain. We then ran the triggering protocol on the resulting CORSIKAoutput and computed the

total event rate for di�erent detector con�gurations for the �ux from [67].

In Fig. 3.16, we show the event rate as a function of the total number of detection modules

for arrays with 50 m, 100 m, and 150 m inter-module spacing. The �attening at large number of

modules is caused by the array extending beyond the injection region. These results suggest that the

total event rate does not depend on the inter-module spacing. This does not agree with the previous

estimation of the event rate from Ref. [89]. Further disagreements between these calculations emerge

if we linearly extrapolate the event rate from the regime we simulate to the 22,000 modules used

previously. Our calculation predicts a rate of approximately 0.4 events per year, whereas the previous

analysis predicts approximately six events per year.

We are investigating the possibility of this discrepancy being caused by theCORSIKAenergy cut

setting. This setting controls the energy threshold below which particles are ignored. To allow the

simulation to �nish in a reasonable time frame, the threshold is currently set at 1 GeV; however, we

estimate that our detection module should be sensitive to particles with energies as low as 5 MeV.

Initial estimates indicate that including all particles down to this energy should raise the total particle

count by a factor of 10-25 and increase the density of particles. The increase in the total number

should increase the fraction of events that trigger the detector, and the higher density of particles

should induce a dependence on the inter-module spacing. However, since the spatial distribution of

particles is a function of their energies, it is non-trivial to understand how these cut particles will be

distributed on the mountain. Unfortunately, running simulations with an energy cut of 5 MeV is

computationally tractable since a single shower could take a week to simulate.

We are currently considering a variety of approaches to working around this constraint to get an

estimate that accurately re�ects the detector's capability. A straightforward approach would be to

oversize the detection modules to approximate the e�ect of the increased particle density; however,

the lower-energy particles are not distributed uniformly in space, an e�ect that this approach does

not account for. We are also investigating developing phenomenologically driven models of shower

development that would allow us to extrapolate the pro�le below the energy cut.

While the work presented here represents a signi�cant step for TAMBO's simulations, improve-

ments can still be made here. In the last few paragraphs of this section, I will comment on some of

the improvements that I think are important as a note for posterity. The most critical change that

needs to be implemented is movingTauRunnerfrom the injection step to the weighting step. As
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it is currently implemented, we couple the TauRunnersimulation, which implicitly contains cross-

section information, to the expensiveCORSIKAsimulation. This is an issue as there are signi�cant

uncertainties on the high-energy neutrino cross section, and studying this is very much of interest

to TAMBO. Including TauRunnerat the injection stage has the additional negative e�ect that we

occasionally get neutrinos at the simulation region below the energy threshold of TAMBO, wasting

computational resources. This step requires a change to the weighting procedure, as a distribution

of surface energies can give rise to the neutrino event at the simulation region. Thus, one must

integrate this distribution.

Another improvement that comes to mind is implementing a mesh geometrical handling in

CORSIKA. This does not impact the physics�and thus is of lower priority�but would allow for

PROPOSALand CORSIKAto both be run within the CORSIKAframework, decreasing the chance of

introducing bugs through interfacing to multiple packages. Currently, since it cannot handle the

complex valley geometry,PROPOSALcannot be run within CORSIKA. This would facilitate moving our

injection to LeptonInjector [124], which currently supports this mesh geometrical framework. This

would allow all geometry to be handled within the same framework, removing the need for coordinate

transforms when interfacing multiple packages. In turn, this reduces the chance of introducing

subtle bugs. Both LeptonInjector and CORSIKAare well-tested and have more extensive user and

maintainer bases. As such, switching to these should improve the long-term reliability of the TAMBO

simulation framework.
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Chapter 4

Open-Source Simulations, Reconstructions,

and Technologies for the Future of

Neutrino Telescopes

The role of ML in IceCube's recent observations of the neutrino emission from the Galactic Plane

and from extragalactic point sources makes it clear that this technique will drive immense progress

in neutrino astronomy. However, the results of the previously mentioned Kaggle challenge make it

abundantly clear that neutrino astronomy is behind the cutting-edge ML techniques. If we are to

catch up and realize the potential o�ered by ML, we need all the personpower we can muster.

Fortunately, the neutrino telescope community is growing rapidly. Currently, �ve new telescopes

are being planned and deployed, increasing the instrumented volume from 1.5 km3 to 24 km3 in

the coming decade. These telescopes operate under nearly identical detection principles. Thus, if

experiments operate within a common language, they can share techniques and more rapidly close the

gap between ML capabilities in industry and neutrino astronomy. However, each experiment currently

uses a proprietary simulation framework. This makes developing combined solutions untenable,

resulting in redundant e�orts and reduplicated work.

In this section, we will describePrometheus an open-source simulation framework for neutrino

telescopes. It allows one to simulate ice- and water-based detectors with arbitrary geometries and
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thus, provides a common language for all current and planned Cherenkov neutrino telescopes. We

will then apply this open-source simulation to new technologies that may �nd application in neutrino

telescopes. In the �rst example, we usePrometheus simulation to design an ML-based reconstruction

that is capable of running at speeds faster than the trigger rate in neutrino telescopes. In the

second example, we will investigate the possibility of compressing data from neutrino telescopes

using quantum processors.

4.1 Prometheus: an Open-Source Neutrino Telescope Simulation

Neutrino telescopes [125] are gigaton-scale neutrino detectors that use naturally occurring media such

as glaciers [110, 111, 78], the Paci�c Ocean [87], lakes [126, 127], seas [128, 129], insterstellar dust [79],

or mountains [88, 89, 130] as a neutrino target. The subset of these that are deployed in liquid or

solid water�hereafter referred to as water and ice respectively�have a long history [131], and most of

the features of current and future detectors can be traced back to the DUMAND project [132]. The

largest currently operating of these detectors is the IceCube Neutrino Observatory [6] located near the

geographic South Pole. Two other collaborations are currently constructing detectors: the KM3NeT

collaboration is constructing ORCA and ARCA [ 129] in the Mediterranean Sea and the BDUNT

collaboration is currently building Baikal-GVD in Lake Baikal in Russia [ 127]. Additionally, two new

experiments�P-ONE [87] o� the coast of Vancouver in the Paci�c Ocean and TRIDENT [ 128] in the

South China Sea�and expansions of the IceCube Observatory [133, 78] are under development.

Since all these experiments operate on the same detection principle and are deployed in water or

ice, they share many technological features. Each detector is comprised of individual optical modules

(OMs) capable of detecting Cherenkov photons emitted by the charged byproducts of neutrino

interactions. The arrangement and details of each OM vary from one detector to another depending

on the optical properties of the medium, physics goals, and historical context of construction.

Unsurprisingly, these commonalities result in similar simulation chains. Most simulation chains

follow some variation of the steps outlined in Fig. 4.1, before eventually convolving the detector

response with the distribution of photons that arrive at the OMs. Since only this last step is not

generic, there is an opportunity to develop a common software framework.Prometheus aspires to

meet this opportunity by providing an integrated framework to simulate these common steps for

arbitrary detectors in water and ice. The �exibility allows one to optimize detector con�gurations
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Figure 4.1: Schematic showing the physical processes Prometheus models. (1), Prometheus
selects an interaction vertex within simulation volume, depicted here by the lighter-colored region.
(2), the �nal states of this interaction are then propagated, accounting for energy losses and any
daughter particles which may be produced. (3), these losses are then converted to a number of
photons. (4), �nally, these photons are then propagated until they either are absorbed or reach an
optical module.

for speci�c physics goals, while the common format allows one to develop reconstruction techniques

that may be applied across di�erent experiments.

Prometheus builds upon several decades of experience in the design of neutrino telescope sim-

ulations by using publicly available, well-maintained software whenever possible. Neutrino event

generation in these types of detectors can be traced to the �rst neutrino telescope event genera-

tor [134, 135, 136, 137]. The �rst simulation of a neutrino telescopes in ice dates back to AMANDA

and was calledNuSim[135], originally written in Java, while in water the earliest reference can

be traced to ANTARES [138]. NuSimwas latter ported to C++and released asANIS [136]. This

was then adapted into an internal IceCube event generator calledNuGen[139]. Recently, the Ice-

Cube collaboration has released a new neutrino event generation that builds on these e�orts called

LeptonInjector [124]; see Ref. [140] for a similar e�ort in KM3NeT. LeptonInjector [141] per-

forms only neutrino injection around the detector and leaves neutrino transport through Earth as

an a posteriori weight [142] since it can be readily performed by packages such as those given in

Refs. [137, 38, 143, 144, 80, 145, 146].

The propagation of high-energy muons is described in detail in Ref. [147]; see [148] for a recent

revision. Muon propagation in detailed Monte Carlo simulation was implemented inMUSIC[149],

primarily used in water-based neutrino experiments, andMMC[150] in ice-based experiments. The

latest and most up-to-date muon propagator optimized for neutrino telescopes is calledPROPOSAL[18]
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Figure 4.2: Event views for various detector geometries. This shows the events created by
either � � charged-current or � e charged-current interactions in a variety of geometries of current
and proposed neutrino telescopes. Each black dot is an OM, while each colored dot indicates the
average time at which photons arrived at the OM; black indicates an earlier arrival, orange indicates
a later arrival, and purple an arrival in between. Furthermore, the size of the colored spheres is
proportional to the number of photons that arrived at the OM. Detectors which appear against lighter
blue backgrounds�the top row�are ice-based, while those against the darker blue backgrounds are
water-based.

and builds on MMC. PrometheususesPROPOSALto simulate the propagation of muons. Tau propagation

is also handled byPROPOSAL, though in most of the energy range of the experiments considered here,

the tau losses are negligible; see [151, 32, 152, 153, 154] for discussions on tau energy losses.

The emission of Cherenkov light from hadronic and electromagnetic showers in water is discussed

extensively in Refs. [155, 156]. In these references, the emission of light was parameterized from

dedicated GEANT4 simulations, which have been recently re�ned in [157, 158]. The emission of light

from hadronic or electromagnetic showers has been implemented in theCascade Monte Carlo (CMC)

package by the IceCube collaboration [124] following the physics outlined in [156]. Unfortunately, CMC

is not publicly available and is only usable in ice. For this reason, we have reïmplemented the light

yields produced by showers inPrometheus following the parameterizations given in [156, 157, 158].

These are implemented in a module calledFennel in Prometheus.

Finally, Prometheus solves the light transport problem using two di�erent modules. In the case

of light propagation in ice, we use the standalone, open-source version ofPPC, which is the ray tracer

used by the IceCube collaboration and can be found in [159, 160], while in the case of water, we

implement our own ray tracing routines in a module calledHyperion ,.
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