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Abstract

The Pacic Ocean Neutrino Experiment (P-ONE) is a proposed multi-cubic-
kilometer neutrino observatory o the coast of Vancouver Island, Canada. At a
depth of 2660 meters in the Cascadia Basin, P-ONE will be connected to the NEP-
TUNE observatory, a deep-sea infrastructure in the Northeast Paci c Ocean hosted
by Ocean Networks Canada (ONC). A rst detector line, called P-ONE-1, is planned
to be deployed in 2024/2025. P-ONE-1, consisting of 20 optical and calibration in-
struments distributed over a total vertical length of around one kilometer, shall serve
as a prototype line for the detector, and ultimately be the blueprint for the following
detector lines.

In this thesis, the current development status of P-ONE-1s' Optical Module (P-OM)
is presented, which will detect Cherenkov light stemming from secondary particles
of neutrino interactions in water. The P-OM consists of two glass hemispheres,
connected via a titanium cylinder to the detector line. Each hemisphere contains
eight photomultiplier tubes (PMTSs), optically coupled to the glass via transparent
gel re ector pads. The multi-PMT design allows to cope with the high background
rates in the depths of the Northeast Paci ¢ Ocean, while the modular and minimal
mechanical design of the P-OM makes it easily scalable in vision of the construction
of the entire P-ONE detector.

The main contributions of this work are three-fold: First, a test setup for the PMTs
used in P-ONE-1 has been developed to allow for a plug-and-play characterization
of their properties. Second, a Monte Carlo framework for optical simulations of the
P-OM has been developed, utilizing a novel approach for its geometry implementa-
tion, enabling more precise results compared to previous implementations. Last, a
cleanroom production facility for the P-OM has been set up.






Acknowledgements

This thesis would not have been possible without the amazing work done by the
people at the ECP group at TUM and in the P-ONE collaboration.

| want to express my gratitude to Prof. Elisa Resconi for allowing me to conduct
my work at the frontier of neutrino astronomy. During my year at ECP, | experi-
enced what | can only consider a prime example of good scienti ¢ leadership. Her
support for young scientists and the trust she put in them has been a great source
of inspiration for me, and it will be for many generations of students to come.

| want to thank everyone on the development team of the P-OM, with whom | have
shared countless hours of discussions in and out of our (almost) weekly meetings.
Without the collaborative e ort of Christian Spannfellner, Vincent Gousy-Leblanc,
Chiara Bellenghi, Michael Béhmer, Laszlo Papp, Martin Dinkel, Lea Ginzkey, Ben
Nuhrenbérger and Alexandra Scholz, the development of the P-OM wouldn't be
where it is today. | also would like to acknowledge the previous work on the gel pad
production by Christopher Fink and on the OMCU by Laura Winter.

For o ering me the unique opportunity to travel to the P-ONE collaboration meeting
in Vancouver, | want to thank Prof. Matthias Danninger. In extension, | want to
thank Prof. Elisa Resconi for enabling my participation in the P-ONE meeting in
Krakow and the DPG spring meeting in Dresden.

For providing insightful gures to this thesis, my appreciation goes to Felix Hen-
ningsen, Lisa Schumacher, Christian Spannfellner, Lasse Halve, Lea Ginzkey and
Ben Nuhrenbérger. In addition, | would like to thank Vincent Gousy-Leblanc for
the implementation of the tting algorithm used in gures 5.6 and A.3.

For helpful comments on drafts of this thesis to improve both language and content, |
want to express my gratitude to Christian Spannfellner and Vincent Gousy-Leblanc.

Finally, | would like to thank my girlfriend for her unwavering love and support
throughout the year-long journey of writing this thesis. Her continuous encourage-
ment, necessary patience and endless supply of excellent co ee helped me tremend-
ously through the more stressful episodes of the last twelve months.






Contents

Abstract . . . . e e e
Acknowledgements . . . . . . ..
1 Introduction . . . . . . . . . . e

2 High Energetic Cosmic Messengers . . . . . . . . . ... ..
21 CosmicRays . . . . . . . o i e
22 GammaRays . . . . . . ...
2.3 Gravitational Waves . . . . . . . ...
2.4 Neutrinos . . . . . . . e
2.5 Multi-Messenger Observations . . . . ... .. ... ... .......

3 Large Scale Neutrino Telescopes . . . . . . . . ... ... .. ... ...
3.1 Detection Principle . . . .. .. .. ... .. .. .. .. e
3.2 IceCube . . . . . . . e
3.3 KM3NeT . . . . e
3.4 Baikal-GVD . . . . .. ..
35 P-ONE . . . . . . e

4 The First Line for the P-ONE Detector . . . . ... ... ... ......
4.1 P-ONE-1String Design . . . . . . . . . . . ...
4.2 The Optical Module (P-OM) . . . . . . .. . ... ... ... .....
4.3 The Calibration Module (P-CAL) . . . .. .. ... ... .......

5 The P-ONE Optical Module Calibration Unit . . . . ... ... .. ...
5.1 Photomultiplier Tubes . . . . . . . . . . . ... ...
5.2 ThepBase . .. . . . . . . . . . . . e
53 The OMCU Setup . . . . . . . . . e
5.4 Control Software . . . . . . . . . ...
5.5 Verication of Hamamatsu Calibration Data . . . . . . ... ... ..
5.6 Upgrade Plans forthe OMCU . . . ... ... .. ... ........

15
15
22
24
25
26

29
29
30
32

33
33
36
42
44
49
57

Vii



Contents

6 A Geant4 Framework for the P-ONE Optical Module . . . ... ... .. 61
6.1 The Geantd Toolkit . . . . . . . ... ... .. . . . . . ... ..... 62
6.2 Implementation of the P-OM Geometry . . . . . ... ... ...... 63
6.3 Simulation Parameters . . . . ... .. ... ... .. 68
6.4 Angular Acceptance Simulations for the P-OM . . . . ... ... ... 71
6.5 Muon Beam Simulations forthe P-OM . . . . . .. .. ... ... .. 84
6.6 Single PMT Angular Acceptance . . . . . ... ... ... ....... 86
6.7 Performance of the Framework . . . . . . .. ... ... ... ..... 88

7 Integration of P-ONE's First Optical Modules . . . . ... ... ... .. 91
7.1 Gelpad Production and Optical Coupling . . . . ... ... ... ... 91
7.2 The Optical Tent . . . . . . . . . . .. . . e 92
7.3 Assembly, Testing and Quality Control for the P-OM . . . . . .. .. 94

8 Conclusion. . . . . . . e 97

A Additional Plots . . . . . . ... 99
A.l1 pBase Performance Plots . . . . . ... ... .. ... .. .. ..... 99
A.2 Geant4 Muon Simulations . . . . . .. ... oL 102

B Source Code . . . . . . . . ... 105

Bibliography . . . . . . . . e 107

viii



Chapter 1
Introduction

With the advent of Multi-Messenger Astronomy in the early 215 century comes
the desire to precisely study the cosmic neutrino ux, identify its sources, and
thereby reveal hidden secrets of the most violent cosmic accelerators. To pursue
this task, a multitude of neutrino telescopes have been built all around the world,
from IceCube [1] at the South Pole and KM3NeT [2] in the Mediterranean Sea to
Baikal-GVD in Siberia [3]. These telescopes help to probe the cosmic neutrino ux
arriving on Earth, with lceCube the longest running experiment being able to
recently identify TXS0506+056 [4] and NGC 1068 [5] as well as our own galactic
plane [6] as neutrino sources.

A new neutrino telescope, the Paci ¢ Ocean Neutrino Experiment (P-ONE) [7] will
be located o the coast of Vancouver Island, in the Cascadia Basin in a depth of
2660m, and is currently in development. P-ONE will be part of a new generation of
neutrino telescopes, that together will signi cantly increase the detection potential of
neutrino sources and thereby lead to a clearer picture of the neutrino sky [8]. While
the nal P-ONE detector will not be deployed before the end of this decade, the
rst detector line, P-ONE-1, is currently in development, with deployment targeted
for 2024/2025. The line will consist of 20 Optical Modules (P-OMs), spaced evenly
in the water over a height of one kilometer, detecting Cherenkov light from neutrino
interaction remnants.

In this thesis, the current status of the development process of the P-OM is presen-
ted. The main contributions of this thesis are three-fold: First, a plug-and-play test
setup for the P-OMs photomultiplier tubes (PMTs), called the Optical Module Cal-
ibration Unit (OMCU), has been developed, and a subset of P-OM PMTs has been
subsequently characterized in this setup. Secondly, a Monte Carlo optical simula-
tion framework for the P-OM has been designed, using a novel approach of directly
importing CAD geometries, leading to highly precise results. This framework has
helped to better understand the optical mechanics of the P-OM, giving valuable
feedback for the development process. Lastly, the groundwork for the assembly of
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the rst P-OMs has been set, with the acquisition of the Optical Tent as a clean
production environment. The outline of this thesis is thereby as follows:

Chapter 2 gives an introduction on the di erent kinds of cosmic messengers, their

origins, respective detectors, and recent scienti ¢ discoveries. This chapter highlights

the multi-messenger connection in cosmic accelerators. It helps to understand how
the study of neutrino uxes combined with observations of other messengers gives
insight into the inner workings of such cosmic objects.

Chapter 3 introduces the working principle of large-scale neutrino telescopes in
detail, starting with the initial neutrino interaction and ending with the detection of
remnant Cherenkov light. In addition, causes for background in the detector, as well
as its angular resolution, are discussed. This is followed by a technical introduction
on current and future neutrino telescopes.

Chapter 4 gives an overview on the technical speci cations of P-ONE's rst de-
tector line, P-ONE-1. The design of the line is presented, with a special focus on
the Optical Module (P-OM) and the Calibration Module (P-CAL).

Chapter 5 presents the OMCU, the test setup for Optical Module PMTs. Insight
is given on the PMT and the pBase as the OMCUs key components, followed by
an overview of the OMCUs hardware and software design. This is followed by an
evaluation of PMTs to be used in the P-OM, where measured characteristics were
compared to calibration data provided by the PMT's manufacturer. Lastly, a quick
outlook towards future upgrades of the OMCU is given.

Chapter 6 rst describes the P-OM optical simulation framework, highlighting the
hybrid approach of importing most of the P-OM geometry from CAD drawings while
modeling optically relevant parts through source code. Then, the results of simula-
tions on the angular acceptance of the P-OM are presented, studying the e ect of
di erent design choices on the performance of the P-OM. After that, initial simula-
tions with muon beams are presented. Lastly, simulation results on a single PMT
are compared to measurements in the OMCU, showing good agreement between
measurement and simulation.

To conclude,Chapter 7 depicts the current status of the P-OMs integration process.
Procedures for the optical coupling and integration of PMTs to the P-OM glass
sphere are presented, and théDptical Tent as an assembly facility is introduced.
Finally, a plan for integration, testing, and quality control of the P-OM is outlined.



Chapter 2
High Energetic Cosmic Messengers

For centuries, the study of astronomical objects was limited to the information
these objects emitted in the visible spectrum of light. However, the 20th century
marked a pivotal moment for astronomy with the emergence of radio and space-based
telescopes. These advancements allowed astronomers to extend their observations
beyond visible light into the range of radio waves, infrared, ultraviolet, and X-rays,
unveiling previously hidden aspects of the universe. This expanded view illuminated
objects such as pulsars [9], black holes [10], and active galactic nuclei [11].

In the early 21st century, another paradigm shift occurred with the emergence of
gravitational wave detectors, neutrino telescopes, and cosmic ray detectors. These
advancements allowed for observations using a wide range of cosmic messengers,
enabling the scienti ¢ discipline of multi-messenger astronomy [12, 13].

The following chapter gives an introduction to cosmic messengers in the high-energy
regime. This is followed by touching on how connecting observations from di erent
messengers can lead to new scienti ¢ discoveries, especially regarding the origins of
those messengers.

2.1 Cosmic Rays

Cosmic rays are high-energetic charged particles hitting the Earth's atmosphere
from outer space. They were rst discovered in 1912 by V. Hess, who observed an
increased rate of radiation during balloon rides at high altitudes [14], hinting at
the extraterrestrial origin of this radiation. He was subsequently awarded the 1936
Nobel Prize in Physics for his discovery.

In more modern times, cosmic ray detectors cover energy ranges from around one
GeV up to above 100 EeV [13, 15]. Due to the decreased ux at high energies, de-
tectors aiming to probe the high end of the cosmic ray energy regime must possess
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a larger volume than detectors for lower energies. The largest cosmic ray detector,
the Pierre-Auger-Observatory [16, 17] encompasses, among other instruments, 1600
water Cherenkov detectors spread around 3000 kfin the Mendoza province of Ar-
gentina. While observatories placed in space, such as the ISS-based Alpha Magnetic
Spectrometer (AMS) [18], can detect cosmic rays directly, ground-based observat-
ories detect remnants of atmospheric showers and consequently can only deduce
information about the primary particle through model assumptions.

Figure 2.1 All particle energy spectrum for high energetic cosmic rays. Data com-
bined from several measurements. To the right, the knee (top) and ankle (bottom)
are enhanced through multiplication with E%° and E 3, respectively. Figure provided
by F. Henningsen. Data courtesy of the authors of [15].

Figure 2.1 combines the measured ux of cosmic rays from various experiments.
Remarkably, over a wide energy range, the ux can be described by an inverse
power law with the spectral index

d

dE !/ E (2.1)
This is incompatible with black body radiation and therefore leads to the conclusion
that those patrticles' energies are not of thermal origin but stem from cosmic accel-
erators [15, 19]. Up to around 1 PeV, the spectral index is 2:7. From about
10 PeVto 1 EeV, itis 3:1. Above 10 EeV, the spectral index attens again to

2:6. The regions between the di erent spectral indices are known as the "knee"

(3 PeV) and the "ankle" ( 3 EeV). A cuto in ux occurs at around 10 GeV.
This cuto can be associated with the GZK-cuto after K. Greisen, V. Kuzmin, and
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G. Zatsepin [20, 21], which is predicted as the result of protons above the cuto
energy interacting with the cosmic microwave background (CMB) to produce a *
resonance:

p+ °

O 2.2)

p+ cwe ! !
This process then results in secondary particle energies below the cuto energy.

Even though the exact origins of the knee and ankle remain unknown, there is
consensus that cosmic rays at energies below the knee are mostly from inner-galactic
origin [19]. In fact, a simple approximation with a 3 PeV proton and a homogenous
magnetic eld with the strength of the Milky Way ( 6 G [22]) leads to a lamor radius
of

p

Ze B
which is around the thickness of the galactic thin disk [23].

r =

0:5kpc; (2.3)

The exact acceleration mechanisms for cosmic rays are still subject to research.
However, for inner-galactic cosmic rays, shock accelerations in supernova remnants
(SNRs) are seen as viable candidates [19]. In this process, cosmic rays di use back
and forth across the supernova shock front. At each crossing, the energy of the
magnetized plasma is transferred to the charged particle through Fermi acceleration,
e ectively increasing its energy. This transfer occurs multiple times until the particle
escapes the shock front [15, 24]. Candidates for accelerators outside our galaxy are
active galactic nuclei (AGNs) and gamma-ray bursts (GRBs). The former are black
holes of10°  10'° solar masses at the center of their galaxy. They feed of matter
from the equatorial accretion disk surrounding them, converting around 10% of that
matter into highly energetic particle rays released at the black hole's poles [13]. The
latter result from core collapses of heavy neutron stars or the merger of two neutron
stars [13, 15].

Due to the charged nature of cosmic rays, they are naturally de ected in magnetic
elds inside our galaxy and generally do not align in direction with their origin
when arriving on Earth. This circumstance and their attenuation length of only a
few hundred megaparsecs in the GeV to PeV regime [25] give cosmic rays a clear
disadvantage for observations compared to gamma rays and neutrinos.

2.2 Gamma Rays

Photons at energies higher than 100 keV are known as gamma rays. It is assumed
that their origins are the same galactic and intergalactic sources responsible for cos-
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mic rays, where they are produced as secondary particles from leptonic and hadronic
processes [12]. Leptonic processes producing gamma rays include:

Bremsstrahlung: e+ N ! e+N+ , ata nucleusN
Synchrotron radiation in a magnetic eld: e! e+
Inverse Compton scattering:e+ ! e+ with E <E

In hadronic processes, pions are created through interactions between cosmic rays
and the surrounding interstellar medium. Neutral pions then decay directly into
photons via ©'! + , while charged pions decay into charged leptons (and neut-
rinos), producing gamma rays through the leptonic interactions above.

Similar to cosmic rays, satellite-based observatories for the direct detection of gamma
rays and ground-based observatories for the detection through secondary atmospher-
ical shower particles exist. Through the use of various trackers to obtain directional
information, the Fermi satellite [26, 27] was able to identify 6658 gamma-ray sources
in an energy range from 50 MeV to 1 TeV. To measure uxes at larger energies,
ground-based telescopes such as Imaging Air Cherenkov Telescopes (IACT) need to
be used. Here, large arrays of optical telescopes detect Cherenkov light in the upper
atmosphere, coming from electromagnetic shower interactions between the gamma
rays and air molecules [28]. The energy and direction of the gamma ray can then be
determined by evaluating the detection times and light intensities of the detected
signals.

The main observational advantage of gamma rays compared to cosmic rays lies in
the fact that gamma rays are not de ected in the presence of electromagnetic elds.
Their track will thereby always point back toward their origin. However, interstellar
cloud layers are similar to the atmosphere opaque for gamma rays, making it
di cult to see what is behind such objects. Additionally, their interaction with

the extra-galactic background light (ELB) becomes dominant at high energies. At
1 TeV, the observational horizon for gamma rays is limited by that interaction to

z =0:1[29]. For even higher energies of a few hundred TeV, CMB interactions limit
the gamma-ray horizon to a few kiloparsecs [29].

2.3 Gravitational Waves

Gravitational waves are generated when highly massive objects undergo acceleration,
as predicted by A. Einsteins Theory of General Relativity. When such objects move
or interact, the curvature of spacetime is disturbed, causing ripples to propagate
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outwards as gravitational waves. The strongest sources of gravitational waves are
events such as the merger of compact binary systems, supernovae explosions, and
the collapse of massive stars [30].

Due to the rigidity of spacetime, gravitational waves possess an exceptionally small
amplitude, magnifying in relative changes of detector lengths of onlyl0 22 to 10 2%,
making them challenging to detect. The rst detection of gravitational waves was
made at the LIGO observatory in 2015 [31], identi ed as originating from the mer-
ger of two black holes. Other gravitational wave detectors include Virgo [32] and
KAGRA [33]. In principle, gravitational wave detectors are large laser interferomet-
ers, splitting a laser beam into two perpendicular arms and re ecting them back to
recombine. A passing gravitational wave causes one arm to compress and the other
to expand, leading to a measurable phase shift in the combined laser light.

Even though gravitational astronomy is still in its early stages, it could be a valuable
contribution to multi-messenger astronomy. As neutron star mergers or supernovae
often emit both gravitational waves and other messengers, detecting a gravitational
wave could trigger insightful follow-up observations with other detectors.

2.4 Neutrinos

Neutrinos are uncharged leptonic particles. Like their charged counterparts, they
come in three avors and are subsequently named,, , and . Because their
nature as uncharged leptons makes them only susceptible to the weak force, neut-
rinos travel the universe mostly without interacting with other matter. This makes
them, on the one hand, ideal for identi cation of their source directions and observa-
tions over large distances. On the other hand, their detection requires large volume
detectors and long run times to gather enough data [15] from neutrino interactions.
Further details on neutrino detection are given in chapter 3.1.

A multitude of origins determines the neutrino ux on Earth: From the cosmic
neutrino background (CNB) over solar and atmospherical neutrinos to neutrinos
from supernovae and high-energy astrophysical interactions. Figure 2.2 shows ux
models and experimental data for those sources.

2.4.1 The Cosmic Neutrino Background

On the low-energy end of the ux spectrum, neutrinos from the CNB are dom-
inant. Those neutrinos decoupled from matter around one second after the big
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Figure 2.2 Neutrino ux models of various origins as a function of energy, including
selected high-energy experimental results. If two lines are drawn for a speci c con-
tribution, they represent the upper and lower bounds of the speci c model. Figure
provided by F. Henningsen, based on [34 37].

bang ks T  1MeV), when the universe became too cold for; ; ! e'e and
ce ! e€ processes to ensure thermal equilibrium between neutrinos and charged
leptons [38]. The then decoupled neutrinos experienced the same redshift as the
remaining cosmic plasma, thereby still keeping its temperature. Later, around
keT me 0:5MeV, an electron-positron annihilation occurred by tipping over
the e'e ! equilibrium. This annihilation transferred entropy from e*=e to
photons, increasing the photon background's temperature relative to the neutrinos.
After this process, the ratio between the temperature of the neutrino background
and the microwave background is expected to stay constant over time. It can be
calculated by assuming a conserved entropy of the plasma/ gT? right before and
right after the e*=e annihilation [38]. Here, g is the e ective number of degrees
of freedom, summing up 2 for each boson (here:) and ‘Z,r for each fermion (here:
e" =e ). Performing the calculation leads to

1=3
L _ Qafter annihil.

T Obefore annihil. 2+

0:714: (2.4)
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With today's CMB temperature measured to be 2.72 K [39], this leads to an expected
temperature of the cosmic neutrino background of 1.95 K. Due to this very low neut-
rino energy, detectors need to have exceptional resolution to distinguish signal from
background. This requirement, combined with the neutrinos' generally low cross-
section at low energies, makes the CNB even more challenging to detect than highly
energetic neutrinos. However, should proposed detectors such as PTOLEMY [40]
succeed in detecting the CNB, this could bring valuable insight into the history of
the universe, allowing cosmologists to look back in time up to one second after the
big bang.

2.4.2 Atmospheric Neutrinos, Solar Neutrinos, and Neutrino Oscillations

For a wide range of energies, atmospheric and solar neutrinos dominate the neutrino
ux on Earth. Even though they are produced in distinctly di erent processes
and technically do not qualify as cosmic messengers, they both give insight into a
phenomenon calledneutrino oscillation, which in turn allows for the deduction of
the neutrino mass hierarchy.

As mentioned in chapter 2.1, cosmic rays hitting the Earth's atmosphere produce a
shower of secondary particles. The neutrino production from those showers up to
an energy of around10® GeV is governed by the decay of light mesons such as kaons
and pions [15, 41]. Those mesons decay via
T=K* | o+ =K ! +

1ot o4 and e + o+ (2.5)
into muons, electrons and neutrinos. Assuming complete decay of the atmospheric
muons, a neutrino ratio of (1¢ : 2 : 0 ) would be expected on Earth from atmo-
spheric showers. However, since foE 2:5 GeV, the decay length for muons
becomes longer than their average production height ( 15km), the actual ratio is
shifted towards muon neutrinos [15]. Because pinons and kaons traverse the upper
atmosphere, the neutrino ux from those decays heavily depends on its energy and
incoming angle. Above approximately 10° GeV, neutrino production through ba-
ryonic decay becomes dominant. These baryons decay almost instantly, making the
neutrino ux on Earth follow the power law of cosmic rays with 2:7 [41].

Another source of the ux on Earth are solar neutrinos. Inside the sun, nuclear
fusion exerts outwards pressure against the sun's own gravitational force. This
fusion mechanism is described by the-p-chain, fusing 'H to “He through a series
of di erent steps. The rst step of the p-p-chain,

p! n+e" + ¢ (2.6)
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is the primary source of the solar neutrino ux with an additional thermal solar
ux from interactions with the sun's plasma [42]. Solar neutrinos tend to possess
energies in the range of tens of MeV. Their observation helps to better understand
the inner working of the sun's fusion mechanisms.

A mismatch between the measured and predicted rates of di erent neutrino avors
from the sun became what is known as thesolar neutrino problem [43]. Furthermore,
similar mismatches have been found in the avor rates for atmospheric neutrinos,
where the measured rate of muon neutrinos was too low compared to the expected
values. The solution to this problem lies in the discovery of neutrino oscillations:

The evolution of a neutrino state is determined by its Hamiltonian. While for
propagation, this Hamiltonian is diagonalized by the neutrino mass basis (1 2,

3), this basis di ers slightly from the interaction basis ( ¢ , ). Both bases can
be transformed into each other via the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [44], which can be written as

0 10 .10
1 0 0 C13 0 S13€ ! C12 S12 0
U=@0 c3 ss”A@ o0 1 0 A@ s, cp 0A (27
0 Sp3 C23 S13€ ! 0 C13 0 0 1

with the sine and cosine of the weak mixing angle;; denoted ass; and ¢; , respect-
ively as well as a CP-violating phase . A neutrino initially in one of the interaction
eigenstates, therefore, oscillates between interaction states during propagation as a
result of phase shifts in the mass eigenstates because of di erences in their mass
m% = m? mjz. Assuming an ultra-relativistic approximation for the neutrinos
due to their low mass, the probability for an initial neutrino of avor and energy

E to be detected as avor at length L = ct away from its origin is then [45]:
!

_ X L, miL
P, = 4i>j Re UJ- Uj U;U; sin =
! 2.8
X ma L (2.8)

+2 Im U;U; UjU; sin

i>j

2E

By measuring avor relations of neutrinos on Earth and comparing them to expected
production rates at sources with known distances like the sun or Earth's atmosphere,
estimates on the neutrino masses and the PMNS parameters can be made.

Notable experiments in that regard are Super-Kamiokande [46] and KamLAND [47].
Through experimental data, it could be shown that j m%,j'j m3;j j m3j.
Since the sign of m%l remains unknown, the mass orderam; < m»> < m3 and
msz <m, <m are possible [13].

10
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2.4.3 Neutrinos from Supernovae

In the same energy range as solar neutrinos, at a view tens of MeV, cosmic neutrinos
originating from supernovae are located. Depending on its mass, a star undergoes
a supernova explosion when its inner core runs out of material to keep the fusion
process alive. This results in the star rapidly collapsing under its weight. During
this collapse, the pressure inside the core causes protons and electrons to fuse to
neutrons and neutrinos, creating a counter-pressure outwards. The resulting shock
wave causes an explosion of the star [13]. Due to their low interaction cross-section,
the neutrinos can escape the supernova unhindered, making them the rst messenger
of such an event to arrive at Earth. Even though the exact dynamics of a supernova
event are still not fully understood, it is believed that neutrinos carry away the
largest part of the supernova's emitted energy, with only 1% of the emitted energy
stored in the expelled stellar material [12]. Because of the high number of stars in the
universe, a di use, isotropic supernova neutrino background (DSNB) is expected,
resulting from the integral of past supernova explosions [48].

2.4.4 High Energetic Cosmic Neutrinos

With the production of cosmic rays in accelerator environments comes the produc-
tion of secondary neutrinos. This occurs predominantly through meson and muon
decay in a process similar to what is observed in the Earth's atmosphere (equa-
tion 2.5), indicating a neutrino ratio of (1¢:2 :0 ). This ratio can be altered by
strong magnetic elds in the source environment, removing the kinetic energy of the
muon before decay and thereby suppressing the secondary muon decay, resulting in
a ratio of (O¢: 1 :0 ). An additional contribution from neutron decay in those en-
vironments contributes a avor mix of (1¢:0 :0 ) [49]. Those avor ratios change
dependent on the distance between the source and the Earth as well as the energy
of the neutrino. Probing the avor ratio on Earth and accounting for oscillation can
therefore lead to information about the source environment. Similar to supernova
neutrinos, a distinction between point source ux and integrated di use ux from

a multitude of sources can be made [15]. The diuse ux has been measured by
IceCube with a spectral index of 2.32.7 [50]. Due to limited angular resolu-
tion, searching for point sources is more complicated. Progress has been made with
the identi cation of TXS0506+056 [4] and NGC 1068 [5] as neutrino sources.

On the highest end of the neutrino energy spectrum of a few PeV, so-called cos-
mogenic neutrinos dominate, originating from GZK-pions (equation 2.2). However,
due to their generally low ux, they remain challenging to detect [51].

11
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2.5 Multi-Messenger Observations

Figure 2.3: Graphical depiction of di erent cosmic messengers. Shown are cosmic
rays (red), neutrinos (green), and gamma rays (blue) emitted from an astrophysical
source. Figure from [52].

As previously discussed, cosmic accelerators such as AGNs, SNRs, or GRBs not only
seem to be responsible for the production of cosmic rays but also for a ux of gamma
rays and neutrinos detectable on Earth. To con rm this assumption, both neutrinos
and gamma rays within an expected energy range and spectral index need to be
detected from those sources. Additionally, an observation of the same cosmic event
through multiple messengers helps to eliminate disadvantages that come with single
messengers. That is their low interaction probability in detectors for neutrinos, the
absorption in dust clouds and limited range of gamma rays, and the non-alignment
with their source and limited range of cosmic rays. Throwing gravitational waves
into the mix enables another, yet currently hardly detectable, messenger for the
most violent cosmic events. Figure 2.3 summarizes various cosmic messengers and
their observational advantages and disadvantages.
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2.5 Multi-Messenger Observations

The history of multi-messenger observations began in 1987, with the supernova SN
1987A [53] when Kamikande-Il, IMB, and Baksan detected an increased neutrino
ux a couple of hours before the light from SN 1987A became visible. In 2017, the
binary neutron star merger GW170817 [54] was detected as a gravitational wave
by the LIGO and Virgo observatories. Around 1.7 seconds after the merger time, a
gamma-ray burst consistent in direction with the gravitational wave was detected by
the Fermi satellite. Those signals led to follow-up observations in the electromagnetic
spectrum using a multitude of dierent telescopes. GW170817 marked the rst
gravitational wave detection that could be con rmed by other messengers.

With the emergence of neutrino telescopes, point source searches in the neutrino
ux became viable. IceCube's discoveries of TXS0506+056 [4] and NGC 1068 [5]
to be neutrino source candidates support the assumptions on messenger produc-
tion in cosmic accelerators. As late as 2023, a neutrino signal could be identi ed
consistent with a di use ux from the galactic plane of our own galaxy [6]. This
discovery, consistent with gamma-ray observations of the galactic plane, led to the
rst neutrino-based map of the Milky Way. A new generation of neutrino telescopes
hopes to improve these results further and get a sharper picture of the neutrino
universe.
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Chapter 3
Large Scale Neutrino Telescopes

As outlined in the previous chapter, large detector volumes are required to perform
successful neutrino astronomy, because the generally low cross-section of highly en-
ergetic neutrinos causes them to interact only weakly with the detector. As it can
be seen in this chapter, the detector medium additionally needs to possess a long
attenuation length for photons in the visible spectrum. The detector must also
be shielded from secondary atmospheric shower particles to suppress background
signals. The subsequent search for a transparent medium deep under the Earth's
surface with a size in the order of cubic-kilometers, naturally leads to the deep sea
and the antarctic ice.

In the antarctic ice, located at the Amundsen-Scott South-Pole Station, sits the
IceCube Neutrino Observatory [55], taking data since 2010. Complementary to
IceCube in the Earth's northern hemisphere sit KM3NeT [56] and Baikal-GVD [57],
both currently under construction, the former located deep in the Mediterranean
Sea and the latter at the ground of lake Baikal in Russia. A new generation of
neutrino telescopes is about to emerge with the development of the Paci ¢ Ocean
Neutrino Experiment (P-ONE) o the coast of Vancouver Island and upgrades to
the existing telescopes.

The following chapter rst gives an overview of the general detection principle for
neutrino telescopes. After that, an introduction to the current and future generation
of telescopes is given.

3.1 Detection Principle

The fundamental working principle of neutrino detectors lies in the detection of
Cherenkov light from charged secondary particles created in neutrino interactions
with the detector medium. In the following, each step of the process is described,
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Chapter 3 Large Scale Neutrino Telescopes

from the initial neutrino interaction, to the creation and propagation of light and
the di erent signal-topologies the light leaves in the detector, depending on the
interaction type. Last, background sources for detectors are discussed.

3.1.1 High Energetic Neutrino Interactions in Matter

Neutrinos in the standard model interact with other matter only through the weak
force. Corresponding to the charge of the boson responsible for the interaction,
high energetic neutrino interactions can be divided into neutral (NC) and charged
currents (CC):

FNLE X (NO) +N™ I +Xx (co @Y

During those processes, most of the energy is carried away by the secondary leptons
( ;1 respectively), with the rest of the energy deposited in hadronic and electro-
magnetic particle showersX [15].

Figure 3.1 Cross-section for neutrino interactions through NC, CC, and Glashow
resonance. Dashed lines represent anti-neutrino interactions, continuous lines rep-
resent neutrino interactions. Data from [58]. Figure provided by F. Henningsen.

The cross-section for those neutrino interactions is shown in gure 3.1. For ener-
gies in the GeV regime and above, the CC contribution to the neutrino interaction
cross-section is signi cantly larger than the NC contribution [58]. At an energy of
around 6.3 PeV, the cross-section peaks due to the Glashow resonance, describing
the production of a W  through an anti-electron-neutrino:

cte I W I X (3.2)
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3.1 Detection Principle

For energies higher than 20 GeV, the neutrino interactions described above tend to
be deeply inelastic [58]. As a result of the transferred energy from the neutrino to
the scatter nucleus N, particle showers occur. Those showers, together with the
charged lepton in the CC case, can produce Cherenkov light that can be detected by
the neutrino telescope. A detailed discussion of the di erent event topologies those
interactions leave in the detector can be found in chapter 3.1.4.

3.1.2 The Cherenkov E ect

If a charged particle travels through a medium, it will polarize its nearby environ-
ment. At slow speeds, this polarization travels with the particle, resulting in an
approximately symmetric distribution around it. Therefore, the released electro-
magnetic wavefronts from the relaxation of that polarization will cancel out. That
symmetry, however, is broken if the particle travels faster than the speed of light
in that medium. In this case, the waveforms build a cone around the traversing
particle, manifesting in the emission of light that is normal to that cone. This phe-
nomenon is known as the Cherenkov e ect [59, 60], after P. Cherenkov, who rst
discovered it in 1934.

Figure 3.2 lllustration of the Cherenkov e ect. A charged lepton is moving from
left to right. Left: The particle is traveling slower than the local speed of light. No
cone is created. Right: The particle is moving faster than the local speed of light.
A Cherenkov cone is created, and light is emitted at angle .

Given the refractive index n of the material, the speed of light in that material is
given asc, = ¢p=n. The angle of light emission by a particle of speed/ can then be
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calculated as

1 : _ Vv,
cos() = — with e (3.3)
Assuming water (n 1:3) and a highly relativistic particle ( 1), this leads to a

Cherenkov angle of roughly41 .

The number of emitted Cherenkov photonsN per wavelength and distance x
traveled by the particle is given by the Frank-Thamm formula [60]:

dN 22z ? 1 2z 2
dax- z * Tz -z o0 54

with the ne structure constant  and the particle chargez. Since the amount of
emitted photons scales with/ 2, the Cherenkov spectrum is dominated by smaller
wavelengths. That is, until a cuto wavelength, where due to a decreasing index of
refraction, the condition > 1=n( ) can no longer be satis ed. In water and ice,
this results in a typical spectrum from 300 to 600 nm with around 3 10* photons
emitted per meter, assuming 1[61]. This spectral range coincides well with the
quantum e ciency of a typical photomultiplier tube on a bialkali basis [62].

3.1.3 Attenuation of Cherenkov Light

Inside the detector medium, the emitted Cherenkov photons are subject to atten-
uation through absorption and scattering. These processes can be e ectively de-
scribed through the absorption and scattering lengthslaps and lscar respectively.
These lengths denote the average path length, after which only a fractiori=e of all
initial photons remain una ected by these processes. Both lengths can be combined
to the attenuation length

1 1!
lat = —+ — : (3.5)

| abs | scat

While absorbed photons disappear and deposit their energy in the medium, scattered
photons change direction. This scattering is described by a scattering function, that
is, the probability that the photon scatters at any given angle . This function
heavily depends on the given detector medium and the photon wavelength [63]. The
scattering length can be normalized with respect to di erent scattering functions
through the so-called e ective scattering length:

|
e _ scat
scat 1 h COS( )| (36)
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3.1 Detection Principle

utilizing the cosine of the mean de ection anglehcos( )i [63]. The length IS, can
thereby be understood as some form of isotropization length, at which estimation
of the source direction becomes imprecise. For water and ice, scattering happens
predominantly in the forward direction, with hcos()i  0.85 0.90 [63]. Di erent
absorption and e ective scattering lengths, as well as resulting attenuation lengths
for locations of neutrino telescopes, are given in table 3.1.

Site labs (M) | 1Scar (M) | laxe (M)
Lake Baikal, 1 km depth 1822 | 150250 | 1620
Ocean,> 1.5 km depth 4070 200300 | 3356
Polar ice, 1.5 2.0 km depth 95 20 16
Polar ice, 2.2 2.5 km depth | > 100 3040 > 25

Table 3.1 Approximate absorption and e ective scattering lengths with resulting
attenuation length for dierent locations of neutrino telescopes. Lengths stated
in water are subject to seasonal change. Absorption and scattering lengths taken
from [63].

Precise knowledge of the dierent attenuation lengths inside the detector is not
only crucial to reconstruction e orts, it also a ects the detector geometry itself. As
enough light hitting the detectors' optical modules is crucial for signal quality, their
spacing should be within the absorption length. Additionally, the detector's angular
resolution can be limited if the module spacing far exceeds the scattering length,
as high scattering inside the medium heavily in uences the time distribution of the
incoming photons.

3.1.4 Event Topologies

Depending on the interaction type described in chapter 3.1.1 and their subsequent
secondary patrticles, di erent event topologies are seen inside a detector. Generally,
they can be classi ed as so-calleccascades tracks, and double bangs Exemplary
events of those topologies recorded in IceCube are shown in gure 3.3.

Tracks result from CC interactions with muon neutrinos. Depending on the detector
material, the secondary muon can travel unhindered for kilometers [7]. The resulting
long trail in the detector can be reconstructed by detecting the Cherenkov photons
emitted at 41 relative to the muon direction. Tracks can either enter the detector
after interactions in the surrounding material or start within. In the latter case, a
particle shower at the track origin resulting from the initial neutrino interaction
might also be detected. Because not all of the muon's energy is deposited inside
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Figure 3.3 lllustration of a cascade (left), a track (middle), and a double bang
(right) recorded in the IceCube Observatory. The spheres represent the optical
modules with their size correlating to the detected amount of photons and their
color to the photon arrival time. Figures from [64].

the detector, a reconstruction of the neutrino's initial energy can only be done on
a statistical basis. The long lever arm of the muon track makes them ideal for
neutrino astronomy, as it allows for an easier angular reconstruction compared to
other topologies while pointing on average only 1 away from the initial neutrino
direction at high energies [15].

Cascades are produced in all NC interactions as well as in CC interactions of the
electron avor. The resulting shower-hadrons and, in the CC case, the secondary
electron have short interaction lengths and will therefore deposit all their energy
close to the initial interaction vertex. Since in the NC case, the secondary neutrino
carries most of the interaction energy, only a portion of the total energy is deposited
in the detector [15]. For the CC case, however, all of the neutrino's energy is
deposited. Cascades usually have lengths of 10m in water and ice, which is
less than the typical module spacing of a detector [15]. The angular resolution of
cascades is, therefore, worse than the resolution for tracks. On the other hand, the
energy resolution is better since most of the energy is deposited inside the detector
medium.

Double bangs originate in - avored CC interactions at energies in the PeV regime
and above. A hadronic cascade ¢t bang) is generated at the initial neutrino vertex,
with the -lepton carrying away most of the energy. The then leaves a signature
inside the detector similar to a muon track, until it decays after a relatively short
distance ( 50m at 1 PeV) [15]. The decay leaves behind either a hadronic or
electromagnetic shower, depending on the decay channel 1@ bang). At energies
lower than 1 PeV, the decay length of the becomes so short that both bangs
become virtually indistinguishable, leaving a single cascade in the detector. Since
high energetic atmospheric  neutrinos are rare, with less than 100 expected per
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3.1 Detection Principle

km? of water per year [65], the occurrence of a double bang can with high certainty
be contributed to an astrophysical neutrino.

3.1.5 Causes of Background Signals

Besides a background from atmospheric muons and neutrinos (discussed in
chapters 2.1 and 2.4.2 respectively), background light from inside the detector
volume can in uence the detectors performance. One such intrinsic cause is the de-
cay of radioactive isotopes, mainly*°K, close to the optical modules. The -decay
of 4°K produces an electron of up to 1.4 MeV, which can produce Cherenkov ra-
diation, while the electron capture of “°K produces a photon directly, which can
then generate energetic electrons through Compton scattering, producing Cheren-
kov photons [66]. Especially for water-based detectors, bioluminescence caused by
deep-sea organisms is another major cause of background photons. This light emis-
sion, usually triggered by currents around the module and organisms coming in
contact with the same, has a spectral peak in the range of 440 nm to 500 nm, and
is thereby hard to distinguish from Cherenkov light [66]. Another source for back-
ground is intrinsic to the optical modules, as thermal excitations in a photodiode
can cause signals similar to a single photon event [1].

Fortunately, the intrinsic backgrounds mentioned here produce light correlated on
much larger timescales than a signal caused by neutrino interactions. To sub-
sequently eliminate those backgrounds, coincidence triggers are often applied, mean-
ing that a signal has to be detected at multiple places inside the detector, correlating
in a nanosecond time window [55].

3.1.6 Angular Sensitivity for Astrophysical Neutrinos

Atmospheric muons and neutrinos pose signi cant background in the detector, caus-
ing the need to obtain large amounts of events to successfully identify astrophysical
point sources. Roughly speaking, an detection of an event requires

p
Nevents Natm >n N atm (3.7)

within a given around a source [15]. HereNevents is the total number of events,
and N4, is the number of atmospherical background events in the same region. The
Earth can be used as a natural shield to suppress the background from atmospheric
muons and subsequently increase the detector sensitivity, limiting observations to
downward directions. Neutrinos, on the other hand, are less a ected while traveling
through the Earth, with absorption becoming relevant only at > 100TeV. As this
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Chapter 3 Large Scale Neutrino Telescopes

Figure 3.4: Positions of neutrino telescopes included in PLEM and their respective
region of highest sensitivity projected on Earth. Projections of the galactic center
and plane and two neutrino point sources discovered by IceCube are depicted as
well. Figure provided by L. Schumacher.

absorption at high energies a ects both astrophysical and atmospherical neutrinos,
neutrino telescopes typically tend to be most sensitive around their respective hori-
zon. In order to e ectively identify point sources in the entire sky, the eld of view

of multiple neutrino telescopes need to be combined. Concepts for such a global
neutrino monitoring have been put forward with PLE M [8], laying out how com-
bined e orts of IceCube, KM3NeT, Baikal-GVD, and P-ONE can improve discovery
potentials in the northern hemisphere by up to three orders of magnitude compared
to IceCube alone.

Figure 3.4 shows the most sensitive areas of current and future neutrino telescopes
projected onto the Earth, highlighting a much larger combined area of sensitivity.
In the following sections, a brief introduction on each of the telescopes is given.

3.2 IceCube

After the operation of the AMANDA path nder [67] in the late 90s and early 2000s,
the IceCube Observatory [1, 55, 68] was built as the world's rst cubic-kilometer

22






	Abstract
	Acknowledgements
	Introduction
	High Energetic Cosmic Messengers
	Cosmic Rays
	Gamma Rays
	Gravitational Waves
	Neutrinos
	Multi-Messenger Observations

	Large Scale Neutrino Telescopes
	Detection Principle
	IceCube
	KM3NeT
	Baikal-GVD
	P-ONE

	The First Line for the P-ONE Detector
	P-ONE-1 String Design
	The Optical Module (P-OM)
	The Calibration Module (P-CAL)

	The P-ONE Optical Module Calibration Unit
	Photomultiplier Tubes
	The µBase
	The OMCU Setup
	Control Software
	Verification of Hamamatsu Calibration Data
	Upgrade Plans for the OMCU

	A Geant4 Framework for the P-ONE Optical Module
	The Geant4 Toolkit
	Implementation of the P-OM Geometry
	Simulation Parameters
	Angular Acceptance Simulations for the P-OM
	Muon Beam Simulations for the P-OM
	Single PMT Angular Acceptance
	Performance of the Framework

	Integration of P-ONE's First Optical Modules
	Gelpad Production and Optical Coupling
	The Optical Tent
	Assembly, Testing and Quality Control for the P-OM

	Conclusion
	Additional Plots
	µBase Performance Plots
	Geant4 Muon Simulations

	Source Code
	Bibliography

