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Abstract

The IceCube Neutrino Observatory’s recent identification of the active galactic nucleus
NGC 1068 as a steady neutrino source highlights the potential of high-energy neutrino
astronomy. To improve the detector’s sensitivity at lower energies and enhance the recon-
struction of such sources, the recent detector addition IceCube Upgrade deployed densely
instrumented strings featuring novel optical modules, specifically the multi-PMT digi-
tal optical module (mDOM) along with a precursor module, the long optical module
(LOM). Looking beyond, the planned IceCube-Gen2 extension will substantially expand
the detector’s optical array with these next-generation optical modules, requiring exten-
sive prototyping and scalable production methods.

This thesis details specific hardware and analytical advancements driving these future
extensions. For the IceCube-Gen2 optical modules, it presents a scalable mechanical pro-
totyping approach based on pre-cast silicone gel pads to simplify production. This hard-
ware development is underpinned by comprehensive characterizations of photomultiplier
tube (PMT) models specifically developed for these modules, also verifying compliance
with the collaboration’s specifications. To quantify the expected detector improvements,
Geant4 simulations are used to benchmark the performance of the new module geome-
tries against legacy designs, alongside detailed modeling of the intrinsic scintillation back-
ground originating from the pressure vessel glass. On the analysis side, this work presents
a time-integrated unbinned maximum likelihood point-source analysis of NGC 1068. Us-
ing IceCube Upgrade simulation datasets, the study quantifies the projected sensitivity
gains and the potential of IceCube Upgrade to improve the resolution of obscured active
galactic nuclei.

Zusammenfassung

Die kürzliche Identifizierung des aktiven Galaxienkerns NGC 1068 als stetige Neutrino-
quelle durch das IceCube Neutrino Observatorium unterstreicht das Potenzial der Hoch-
energie-Neutrinoastronomie. Um solche Quellen besser aufzulösen und die Energieschwelle
des Detektors zu senken, verwendet das kürzlich installierte IceCube Upgrade dicht in-
strumentierte Stränge mit verbesserten optischen Modulen: das multi-PMT digitale op-
tische Modul (mDOM) und, in Form eines Vorläufermoduls, das lange optische Modul
(LOM). Die geplante IceCube-Gen2-Erweiterung wird das optische Detektorarray erhe-
blich vergrößern, was eine sorgfältige Entwicklung und Erprobung von Prototypen sowie
skalierbare Produktionsverfahren für diese optischen Module der nächsten Generation er-
fordert.
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Diese Dissertation beschreibt Fortschritte in der Hardwareentwicklung und Daten-
analyse, die diese zukünftigen Erweiterungen vorantreiben. Für die optischen Mod-
ule von IceCube-Gen2 wird ein skalierbares Konzept für die mechanische Entwicklung
von Prototypen vorgestellt, das vorgefertigte Silikongelpads zur Vereinfachung der Pro-
duktion nutzt. Diese Hardwareentwicklung wird durch umfassende Charakterisierungen
speziell entwickelter Photomultiplier-Modelle untermauert, wodurch gleichzeitig die Ein-
haltung der Spezifikationen der Kollaboration nachgewiesen wird. Zur Quantifizierung
der erwarteten Detektorverbesserungen werden Geant4-Simulationen eingesetzt, um die
optischen Sensitivitäten der neuen Modulgeometrien mit bisherigen Designs zu vergle-
ichen. Ergänzend erfolgt eine detaillierte Modellierung des intrinsischen Szintillationsun-
tergrunds, der vom Glas des Druckbehälters ausgeht. Analytisch präsentiert diese Arbeit
eine zeitintegrierte, ungebinnte Maximum-Likelihood-Punktquellenanalyse von NGC 1068.
Unter Verwendung von Simulationsdatensätzen von IceCube Upgrade quantifiziert die
Studie die prognostizierten Sensitivitätsverbesserungen und demonstriert die Fähigkeit
von IceCube Upgrade, staubverdunkelte aktive Galaxienkerne präziser zu untersuchen.
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1 Introduction
Astroparticle physics is an intriguing field driven by curiosity to understand the cosmos,
although explaining it to friends and family often makes it seem abstract and far removed
from everyday life. From humanity’s place in the solar system to the investigation of
violent phenomena in the universe using increasingly complex particle detectors, the field
seeks to answer some of the most fundamental questions about nature. In recent decades,
it has entered the era of multi-messenger astronomy, in which cosmic accelerators, includ-
ing active galactic nuclei that produce a diverse array of high-energy particles, are studied
collaboratively. This approach leverages a wide range of specialized detectors spanning
the entire electromagnetic spectrum, alongside neutrinos, cosmic rays and gravitational
waves, collectively providing a comprehensive view of the harshest physical environments
in the universe.

Among these cosmic messengers, neutrinos occupy a unique position. Owing to their
extremely small interaction cross section, neutrinos traverse vast distances through mat-
ter almost unperturbed, as they participate predominantly in weak interactions. This
characteristic preserves the directional information of neutrinos, allowing their arrival
directions to be traced back to their sources and providing an unobscured view of the
physical processes that produced them. Their elusive nature, however, necessitates de-
tectors with enormous instrumented volumes. The field of neutrino astronomy was pio-
neered by the Homestake experiment in 1968 [1], followed by the deployment of the first
water-based Cherenkov detector, the Baikal neutrino telescope, in 1993 [2]. Today, neu-
trinos play a pivotal role in multi-messenger astronomy, complementing electromagnetic,
gravitational-wave and cosmic ray observations to provide a more complete understanding
of astrophysical sources.

At the forefront of neutrino astronomy is the IceCube Neutrino Observatory [3], the
world’s largest detector by volume, instrumenting approximately 1 km3 of glacial ice at
the South Pole as its detection medium. Neutrino interactions within this volume produce
charged secondary leptons that emit Cherenkov radiation, which is recorded by photomul-
tiplier tubes housed inside Digital Optical Modules (DOMs). The detector consists of 86
strings, each equipped with 60 DOMs, as well as a more densely instrumented sub-array,
DeepCore, optimized for neutrinos with energies of O(10GeV). Since its completion,
IceCube has achieved numerous scientific milestones, including the first evidence for an
astrophysical high-energy neutrino flux [4] and the identification of neutrino sources such
as the blazar TXS 0506+056 [5], the active galactic nucleus NGC 1068 [6] and diffuse
neutrino emission from the Galactic Plane of the Milky Way [7].

Building upon these successes, a recent addition to the detector, IceCube Upgrade [8],
augments the existing optical array with five additional strings equipped with advanced
optical modules designed to enhance detector calibration and low-energy performance.
Concurrently, plans for a substantial expansion to 8 km3 under IceCube-Gen2 [9, 10] are
underway, aiming to extend the detector’s sensitivity to astrophysical neutrinos over a
broad energy range. IceCube Upgrade also serves as a testbed for the IceCube-Gen2
optical modules that are being evaluated for future deployment.



2 1 INTRODUCTION

The work described in this thesis has contributed to the development and characteri-
zation of next-generation optical modules and assesses potential sensitivity improvements
enabled by IceCube Upgrade and the multi-PMT optical modules. It is structured into
three main parts: first, the theoretical foundations of neutrino astronomy, along with
the principles of detector technology, are introduced. The second part presents the hard-
ware development, characterization and simulation studies for the IceCube-Gen2 optical
modules. The final part develops a point-source analysis of the active galactic nucleus
NGC 1068, evaluating the scientific potential of the low-energy detector extension.
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Part I

Foundation
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2 The High-Energy Universe and
Neutrino Astronomy
This chapter establishes the astrophysical foundation for IceCube and the analysis pre-
sented in this thesis. Specifically, it traces the physical journey from the acceleration
of primary cosmic rays to the production of secondary neutrinos, to their propagation
across cosmic distances and eventual detection on Earth. This progression provides the
physical context needed to motivate both the search for specific astrophysical sources,
such as active galactic nuclei (AGNs), and the need for measurements with ground-based
instruments like IceCube.

2.1 High-Energy Cosmic Rays
High-energy cosmic rays (HECRs) are primarily fully ionized atomic nuclei originating
from extraterrestrial sources, with energies spanning more than ten orders of magnitude,
from a few GeV (∼ 109 eV) to hundreds of EeV (∼ 1020 eV) [11]. They are the principal
messengers of the non-thermal universe1, providing insights into some of the harshest as-
trophysical environments in the cosmos, from supernova remnants to the relativistic jets
of supermassive black holes. In terms of composition, the cosmic ray flux is dominated
by protons and helium nuclei, with heavier nuclei and electromagnetic components con-
tributing only a minor fraction of the total flux [11]. The vast energy range reflects a
hierarchy of astrophysical accelerators: While solar and stellar processes produce lower-
energy particles, only the most powerful known astrophysical environments are capable
of accelerating particles to ultra-high energies. These accelerators are rare, which results
in a steeply falling flux of particles reaching the Earth, empirically described by a power
law:

dN

dE
∝ E−γ, (2.1)

where E is the particle energy and γ is the spectral index. The value of γ is a key
diagnostic of the underlying acceleration and propagation physics [11].

The measured cosmic ray spectrum, as shown in Figure 2.1, is continuous over many
orders of magnitude, implying a common acceleration mechanism. However, it exhibits
distinct deviations from a single power law, most notably the knee, the second knee and
the ankle. These features mark transitions between different source populations and
elemental compositions. At energies around 3PeV (the knee), the spectrum steepens (γ ≈
2.7 → 3.1) [13]. This transition is generally interpreted as the point where protons either
reach the maximum acceleration limit of Galactic sources (such as supernova remnants)
or can no longer be magnetically confined, causing them to escape the Milky Way [11].
Because the maximum energy in both magnetic acceleration and confinement scales with

1The “non-thermal universe” refers to astrophysical emission originating from particles accelerated to
relativistic energies out of thermal equilibrium, rather than from standard thermal blackbody radiation
(e.g., starlight). It is characterized by processes such as synchrotron emission, inverse Compton scattering
and hadronic particle cascades.
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The main goal of this paper is to study the rigidity
dependence of the long-term GCR variations over the solar
activity cycle based on direct GCR measurements in
interplanetary space. The observational data of GCR collected
by AMS-02 allow the study of time profiles and the rigidity
dependence of the long-term GCR variations in a wide rigidity
range from (1 to 100) GV. Furthermore, evidence of the
energy-dependent spectral index of the power-law rigidity
spectrum of the long-term GCR variations observed by AMS-
02 is proposed. To interpret these findings, we examined key
aspects of HMF turbulence, including its power spectral
structure. In particular, we analyze the spectral characteristics
quantified by the power spectral density (PSD) frequency
exponents, which describe the distribution of turbulent energy
across spatial and temporal scales. Our results suggest that
solar-cycle-driven reorganization of HMF turbulence governs
the rigidity dependence of the long-term GCR modulation
observed in near-Earth space.

The structure of this paper is as follows. Section 1 is an
introduction. In Section 2, the data of AMS-02 and methods of
revealing the spectral index of long-term GCR variation are
briefly presented. In Section 3, we describe the main results
concerning the rigidity dependence of the long-term GCR
variation by AMS-02 over the solar cycle. Section 4 presents a
comparison of the AMS-02 results with the PAMELA and
NMs data. Section 5 discusses the implications of our findings
and Section 6 summarizes the results.

2. Data and Methods

We focus on an investigation of the long-term GCR
variation of monthly proton fluxes measured by AMS-02 in
2011–2018 (M. Aguilar et al. 2021a). Figure 3 presents
monthly proton spectra of GCR flux by AMS-02 from 2011
May to 2018 June in the rigidity range R of (1–100) GV.
The magnitudes of the monthly averaged long-term GCR

intensity variations V(R) by AMS-02 were calculated as the

Figure 1. The spectrum of CRs, source: Particle Data Group (S. Navas et al. 2024) and Cosmic-Ray Database (https://lpsc.in2p3.fr/crdb/), D. Maurin et al. (2023).

2

The Astrophysical Journal, 990:178 (18pp), 2025 September 10 Modzelewska et al.

Figure 2.1: The all-particle cosmic ray energy spectrum (black) alongside the contributions
of respective components (colored). While the measured spectrum extends down to MeV
energies (dominated by solar emission), the high-energy regime relevant to neutrino astronomy
begins at energies of several tens of GeV. The main spectral features, the knee (∼ 3 PeV) and
the ankle (∼ 5 EeV), alongside the second knee, are highlighted. The flux is multiplied by E2

to emphasize changes in the spectral shape. Taken from [12].

the nuclear charge Z [11], heavier Galactic nuclei can reach proportionally higher energies.
As a result, beyond the first knee, the cosmic ray composition becomes increasingly heavy.
This trend is expected to continue toward the second knee (∼ 100PeV to 1EeV), which
is believed to mark the analogous limit for the heaviest nuclei from Galactic sources, such
as iron (Z = 26), causing the overall Galactic flux to drop off.

At approximately 5EeV (the ankle), the spectrum flattens again. This feature marks
the energy scale where the hard spectrum of the extragalactic sources (e.g., AGNs) over-
takes the fading tail of the heavy Galactic component [13]. Finally, at the end of the
spectrum (E > 5 × 1019 eV), the observed flux exhibits sharp suppression. Historically,
this was entirely attributed to the Greisen-Zatsepin-Kuzmin (GZK) cutoff [14, 15], a
propagation effect rather than a limit of the accelerators themselves. To a proton trav-
eling at such Lorentz factors (Γ > 1010), photons of the cosmic microwave background
(CMB) appear as high-energy γ-rays. The protons interact with these photons via the
∆-resonance:

p+ γCMB → ∆+ → n+ π+ (or p+ π0). (2.2)
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While this specific interaction drains energy from primary protons, heavier cosmic
ray nuclei are similarly attenuated through photo-disintegration upon scattering with
the CMB and the cosmic infrared background. Together, these propagation interactions
effectively limit the “visible” horizon for all UHECRs to the local universe (∼ 50Mpc).
However, recent precision measurements by the Pierre Auger Observatory indicate that
this flux suppression is actually dominated by source exhaustion [16, 17]. In this modern
paradigm, extragalactic accelerators merely reach their maximum acceleration capability,
leading to an increasingly heavy composition at the highest energies. Crucially, for the
fraction of cosmic rays that do undergo GZK-like interactions, where the primary particle
is lost (or shifted to lower energies), the energy is redistributed among secondary particles.
The decay of the secondary pion (π+ → µ++νµ) produces a flux of secondary cosmogenic
or GZK neutrinos at EeV energies [18].

Unlike charged cosmic rays, these neutrinos are unaffected by magnetic fields and
experience negligible attenuation from photon backgrounds such as the CMB, theoreti-
cally allowing them to carry spectral and spatial information from the distant universe.
However, the expected magnitude of this flux is tied to the source exhaustion paradigm:
because the extragalactic flux becomes dominated by heavy nuclei at these energies, the
resulting photo-disintegration yields fewer high-energy neutrinos than the original pure-
proton GZK models [19, 20].

2.1.1 Acceleration Mechanisms and Propagation

The non-thermal power law spectrum of cosmic rays implies that they are not produced by
thermal emission (which would yield an exponential Boltzmann distribution) but rather
by stochastic acceleration processes. The standard paradigm for this acceleration is the
Fermi mechanism, which occurs in astrophysical plasmas carrying magnetic fields.

In his original 1949 proposal [21], Fermi postulated that particles gain energy through
repeated scattering encounters with moving magnetic clouds in the interstellar medium.
Because the clouds move randomly, head-on collisions, which increase particle energy,
occur only slightly more frequently than trailing collisions, which decrease it. The result-
ing net fractional energy gain per interaction is proportional to the square of the cloud
velocity (∆E/E ∝ β2). This quadratic dependence gives the process its name, second-
order Fermi acceleration and makes it inefficient and too slow to account for the observed
high-energy flux.

The currently favored model is first-order Fermi acceleration, commonly known as dif-
fusive shock acceleration (DSA) [11]. This occurs in environments such as supernova
shock fronts or relativistic AGN jets. Here, particles cross a shock boundary repeatedly.
Due to the organized bulk motion of the shock, every crossing results in an energy gain
proportional to the first power of the velocity (∆E/E ∝ β), leading to its “first-order”
designation. In its simplest form, this mechanism predicts a power law spectrum with
a spectral index of γ ≈ 2.0 at the source. The steepening to the observed γ ≈ 2.7 (see
Figure 2.1) is attributed to propagation effects: Higher-energy cosmic rays escape Galac-
tic magnetic fields more readily than lower-energy ones, modifying the spectrum by a
diffusion factor δ ≈ 0.7 (where the diffusion coefficient is proportional to Eδ) [11].

Regardless of the acceleration efficiency, a charged particle can only be accelerated
as long as it remains confined within the source. If the particle’s Larmor radius exceeds
the physical size of the accelerator R, it escapes and stops gaining further energy. This
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Figure 2.2: The Hillas plot showing the magnetic field strength B against the size R of
various astrophysical objects. The diagonal lines represent the minimum requirements to
accelerate protons to specific energies; below these lines, the sources cannot confine them.
Red lines correspond to the confinement regions for protons at the knee, ankle and GZK
cutoff, while the gray line indicates a second-order limit from synchrotron losses. Taken
from [23].

geometric constraint, known as the Hillas criterion [22], provides an approximate upper
limit on the achievable energy as per

Emax ≈ ZeBRβc, (2.3)

where Z is the charge number of the nucleus, e is the elementary charge, B is the magnetic
field strength and βc is the shock velocity of the accelerator. This relationship is visualized
in the Hillas plot in Figure 2.2. To accelerate charged particles to ultra-high energies
(> 1019 eV), a source must possess a sufficient combination of vast dimensions (such as
galaxy clusters) and strong magnetic fields (such as neutron stars). AGNs sit in the “high
B, large R” center of this phase space, identifying them as prime candidates for cosmic
ray acceleration and, by extension, high-energy neutrino production.

Once charged particles are accelerated, they dissipate energy via radiation. A central
challenge in high-energy astrophysics is determining the nature of the accelerated charged
particles based on this radiation. The high-energy γ-ray emission observed from sources
such as AGNs is typically interpreted through two primary models, which may also act
in tandem:

1. Leptonic Models: The emission is dominated by accelerated electrons. Low-
energy photons (such as those from the CMB or accretion disk) are up-scattered to
γ-ray energies via inverse Compton (IC) scattering.

2. Hadronic Models: The emission originates from accelerated protons or nuclei.
These interact with ambient matter (pp) or photon fields (pγ) to produce neutral
pions (π0) and charged pions (π±).
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Crucially, neutral pions from hadronic interactions decay into γ-rays (π0 → γγ), producing
a signal that can be indistinguishable from leptonic IC emission. However, charged pions
decay into neutrinos (π± → µ±νµ(ν̄µ)). Therefore, neutrinos are the “smoking gun” for
hadronic acceleration. The detection of high-energy neutrinos from a source provides
compelling evidence for the presence of accelerated protons, addressing the century-old
mystery of cosmic ray origins [24, 25].

2.1.2 Atmospheric Neutrinos and Muons

The direct detection of primary cosmic rays is limited to small-scale satellite experiments
such as Fermi-LAT [26] and AMS-02 [27]. For indirect detection, ground-based (or un-
derground) detectors such as HAWC [28] and the Pierre Auger Observatory [29] observe
extensive air showers produced when a HECR nucleus collides with an atmospheric nu-
cleus, such as nitrogen or oxygen.

This interaction initiates a hadronic cascade, producing a stream of secondary parti-
cles dominated by pions and kaons [11]. While neutral pions decay rapidly into γ-rays, the
charged mesons decay into muons and neutrinos, with the muons subsequently decaying
into electrons and additional neutrinos:

π± →µ± + νµ(ν̄µ)

↪→ e± + νe(ν̄e) + ν̄µ(νµ).

Thus, ground-based detectors do not view the cosmos directly, but rather through the
screen of the Earth’s atmosphere. This atmospheric flux constitutes the primary back-
ground for astrophysical neutrino searches and is categorized into two distinct components
based on the lifetime of the parent meson.

The conventional neutrino flux arises from the decay of light mesons (π±, K±).
At high energies, these particles have relatively long lifetimes (τπ ≈ 26ns) and relativistic
decay lengths that can exceed the scale height of the atmosphere. Hence, there is com-
petition between decay (producing a neutrino) and further interaction (losing energy in a
collision with air). As energy increases, the interaction probability dominates, causing the
atmospheric neutrino spectrum to steepen relative to the primary cosmic ray spectrum
by one power of energy (E−2.7 → E−3.7) [30]. This component exhibits a zenith-angle
dependence at sufficiently high energies (∝ sec θ), as mesons entering near the horizon
travel through a thinner atmosphere for longer, favoring decay [18].

The rate of atmospheric muons and neutrinos observed at ground level is not constant
but exhibits seasonal variations due to fluctuations in the thermodynamic state of the
atmosphere. This effect is driven by the ideal gas law: in the summer, the stratospheric
temperature rises, causing the atmosphere to expand and the local density to decrease. In
this less dense medium, the mean free path for meson interaction increases, giving pions
and kaons more time to decay before colliding. Thus, for neutrino detectors, the observed
atmospheric background rate is correlated with the stratospheric temperature [31].

While technically present also at lower energies, the prompt neutrino flux begins
to dominate the atmospheric background at high energies (≳ 100TeV). This flux origi-
nates from the decay of heavy hadrons containing charm quarks, such as D-mesons and
Λc baryons. These particles have short lifetimes (τ ∼ 10−12 s) and decay almost immedi-
ately after production, regardless of the local air density, resulting in an approximately
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isotropic flux. Since they decay before they can interact, the prompt atmospheric neutrino
spectrum follows the primary cosmic ray spectrum (∼ E−2.7 [30]), making it harder than
the conventional flux. While atmospheric neutrinos as a whole constitute the general
background for IceCube, this prompt component represents an irreducible high-energy
floor for astrophysical searches [18]. Because its harder spectrum mimics the expected
astrophysical signal, it cannot be easily filtered out using simple energy thresholds.

Beyond their distinct energy spectra, these atmospheric components also exhibit char-
acteristic flavor compositions that differ from astrophysical expectations. In the standard
hadronic cascade, electron neutrinos are produced almost exclusively through the sub-
sequent decay of secondary muons. However, because high-energy muons produced in
conventional air showers experience significant relativistic time dilation, they typically
reach the ground before this decay can occur. With this electron-neutrino production
channel heavily suppressed, the conventional atmospheric neutrino flux is dominated by
muon neutrinos (νe ≪ νµ) [32]. In contrast, the semileptonic decays driving the prompt
flux couple equally to electrons and muons, resulting in a symmetric flavor ratio of ap-
proximately νe : νµ ≈ 1 : 1 [33]. Crucially, the atmospheric tau neutrino background
is negligible (ντ ≈ 0). In the conventional flux, the heavy τ lepton cannot be produced
by the decay of lighter pions and kaons. In the prompt flux, its production is heavily
suppressed because it relies on the relatively infrequent production of Ds mesons in the
air shower [33]. Therefore, detecting high-energy tau neutrinos provides a comparatively
low-background signature of astrophysical origin [18].

2.2 High-Energy Neutrino Sources
The search for cosmic ray accelerators is complicated by the inherent physical properties
of the available astronomical messengers. Because primary cosmic rays are electrically
charged, they are deflected by Galactic and intergalactic magnetic fields. As a result,
except at ultra-high energies, they lose their directional information and cannot be traced
back to their sources. While the highest-energy cosmic rays (> 1019 eV) experience mini-
mal magnetic deflection and roughly preserve their pointing information, their observable
horizon is restricted to the local universe due to the GZK suppression discussed previ-
ously. Similarly, while electrically neutral γ-rays travel in straight lines and are excellent
messengers at lower energies, the universe becomes increasingly opaque to them at very
high energies. Above the TeV scale, extragalactic photons are attenuated via pair produc-
tion on background photon fields such as the cosmic microwave background (CMB) and
extragalactic background light (EBL) [34], reducing their mean free path to the order of
100Mpc.

Identifying the most energetic accelerators, therefore, requires a messenger that both
points back to its source and survives cosmological baselines. As electrically neutral
leptons with sub-eV masses (< 0.45 eV [35]), neutrinos do not participate in electromag-
netic or strong interactions. While they are subject to gravitational lensing like pho-
tons, they are unaffected by intergalactic magnetic fields that scramble the trajectories of
charged cosmic rays. Furthermore, their exceedingly small weak cross section with mat-
ter (σν ∼ 10−38 cm2×Eν/GeV [36]) allows them to escape radiation-choked astrophysical
environments and traverse the observable universe without attenuation. By providing the
only unobstructed view of the high-energy universe, this unique capability motivates the
construction of large-scale neutrino observatories [37].
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Figure 2.3: The neutrino energy spectrum spanning approximately 24 orders of magnitude.
Different colors indicate the dominant neutrino production sites across the energy range.
Taken from [36].

Since astrophysical neutrinos are secondary particles from interactions of cosmic rays,
their energy spectra are intimately linked. In high-energy hadronic interactions, the
primary proton transfers a fraction of its energy to secondary mesons, with the leading
pion typically acquiring approximately 20% of the initial energy. Subsequently, the decay
chain π → µ → e distributes the energy among four leptons. Therefore, an individual
neutrino carries approximately 5% of the primary proton’s energy (Eν ≈ Ep/20) [18].
This kinematic relationship implies that the power law behavior of the primary cosmic
rays is imprinted onto the neutrino flux, but shifted to lower energies, as seen in Figure 2.3.

2.2.1 Neutrino Production Mechanisms

Astrophysical neutrinos are produced in the interactions of HECRs with surrounding
matter or radiation fields. Unlike the thermal neutrino flux from stellar fusion (which
peaks at the MeV scale), the high-energy astrophysical neutrinos targeted by observatories
like IceCube (typically spanning the TeV to PeV regime) originate predominantly from
hadronic processes. Depending on the environment of the accelerator, these interactions
are classified into two primary channels: hadron-nuclear (pp) and photohadronic (pγ)
interactions.

In environments with low gas density but high photon density (such as the accretion
disks and relativistic jets of AGNs), cosmic ray protons interact with ambient photons
(UV, X-ray or synchrotron). The dominant channel for this interaction is the formation
of the ∆+(1232) resonance, identical to the GZK process described in Section 2.1 but
occurring within the source itself rather than in the intergalactic medium:
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p+ γ → ∆+ →
{
p+ π0 (fraction 2/3)

n+ π+ (fraction 1/3)

The branching ratios are determined by isospin conservation, favoring neutral pion pro-
duction by a factor of two. As mentioned before, the neutral pions decay into γ-rays,
while the charged pions initiate the neutrino production chain [11].

In environments with high matter density (such as starburst galaxies), cosmic rays
interact inelastically with cold gas protons. Unlike the resonant pγ process, pp interac-
tions produce charged and neutral pions with roughly equal probability (π+ ≈ π− ≈ π0)
due to isospin symmetry [11]. Thus, pp sources act as reservoirs for both neutrino and
γ-ray production, with a slightly softer spectral index compared with pγ sources.

Regardless of the production channel (pp or pγ), the subsequent neutrino emission
is governed by the weak decay of the charged pions. As introduced in Section 2.1.2, the
complete decay chain proceeds as follows:

π+ →µ+ + νµ and π− →µ− + ν̄µ

↪→ e+ + νe + ν̄µ ↪→ e− + ν̄e + νµ.

Counting the neutrino flavors in the full chain yields the canonical ratio of

(νe : νµ : ντ )S ≈ (1 : 2 : 0) (2.4)

at the source. Note that intrinsic ντ production within the sources is negligible. Because
the large mass of the τ lepton (mτ ≈ 1.77GeV) makes it kinematically inaccessible for
pion decay (mπ ≈ 0.14GeV), ντ production would require the decay of much heavier,
rarely produced charmed mesons (such as Ds). Consequently, the initial source flavor
ratio is effectively devoid of tau neutrinos and any significant ντ flux observed at Earth
is predominantly the result of neutrino oscillations during cosmic propagation (see Sec-
tion 2.3).

The standard (1:2:0) ratio assumes that the secondary muon decays freely. However,
in sources with strong magnetic fields or high matter density (such as the cores of AGNs),
the muon may lose energy via synchrotron radiation or collision before it can decay. If the
synchrotron cooling time is shorter than the muon lifetime, the muon is “damped” [38].
It eventually decays at low energies, contributing only to the thermal background rather
than the high-energy flux. In this scenario, only the initial neutrino from the pion decay
survives at high energies: π+ → µ+(damped)+νµ. This creates a muon-damped source
with a flavor ratio of purely muon neutrinos:

(νe : νµ : ντ )S ≈ (0 : 1 : 0).

Identifying such a deviation is a key science goal for neutrino detectors, as it would directly
probe the magnetic field strength of the accelerator.
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2.2.2 Active Galactic Nuclei

Among the most powerful particle accelerators in the universe are active galactic nuclei
(AGNs). These are the compact central regions of galaxies, powered by the accretion of
matter onto a supermassive black hole (SMBH). While the host galaxies can be massive
(up to 1012M⊙), the central SMBHs themselves typically range from 106 to 1010M⊙ [39].

The energy source of an AGN is gravitational potential energy. As gas and dust fall
into the gravitational well of the SMBH, they possess angular momentum, preventing
direct radial infall. Instead, the matter forms a flattened accretion disk orbiting the black
hole. Within this disk, differential rotation creates friction, which heats the plasma to
millions of degrees, releasing intense thermal radiation in the UV and X-ray bands. Si-
multaneously, the ionized plasma drags magnetic field lines along with it. The rotation
of the disk winds these field lines into a tight helix. This twisted magnetic field colli-
mates a fraction of the infalling matter and launches it outward along the rotation axis
at relativistic speeds [40]. These relativistic jets can extend for kiloparsecs, carrying
charged particles that are accelerated via shock waves to produce HECRs. The extreme
environments in the vicinity of SMBHs are capable of accelerating protons well beyond
PeV energies, making AGNs prime candidates for the universe’s PeVatrons [18, 41].

While AGNs exhibit a diverse range of observational properties (classifying them as
blazars, quasars, radio galaxies or Seyfert galaxies), the unified model suggests that
these classes represent the same physical object viewed from different angles [42]. As
illustrated in Figure 2.4, the central engine is surrounded by a dusty toroidal structure.
When viewed edge-on, the line of sight to the central engine is obscured by the dusty torus
which is classified as type II Seyfert galaxies. NGC 1068, the focus of the analysis
in the third part of this thesis, is a prototypical type II Seyfert galaxy. From Earth, it
is viewed through the Compton-thick environment of the torus, which blocks optical and
soft X-ray emission from the core.

Figure 2.4: Schematic illustration of the AGN unified model. The central supermassive
black hole and its accretion disk are surrounded by a dusty torus. The classification of the
AGN depends on the viewing angle. Taken from [43].
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Historically, neutrino searches focused on blazars, assuming neutrinos would be produced
in the jets alongside the observed γ-rays. However, the recent association of high-energy
neutrinos with NGC 1068 [6, 44] presents observational tension: the source is “neutrino
bright but gamma-ray dim” in the GeV–TeV range probed by Fermi-LAT [26] and Ice-
Cube [3]. Standard jet models fail to explain this, as the expected γ-ray flux accompa-
nying the neutrinos would violate observational upper limits. A compelling solution is
provided by the Corona Model (or Hidden Core Model) [45]. In this scenario, cosmic
ray acceleration does not occur in a remote jet, but in the hot, turbulent corona situated
immediately above the accretion disk:

1. Acceleration: Magnetic turbulence in the corona accelerates protons to energies
up to O(PeV).

2. Production: These protons interact with the intense X-ray field radiated by the
accretion disk via the pγ mechanism (Section 2.2.1), producing pions.

3. Opacity: The target photon density is so high (often reaching the Eddington lu-
minosity limit2) that the environment becomes opaque to γ-rays. The produced
neutral pions decay into very-high-energy (VHE) γ-rays, which rapidly interact with
the ambient X-ray background via pair production:

γVHE + γX-ray → e+ + e−.

The resulting electromagnetic cascade thermalizes the energy down to MeV scales,
extinguishing the high-energy γ-ray signal.

Crucially, the neutrinos produced by the charged pions escape this dense, obscured envi-
ronment unperturbed. This creates a distinctive signature: a source that is invisible in
TeV γ-rays but luminous in neutrinos. Hence, for “hidden cores” like NGC 1068, neutrinos
are not merely complementary messengers; they are the only probe capable of penetrating
the torus and the corona to reveal the physics of the central engine. Regardless of whether
the emission originates from the compact corona (a region only a few Schwarzschild radii
across) or an extended kiloparsec-scale jet, the cosmological distance to the host galaxy
causes the entire AGN to appear as an unresolved neutrino point source on the sky when
observed from Earth. Detailed observation of these faint sources requires precise pointing
to distinguish their localized high-energy excess from the terrestrial atmospheric back-
ground.

2.2.3 Other Source Candidates

In addition to type II Seyfert galaxies such as NGC 1068, several source classes have been
proposed as potential high-energy cosmic neutrino production sites because they satisfy
the Hillas criterion and possess the necessary baryonic loading to generate detectable
neutrino fluxes.

2The Eddington limit is the maximum luminosity an accreting object can achieve while remaining in
hydrostatic equilibrium. At this limit, the outward radiation pressure balances the inward gravitational
pull on the surrounding plasma. If an AGN were to significantly exceed this limit, the radiation pressure
would expel the accreting matter, effectively depleting the central engine of accretion material [46].
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Blazars

Blazars are a subclass of AGNs where the relativistic jet is aligned within a few degrees of
the observer’s line of sight. Unlike in the hidden core scenario, the emission is dominated
by the jet itself. In 2017, IceCube detected a high-energy neutrino coincident with a
flaring state of the blazar TXS 0506+056 [5]. Follow-up observations by other detectors
such as Fermi-LAT and MAGIC [47] confirmed enhanced γ-ray emission, providing the
first multi-messenger evidence for a specific neutrino source. However, analyses of the
diffuse neutrino flux [48] suggest that blazars alone cannot account for the entirety of the
observed cosmic signal, implying a significant contribution from other populations.

Starburst Galaxies

While AGNs are characterized by their central engines, these phenomena are not mutually
exclusive with other astrophysical environments. Many (composite) galaxies host both an
active nucleus and regions of high star formation. A prominent example is NGC 1068 itself,
which features a heavily obscured Seyfert core surrounded by a circumnuclear starburst
ring [49]. In such hybrid objects, both environments can theoretically accelerate cosmic
rays and produce high-energy neutrinos.

However, the underlying physics of the starburst component itself differs. Unlike the
accretion-driven central engine of an AGN, this emission is powered by a high rate of star
formation. The frequent supernovae in these regions accelerate cosmic rays, which then
interact with interstellar gas via pp interactions. These galaxies act as reservoirs, accel-
erating cosmic rays and converting a considerable fraction of their energy into neutrinos
and γ-rays before they can escape [50]. Because the star formation rate in these distant
sources is higher than in our own galaxy, integrating their aggregate neutrino emission
over cosmological distances is expected to contribute significantly to the observed isotropic
diffuse neutrino background.

Diffuse Galactic Emission

To describe the distribution of localized cosmic sources as opposed to extended structures,
two primary coordinate systems are employed [39]. Equatorial coordinates represent the
standard projection of Earth’s latitude and longitude onto the celestial sphere (declination
δ, right ascension α). Conversely, Galactic coordinates are a system centered on the Sun,
where the fundamental plane (b = 0◦) is aligned with the disk of the Milky Way. The
projection of this dense disk onto the sky is known as the Galactic Plane (typically
|b| < 15◦). In equatorial coordinates, this band appears as a characteristic “U” or “S”
shape arching across the sky.
In 2023, IceCube reported the first observation of high-energy neutrinos from the Galactic
Plane with a significance of 4.5σ [7], as shown in Figure 2.5. Unlike point sources, this
emission is diffuse, spanning the entire Galactic disk. It arises from the interaction of
cosmic rays trapped by the Galactic magnetic field with interstellar gas and dust (pp
interactions). This observation supports the reservoir mechanism within our own galaxy,
demonstrating that the Milky Way acts as a vast cosmic ray beam dump. It establishes
the Galactic Plane as the most prominent extended source of high-energy neutrinos in
our immediate cosmic neighborhood.
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Figure 2.5: (left) Multi-messenger view of the Galactic Plane in Galactic coordinates. From
top to bottom: 1) Optical view (obscured by interstellar dust); 2) Gamma-ray flux (Fermi-
LAT), tracing π0 decay; 3) Predicted neutrino emission based on hadronic models; 4) IceCube
model expectations; 5) Inset from the right panel of measured significance. (right) All-sky
neutrino significance map in equatorial coordinates. The Galactic Plane is drawn as a gray
curve with the Galactic Center marked by the dot at δ = −29◦. Taken from [7].

Transient Sources

While AGNs and starburst galaxies are generally considered steady emitters, the high-
energy universe is also populated by transients. These sources release energy in short,
violent bursts, for which targeted analyses benefit from a reduced background by restrict-
ing the search window to the specific time of the event. Among many types, transients
include:

• Gamma-Ray Bursts (GRBs): Energetic electromagnetic explosions occurring
when massive stars collapse or neutron stars merge, releasing energy as focused
jets of gamma radiation [51, 52]. The fireball model [53] predicts that protons
accelerated in relativistic shock waves should produce a transient flux of neutrinos.
Despite theoretical promise, IceCube searches constrain the contribution of GRBs
to the overall observed diffuse neutrino flux [54].

• Tidal Disruption Events (TDEs): These occur when a star passes sufficiently
close to a SMBH and is torn apart by tidal forces. The resulting accretion flare can
power a transient jet capable of high-energy neutrino production [55].

• Supernovae: The collapse of massive stars. Specifically, choked jet supernovae are
hypothesized to produce neutrinos without a visible γ-ray counterpart, as the jet
fails to break out of the stellar envelope [56].

2.3 Propagation of Astrophysical Neutrinos to Earth
Produced in astrophysical environments, neutrinos travel distances ranging from Mega-
to Gigaparsecs before reaching Earth. Unlike charged cosmic rays, which diffuse through
magnetic fields, or γ-rays, which cascade on background radiation or interstellar matter,
neutrinos interact only via gravity and the weak force. As a consequence of this minimal
interaction, they preserve the original directional and spectral information of their source.
However, their flavor composition is not constant; it evolves during propagation due to
the quantum mechanical phenomenon of neutrino oscillation.
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2.3.1 Neutrino Oscillations

Neutrinos are produced and detected in weak-interaction flavor eigenstates associated with
the charged leptons: electron (νe), muon (νµ) and tau (ντ ). These are not eigenstates of
the free Hamiltonian. Instead, a neutrino of flavor α is created as a coherent superposition
of three mass eigenstates νi (i = 1, 2, 3) with definite masses mi:

|να⟩ =
3∑

k=1

U∗
αk|νk⟩.

The mixing between these bases is described by the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix, UPMNS, as conceptualized in [57, 58, 59]. It is generally param-
eterized as the product of three rotation matrices, each characterized by a mixing angle
θij (where cij ≡ cos θij and sij ≡ sin θij) and a complex CP-violating phase δCP:

νe
νµ
ντ

 = UPMNS

ν1
ν2
ν3

 with (2.5)

UPMNS =

1 0 0
0 c23 s23
0 −s23 c23


︸ ︷︷ ︸

Atmospheric

 c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13


︸ ︷︷ ︸

Reactor

 c12 s12 0
−s12 c12 0
0 0 1

 .

︸ ︷︷ ︸
Solar

(2.6)

For Majorana neutrinos, the full mixing matrix contains an additional diagonal phase ma-
trix, diag(1, eiα21/2, eiα31/2) [60]. However, because these phases cancel out in the derivation
of the oscillation probability, they have no observable effect on standard neutrino oscilla-
tions and are conventionally omitted here. Each angle in the standard parameterization
governs the mixing in a specific sector of neutrino physics. Current global fits from NuFIT
6.0 [61] provide the following best-fit values:

• θ12 = 33.68+0.73
−0.70

◦ (Solar Sector): Dictates the flavor transitions of electron neutrinos
produced by nuclear fusion in the Sun. The matter effect within the dense solar
interior resonantly enhances this mixing, ultimately leading to the observed deficit
of solar electron neutrinos at Earth.

• θ23 = 48.6+0.7
−0.9

◦ (Atmospheric Sector): Drives the disappearance of muon neutrinos
produced by cosmic ray interactions in the Earth’s atmosphere. Because current
fits still suffer from an octant ambiguity, a major goal of current experiments is to
determine the true octant of θ23 and whether the mixing is maximal (45◦).

• θ13 = (8.58 ± 0.11) ◦ (Reactor Sector): Represents the cross-mixing between the
solar and atmospheric sectors. The non-zero value measured by reactor experiments
acts as the necessary gateway that makes the observation of leptonic CP violation
physically possible.

• δCP = 285+25
−28

◦ (CP-violating phase): A value deviating from 0◦ or 180◦ introduces an
asymmetry between neutrino and antineutrino oscillation probabilities, potentially
offering insight into the universe’s matter-antimatter imbalance. Current global fits
mildly prefer values near 270◦, although CP-conserving values remain allowed and
leptonic CP violation has not yet been established experimentally.



18 2 THE HIGH-ENERGY UNIVERSE AND NEUTRINO ASTRONOMY

The probability of a neutrino (or antineutrino) changing from flavor α to β in vacuum is
given by:

Pνα→νβ
ν̄α→ν̄β

(L,E) = δαβ − 4
∑
k>j

Re(U∗
αkUβkUαjU

∗
βj) sin

2

(
1.27

∆m2
kjL

E

)

± 2
∑
k>j

Im(U∗
αkUβkUαjU

∗
βj) sin

(
2.54

∆m2
kjL

E

)
,

(2.7)

where the positive sign of the imaginary term applies to neutrinos and the negative sign
to antineutrinos. In this parameterization, the baseline L is expressed in km, the neutrino
energy E in GeV and the mass-squared splittings ∆m2

kj in eV2. Oscillations are driven
by the interference between mass eigenstates, which accumulate phase differences relative
to one another as they propagate. The frequency of this oscillation depends on the
difference in the squares of the masses ∆m2

ij ≡ m2
i −m2

j . Experiments have identified two
distinct mass scales: solar splitting with ∆m2

21 = (7.49±0.19)×10−5 eV2 and atmospheric
splitting with ∆m2

31 = (2.513+0.021
−0.019) × 10−3 eV2 [61, 62]. The sign of the solar splitting

is measured to be positive, whereas the sign of the atmospheric splitting is currently
undetermined, though global fits favor a positive sign (as quoted above). This ongoing
ambiguity results in two viable scenarios for the neutrino mass ordering (NMO):
normal ordering (∆m2

31 > 0) with m1 < m2 < m3 and inverted ordering (∆m2
31 < 0)

with m3 < m1 < m2, as illustrated in Figure 2.6. Determining the true mass ordering is a
fundamental goal in its own right to complete our understanding of the cosmic neutrino
sector, whose relic background constitutes the second most abundant known particle
population in the universe [63]. Furthermore, it dictates the theoretical expectations for
other major frontiers: assuming neutrinos are Majorana particles, an inverted ordering
generally implies a non-zero lower limit on the effective Majorana mass within the standard
light-neutrino exchange mechanism, which is within reach of next-generation neutrinoless
double beta decay experiments [64]. Simultaneously, establishing the mass ordering is
crucial for disentangling matter effects from true leptonic CP violation, thereby alleviating
parameter degeneracies in long-baseline accelerator experiments [65].

Figure 2.6: The two possible neutrino mass orderings. In normal ordering (left), ν1 is the
lightest mass eigenstate, while in the inverted ordering (right), ν3 is the lightest. The color
composition of each bar indicates the flavor content of the corresponding mass eigenstate
(|Uαi|2). Courtesy of the JUNO Collaboration.
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For terrestrial baselines, the sin2 terms in Equation (2.7) drive the observable oscilla-
tion pattern. However, for astrophysical sources, the distance L is astronomical (Mpc to
Gpc). Over these immense scales, two distinct physical effects act to suppress the observ-
able interference pattern: phase averaging and wave packet decoherence. First, due to
the finite energy resolution of the detector, the energy spread of the emitted neutrinos and
the vast physical size of the emission region, the rapid oscillation phases cannot be experi-
mentally resolved. Integrating over these macroscopic uncertainties causes the oscillatory
terms to smear out. Second, on a quantum mechanical level, neutrinos are described by
a wave packet with an intrinsic spatial width [66]. Because the distinct mass eigenstates
travel at slightly different group velocities, their respective wave packets gradually drift
apart. For many astrophysical production scenarios, the propagation distance exceeds the
coherence length, which depends on the neutrino energy, the mass splitting and the initial
spatial width of the wave packet, causing the wave packets to separate. This permanent
loss of wave packet overlap renders the interference terms observationally inaccessible, a
regime known as wave packet decoherence in astrophysical neutrino propagation [11].

Whether through phase averaging or wave packet decoherence, the interference terms
become unobservable over astrophysical baselines, reducing the oscillation probability to
an incoherent sum of mass-eigenstate contributions:

⟨Pα→β⟩ =
3∑

k=1

|Uαk|2|Uβk|2. (2.8)

This averaged probability governs the flavor composition expected at Earth, independent
of distance and neutrino energy for vacuum oscillations (apart from energy-dependent
mixing effects) [67].

2.3.2 Flavor Composition at Earth

The final observable in neutrino astronomy is the flavor ratio measured at the detector
(νe : νµ : ντ )⊕, which is commonly visualized using the flavor triangle (or ternary plot).
As discussed in Section 2.2.1, the environment of the accelerator determines the initial
flavor ratio (νe : νµ : ντ )S at the source. Commonly discussed flavor ratio scenarios are:

1. Pion Decay (1:2:0): The standard scenario for AGNs and starbursts, where neu-
trinos originate from the full decay chain π± → µ± → e± as detailed in Section 2.2.1.

2. Muon-damped (0:1:0): Expected in dense or highly magnetized environments,
where the muon loses energy before decaying. These conditions may occur in AGN
cores such as NGC 1068. The flux is initially composed only of muon-flavor neutrinos
(see Section 2.2.1).

3. Neutron Decay (1:0:0): In sources where high-energy neutrons escape the pro-
duction region before further interactions and the conventional pion-decay channel
is suppressed (for example by synchrotron cooling in strongly magnetized environ-
ments), the neutrino flux can be dominated by neutron beta decay,
n → p + e− + ν̄e, yielding an approximately pure electron-antineutrino flavor com-
position at the source [70].

While treated as distinct scenarios here, sources may transition between these regimes
(e.g., from pion-decay to muon-damped) as the energy of the parent particles increases.
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Using the time-independent transition probability derived above (Equation (2.8)),
the arriving flavor flux at Earth is calculated by projecting the initial source composition
through the squared PMNS matrix elements. The large values of the mixing angles (in
particular, the atmospheric mixing angle θ23 ≈ 48.6◦ and the solar angle θ12 ≈ 33.7◦)
redistribute the flavor composition. Rather than merging into a single indistinguishable
ratio, this deterministic mapping translates distinct source models into separate, well-
defined points clustered within the central region of the flavor triangle. For the standard
pion decay scenario, this redistribution results in approximate equipartition. The initial
ratio (1 : 2 : 0)S evolves into approximately equal parts of all flavors at Earth:

(1 : 2 : 0)S
Decoherence−−−−−−−→ (≈ 1 : 1 : 1)⊕. (2.9)

This result has direct implications for observational neutrino astronomy: for all standard
astrophysical production scenarios, propagation over cosmic baselines predicts a flux of
all three flavors at Earth. This expectation necessitates a detector architecture capable

Figure 2.7: Flavor composition of high-energy cosmic neutrinos arriving at Earth. Experi-
mental fits: The solid black and dotted brown contours show the 68% and 95% confidence
level (CL) allowed regions from a recent analysis [68] and a previous IceCube measurement [69],
respectively. Theoretical models: The specific markers represent the theoretically expected
flavor ratios at Earth assuming idealized source production mechanisms: standard pion decay
(pink circle), muon-damped pion decay (green square) and neutron decay (orange triangle).
The dash-dotted gray region indicates the total kinematically allowed parameter space for
standard astrophysical production scenarios after mixing (including uncertainties on oscilla-
tion parameters). Taken from [68].
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of identifying and distinguishing all three neutrino flavors.
While the redistribution alters the composition, the theoretical arrival ratios of dif-

ferent production models land at fundamentally distinct, albeit close, locations on the
flavor triangle, as shown in Figure 2.7. The flavor triangle represents a normalized three-
component parameter space in which the sum of the flavor fractions is unity [71]. To aid
interpretation, the corners represent a pure state (e.g., the top corner is 100% νµ), the
edges represent a mix of two flavors with zero contribution from the third and the center
represents an equipartition of all three flavors (1 : 1 : 1). For instance, a muon-damped
source (0 : 1 : 0)S evolves to a ratio of approximately (0.17 : 0.47 : 0.36)⊕ at Earth,
shifting away from the center toward the νµ–ντ edge.

Testing these deviations offers a unique way to probe the internal physics of the
source and the fundamental properties of neutrinos. For instance, confirming a muon-
damped signature would provide evidence of strong magnetic fields, whereas finding a
ratio far outside the standard region (e.g., near the corners of the triangle) would point
to exotic physics such as neutrino decay or Lorentz invariance violation. However, while
these signatures are theoretically well-separated, identifying the underlying source mecha-
nism experimentally remains challenging. This difficulty stems from detector limitations,
specifically finite energy and angular resolutions, low event statistics and the topologi-
cal degeneracy between electron and low-energy tau neutrino cascades (see Section 3.5).
These limitations currently result in large observational uncertainties that span multiple
theoretical scenarios, as seen in the broad contours of Figure 2.7. Despite these large
uncertainties, the flavor composition of high-energy cosmic neutrinos is consistent with
standard particle physics (standard oscillations) and standard astrophysics (sources pow-
ered by pion decay). Furthermore, the measurement is now precise enough to statistically
disfavor neutron decay as the dominant mechanism for producing cosmic neutrinos, sug-
gesting that sources are likely dominated by pp or pγ interactions where charged pions
and muons decay efficiently [68].

IceCube Upgrade (see Section 3.6), with its enhanced particle identification and angu-
lar resolution, combined with IceCube-Gen2 (see Section 3.7), which will provide higher
statistics and sufficient instrumented volume to constrain large event signatures, aims to
shrink these contour regions and potentially resolve the specific production mechanisms
of cosmic accelerators.
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3 Neutrino Detection with the IceCube
Neutrino Observatory
The property of neutrinos to travel unperturbed through space is a double-edged sword:
while it preserves directional and energy information from the astrophysical production
site, it necessitates enormous detection volumes to capture these neutrinos, especially
because their flux decreases rapidly toward the highest astrophysical energies (see Fig-
ure 2.3). A comprehensive understanding of high-energy neutrino detection requires not
only knowledge of their interaction mechanisms within the detector medium, but also of
their propagation through the Earth. Governed by the neutrino interaction cross section,
the probability of a neutrino reaching the detector depends on both its energy and the dis-
tance it travels through the Earth. This chapter first outlines the fundamental interaction
physics (Section 3.1), then applies these principles to neutrino propagation through the
Earth (Section 3.2), discusses the subsequent secondary detection principle (Section 3.3)
and finally describes the IceCube detector in the following sections.

3.1 Neutrino Interactions and Cross Sections
At the energy scales relevant for the IceCube Neutrino Observatory, which primarily tar-
gets neutrino energies from the TeV to PeV range (with lower-energy sensitivity provided
by DeepCore and IceCube Upgrade), the interaction landscape differs from low-energy so-
lar or reactor neutrino physics. While quasi-elastic scattering and resonance production
occur at the lowest end of this spectrum, deep inelastic scattering (DIS) off nucle-
ons dominates the interaction cross section for high-energy atmospheric and astrophysical
neutrinos [72]. In the DIS regime, the incoming neutrino scatters off individual quarks
that constitute the nucleons of the detector medium.

3.1.1 Interaction Channels

Neutrino-nucleon DIS interactions occur via the exchange of weak vector bosons, pro-
ceeding through two primary channels that govern the resulting event topology in the
detector, as illustrated by the Feynman diagrams in Figure 3.1.

Charged current (CC): Mediated by the exchange of a charged W± boson, the
neutrino νℓ (or antineutrino ν̄ℓ) of flavor ℓ ∈ {e, µ, τ} converts into its corresponding
charged lepton counterpart ℓ±, while the target nucleon N fragments into a hadronic
system X:

νℓ +N
W±
−−→ ℓ− +X and ν̄ℓ +N

W±
−−→ ℓ+ +X. (3.1)

The outgoing charged lepton preserves the flavor identity of the incident neutrino, which
provides the basis for flavor-dependent event signatures such as track-like or cascade-like
morphologies (see Section 3.5).
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Figure 3.1: Leading-order Feynman diagrams for (a) CC and (b) NC neutrino-nucleon deep
inelastic scattering, alongside (c) the Glashow resonance. Modified from [73].

Neutral current (NC): Mediated by the exchange of a neutral Z0 boson, the neu-
trino transfers a portion of its four-momentum to the target nucleon and exits the in-
teraction vertex as a neutrino of the same flavor, leaving behind the disrupted hadronic
system:

νℓ +N
Z0

−→ νℓ +X and ν̄ℓ +N
Z0

−→ ν̄ℓ +X. (3.2)

In both interaction channels, the kinematics are characterized by the inelasticity param-
eter (Bjorken-y), defined as the fraction of the incident neutrino’s energy transferred to
the hadronic system in the rest frame of the target nucleon: y = Ehad/Eν , where Eν

is the energy of the incident neutrino and Ehad is the total energy of the hadronic final
state [74]. The average inelasticity ⟨y⟩ depends on the weak interaction channel and the
parton structure of the nucleon. At energies below approximately 1PeV, valence quarks
contribute significantly to the scattering process [75]. In this regime, the helicity structure
of the weak interaction leads to different inelasticity distributions for neutrinos and an-
tineutrinos, with neutrinos transferring about half of their energy to the hadronic system
on average. As the neutrino energy increases, interactions probe progressively smaller
parton momentum fractions (Bjorken-x), where sea quark and antiquark contributions
become increasingly important in the nucleon parton distributions. Consequently, the
neutrino and antineutrino inelasticity distributions converge, while the average inelastic-
ity gradually decreases [75].

3.1.2 Cross Section and Energy Dependence

The probability of a neutrino interacting in the detector medium is governed by the total
neutrino-nucleon cross section, which exhibits a strong energy dependence. Deep inelas-
tic scattering remains the dominant interaction mechanism throughout the high-energy
regime extending toward the EeV scale, however, the energy dependence of its cross sec-
tion changes across this range. From tens of GeV up to roughly 10TeV, the DIS cross
section grows linearly with the incident neutrino energy (σ ∝ Eν). As energies reach the
high-TeV and PeV scales, the momentum transfer Q2 of the interaction becomes compa-
rable to the squared mass of the exchanged weak bosons (M2

W or M2
Z). The presence of

the squared boson propagator term, proportional to 1/(Q2 +M2
W,Z)

2, dampens the inter-
action probability [76]. As a result, the cross section growth softens, transitioning from a
linear dependence to a weaker power law dependence of approximately σ ∝ E0.36

ν [77], as
illustrated in Figure 3.2.

A notable exception to this scaling occurs for electron antineutrinos at Eν ≈ 6.3PeV.
At this specific energy, an incident ν̄e can interact with an atomic electron at rest to
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Figure 3.2: Total neutrino and antineutrino cross sections as a function of neutrino energy.
CC and NC nucleon DIS data are taken from [77]. The Glashow resonance cross section for
ν̄ee

− → W− is calculated following [78] (accounting for atomic Doppler broadening produces
no visible effect on this logarithmic scale).

resonantly produce an on-shell W− boson (ν̄e + e− → W−). Known as the Glashow
resonance, this process causes the cross section to spike by orders of magnitude over the
standard DIS baseline, providing a unique Standard Model signature accessible to IceCube
observations [79].

3.2 Neutrino Propagation through the Earth
In the context of IceCube, neutrinos arriving from the Northern sky must traverse a sub-
stantial portion of the Earth before reaching the detector. Because the Earth effectively
acts as a dense, energy-dependent filter, understanding neutrino propagation through
the Earth is crucial for accurate simulation, modeling and analysis. In this regard, two
dominant physical effects become relevant depending on the neutrino energy: flavor os-
cillations governed by matter effects at lower energies and attenuation due to neutrino
interactions at higher energies. To accurately model this propagation, analyses utilize the
preliminary reference Earth model (PREM) [80], which maps the Earth’s internal density
profile, including the major density discontinuities between the crust, mantle and core.

3.2.1 The GeV Regime: Oscillations in Matter

For neutrinos with energies from a few GeV to approximately 100GeV, the interaction
cross section is sufficiently small that physical absorption in the Earth is negligible [81].
However, the dense matter alters the neutrino flavor evolution. While propagating through
the Earth, electron neutrinos undergo coherent forward scattering via CC weak inter-
actions with the abundant atomic electrons, introducing an additional effective matter
potential known as the Wolfenstein potential VCC =

√
2GFNe, where GF is the Fermi

coupling constant and Ne is the local electron number density [82]. This matter effect
induces the Mikheyev-Smirnov-Wolfenstein (MSW) resonance [83]. At specific energies
and mantle densities, the effective mixing angle is maximized, leading to enhancements
in flavor transitions compared with vacuum oscillations. Furthermore, neutrinos passing
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Figure 3.3: The νµ → νµ (left) and ν̄µ → ν̄µ (right) survival probability oscillograms
for atmospheric neutrinos propagating through the Earth. The vertical axis shows neutrino
energy (Eν) and the horizontal axis shows the cosine of the zenith angle (cos θν), representing
the path length through the PREM density profile. The dark regions indicate enhanced νµ
disappearance arising from vacuum oscillations and matter effects, including MSW resonance
in mantle-crossing trajectories and parametric resonance for core-crossing trajectories. Taken
from [85].

through the Earth’s core experience an abrupt increase in density. This layered den-
sity profile can induce parametric resonance [84], which further increases the transition
probabilities.

As shown in the survival oscillogram in Figure 3.3, these combined Earth-matter
effects manifest as distinct “valleys” of νµ disappearance. For trajectories crossing the
core (cos θz ≈ −1), this maximal disappearance occurs at energies near 25GeV, providing
physical motivation for the dense sensor geometry of IceCube Upgrade (Section 3.6).

3.2.2 The TeV–PeV Regime: Earth Absorption

As discussed in Section 2.3.1, for high-energy astrophysical neutrinos, the oscillation
length scales astronomically, effectively freezing the flavor ratio over the diameter of the
Earth. Instead of oscillating, these neutrinos are subject to the rising DIS cross section
shown in Figure 3.2.

The characteristic distance a neutrino can travel before interacting is given by its
interaction length Lint = 1/(σρNA), where ρ is the density of the medium and NA is
Avogadro’s number. At energies above approximately 100TeV, the interaction cross sec-
tion becomes so large that Lint drops below the diameter of the Earth. Thus, the Earth
becomes largely opaque to up-going high-energy neutrinos [86]. This absorption effect
restricts IceCube’s field of view for the highest-energy astrophysical sources, suppressing
the flux from the Northern Hemisphere and making the observatory primarily sensitive
to the horizon and the downward-going Southern sky. However, this same attenuation
provides a macroscopic method to directly measure the neutrino-nucleon cross section via
Earth absorption at energies inaccessible to terrestrial particle accelerators [81].

Tau Regeneration

An exception to Earth absorption exists for tau neutrinos. When a high-energy νe or νµ
undergoes a CC interaction in the bedrock beneath the detector, it is effectively absorbed,
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as the resulting outgoing leptons (the electron or muon) will eventually deposit their
energy and stop far below the instrumented volume. However, when a high-energy ντ
undergoes a CC interaction, it produces a massive τ lepton that possesses a short lifetime
(approximately 2.9 × 10−13 s). At TeV to PeV energies, the τ typically decays back into
a ντ before substantial radiative energy losses occur. This weak decay occurs via both
leptonic and hadronic channels [87]:

τ− → ντ +


e− + ν̄e (∼ 17.8%)

µ− + ν̄µ (∼ 17.4%)

hadrons (e.g., π−, ρ−) (∼ 64.8%)

(3.3)

Therefore, regardless of the specific decay branch, rather than being completely absorbed,
the original tau neutrino is “regenerated” at a lower energy. This successive cascading
process allows ντ fluxes to penetrate through the Earth, creating a pile-up of regenerated
tau neutrinos at lower energies and making the Earth intrinsically more transparent to
tau neutrinos than to any other flavor [88].

3.3 Cherenkov Detector Operation Principle
Neutrino detection in large-volume observatories relies on an indirect measurement prin-
ciple: the observation of charged secondary leptons and hadronic showers produced in
neutrino interactions within the detector medium (Section 3.1). As these relativistic sec-
ondary charged particles propagate through a dielectric medium, they induce Cherenkov
radiation [89], providing a detectable optical signature. Cherenkov radiation is emitted
when a charged particle travels through a dielectric medium faster than the phase veloc-
ity of light in that medium. The threshold energy for a particle of rest mass m0 to emit
Cherenkov radiation is given by

Eth =
m0c

2
0√

1− 1/n2
, (3.4)

where c0 is the speed of light in vacuum and n is the refractive index of the medium [90].
Assuming n ≈ 1.33 for ice, this threshold is approximately 0.8MeV for electrons, 160MeV
for muons and 2.7GeV for taus. In CC interactions, the outgoing lepton carries a signifi-
cant fraction of the incident neutrino’s energy. Hence, even neutrino interactions at MeV
energies can produce secondary electrons above the Cherenkov threshold.

Microscopically, as the charged particle traverses the dielectric medium, its electro-
magnetic field temporarily polarizes the surrounding atoms. When the particle’s velocity
v exceeds the phase velocity of light in the medium (c0/n), the subsequent depolarization
of these atoms emits photons that constructively interfere. Based on Huygens’ principle,
this results in a coherent, cone-shaped macroscopic wavefront along the particle’s trajec-
tory, as illustrated in Figure 3.4. The emission angle θC relative to the particle track is
defined by

cos (θC) =
c0
nv

=
1

βn
. (3.5)
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Figure 3.4: Schematic of Cherenkov radiation. A charged muon (black line) traverses a
dielectric medium with v > c0/n. The emission of electromagnetic radiation is shown as red
circles, forming a coherent conical wavefront (blue). Taken from [91].

For relativistic particles in ice, the Cherenkov angle is approximately 41◦. The number of
Cherenkov photons N emitted per wavelength λ over a track length L is described by

dN

dλ
=

2πz2α

λ2
L sin2 (θC), (3.6)

derived from the Frank-Tamm formula [92], where z is the charge number of the incident
particle and α is the fine-structure constant [93]. The 1/λ2 dependence dictates that
the emission spectrum favors shorter wavelengths, particularly in the ultraviolet and blue
regions of the spectrum. Because the flux of astrophysical neutrinos decreases rapidly
towards high energies, observing the resulting Cherenkov photons at a statistically signif-
icant rate requires instrumenting immense volumes of a transparent dielectric medium.
This naturally limits viable choices on Earth to the atmosphere (e.g., MAGIC [47]) and
large bodies of water or ice, with this thesis focusing on ice-based detection. While deep
glacial ice exhibits long absorption lengths (high transparency), its scattering length is
comparatively short. Because both scattering (such as Rayleigh or Mie scattering) and
absorption are wavelength-dependent, the initial 1/λ2 spectrum is effectively filtered as
photons propagate, meaning the spectrum of photons that successfully reach the optical
modules is skewed toward longer optical wavelengths.

3.4 The IceCube Neutrino Observatory
The IceCube Neutrino Observatory [3] is currently the largest detector in the world by
instrumented volume. It encompasses an instrumented volume of one cubic kilometer
within the transparent glacial ice at the geographic South Pole, using the glacier as a
Cherenkov medium for indirect neutrino detection. As illustrated in Figure 3.5, the main
optical array consists of 86 vertical strings deployed in holes drilled into the ice, with
each string instrumenting 60 Digital Optical Modules (DOMs). These DOMs, which
house photomultiplier tubes (PMTs) and onboard digitizing electronics in a transparent
pressure vessel, are positioned at depths between 1450m and 2450m below the surface.
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Figure 3.5: Schematic of the IceCube Neutrino Observatory. The deployment depth ends
approximately 400m above bedrock. Courtesy of the IceCube collaboration.

Strings are arranged in a hexagonal grid with a horizontal spacing of 125m and a vertical
inter-DOM spacing of 17m [3]. This geometry optimizes the total instrumented volume
for detecting high-energy astrophysical neutrinos, resulting in an energy threshold for
the main array of approximately 100GeV, with optimal sensitivity for neutrino energies
Eν ≳ 1TeV [94]. The deep ice above the detector provides a natural 1450m thick shield
that reduces the flux of downward-going atmospheric muons. Moreover, the scale of the
main optical array allows its outermost strings and top layers to serve as an active veto
region. By identifying penetrating atmospheric muons, this outer layer effectively shields
the inner array, allowing for the isolation of neutrino interactions that occur within the
fiducial volume.

Unlike natural open-water Cherenkov detectors, the deep glacial ice provides a static
environment without dynamic currents. In addition, it is inherently free of biolumi-
nescence and has much lower concentrations of radioactive isotopes, such as 40K, that
commonly contaminate seawater arrays. Thus, the intrinsic detector noise is introduced
solely by the hardware itself, specifically the dark noise of the PMTs (Section 4.4) and
scintillation occurring within the optical modules (Section 9.1). Distinct from this intrin-
sic instrumental noise, the dominant physics background for most astrophysical analyses
consists of penetrating atmospheric muons and atmospheric neutrinos.

Systematic calibration studies [95] have revealed that the optical properties of the ice
vary with depth. These variations closely track mineral dust concentrations deposited
over millennia, which correlate with the Earth’s climatic history. The ice with the lowest
scattering and absorption in the detector, referred to as the physics region, is located at
depths between 2100m and 2450m with an absorption length of ∼ 200m and scattering
length of ∼ 50m at 400 nm [96]. Above this lies a prominent dust layer between 2000m
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and 2100m, characterized by high scattering and absorption. These dust layers are not
perfectly horizontal and exhibit a macroscopic spatial tilt across the detector footprint,
driven by the glacial flow over the uneven underlying bedrock [96]. Lastly, the bulk ice
displays optical anisotropy, where the scattering and absorption of Cherenkov photons
exhibit a distinct directional dependence that is closely aligned with the local glacial flow
axis [97 (pp.17–20)].

To increase IceCube’s sensitivity to lower energies, a densely instrumented infill array
called DeepCore [94] was deployed. DeepCore comprises eight dedicated strings, alongside
surrounding standard IceCube strings that serve as a boundary. Six of these dedicated
strings are equipped with high quantum efficiency PMTs (see Section 4.2). To extend
sensitivities into the GeV regime, 50 of the 60 DOMs on each DeepCore string are deployed
in the highly transparent physics region below the dust layer, with a vertical spacing of
just 7m. The remaining 10 DOMs of each string are positioned above the dust layer
(between 1750m and 1850m) with a 10m spacing, acting as an overhead veto against
background tracks. The horizontal distance between DeepCore strings ranges from 42m
to 72m, which corresponds to about 1.5 times the effective scattering length of the ice
surrounding most of DeepCore. This dense configuration lowers the detector’s energy
threshold, enabling neutrino reconstruction down to energies of approximately 10GeV.

Complementing the deep-ice array is IceTop [98], a surface air shower array designed
to detect the electromagnetic and hadronic components of extensive air showers induced
by cosmic rays. IceTop consists of 81 stations located near the surface positions of the
IceCube strings. Each station comprises two light-tight ice Cherenkov tanks separated
by 10m, with two DOMs deployed in each tank. By requiring a trigger across three
or more stations, IceTop can reconstruct cosmic ray air showers with primary energies
extending from approximately 300TeV up to the EeV range, probing the knee region of
the cosmic ray spectrum (see Section 2.1). In the denser infill region located directly above
DeepCore, this threshold is reduced to roughly 100TeV. Crucially, IceTop also operates
in coincidence with the optical array, providing a partial veto against atmospheric muons
originating from cosmic ray showers.

All signals and power lines from both the in-ice strings and IceTop stations are routed
to the IceCube Laboratory (ICL). The ICL is a surface building centrally located on the
array where the data acquisition systems collect, timestamp, and pre-process the event
data before it is filtered and transmitted via satellite for offline analysis (see Section 12.1
for details).

3.5 Event Morphology
When a neutrino interacts within the instrumented volume, the spatial and temporal dis-
tribution of the emitted Cherenkov light allows IceCube to distinguish between neutrino
flavors and interaction types. Depending on the kinematics and the flavor of the involved
neutrino, the observed Cherenkov light predominantly forms one of three distinct event
morphologies: tracks, cascades or double bangs as shown in Figure 3.6. Because a fraction
of the incident neutrino’s energy is transferred to the target nucleon during deep inelastic
scattering (see Section 3.1), every interaction inherently produces a localized shower of
secondary hadrons at the interaction vertex. As a result, the distinct detector topolo-
gies described below are often a superposition of this initial hadronic cascade and the
subsequent behavior of the outgoing lepton.
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Figure 3.6: Cherenkov light morphologies in IceCube. Colors indicate photon arrival times,
ranging from early (red) to late (blue), while bubble sizes represent the logarithmic light in-
tensity. (left) A track-like event typical for νµ CC interactions. (center) A cascade event
typical for νe CC, low-energy ντ CC and all NC interactions. (right) A double-bang topology
characteristic of a high-energy ντ CC interaction, showing the interaction vertex and subse-
quent tau decay. Courtesy of the IceCube collaboration.

Tracks are produced by relativistic muons propagating through the detector. While
often the result of νµ CC interactions, these muons can also be penetrating atmospheric
muons or the decay products of tau leptons originating from ντ CC interactions. Because
muons suffer relatively low radiative energy losses compared with electrons due to their
much larger mass, they can propagate for kilometers through the ice at TeV energies.
Their passage creates an extended trail of Cherenkov light, which becomes increasingly
stochastic at higher energies due to discrete radiative losses such as bremsstrahlung and
pair production. The extended lever arm of this track yields excellent angular resolution,
typically 0.5◦ for events above 10TeV [99]. However, the energy resolution for tracks
depends heavily on event containment.

For typical through-going tracks, the muon originates outside the array and escapes
the instrumented volume before stopping. In a νµ CC interaction, this results in the
outgoing muon carrying away the lepton energy fraction (1 − y)Eν . Because the full
track is uncontained, the total calorimetric energy cannot be measured. Instead, the
specific energy loss dE/dx along the visible track is utilized to reconstruct the energy of
the incident muon, providing a lower limit for the parent neutrino energy. This dE/dx-
based reconstruction is more challenging and less precise than measuring total energy
deposition. If the interaction vertex is contained within the volume (a starting track), the
initial hadronic cascade energy (yEν) is calorimetrically measured alongside the track,
providing a closer proxy to the true neutrino energy. Similarly, if a muon fully stops
within the array, its total energy can be inferred calorimetrically.

While high-energy muon tracks are readily distinguishable, the reconstruction of low-
energy starting tracks (such as those targeted by the GRECO sample introduced in Sec-
tion 12.1.1) is impacted by event-by-event fluctuations in the inelasticity parameter y. In
a high-y interaction, the majority of the neutrino’s energy is channeled into the vertex
hadronic cascade, leaving a low-energy, short-lived muon. The resulting faint muon track
is obscured by the bright, localized vertex cascade, making the overall topology appear
cascade-like and complicating flavor tagging.

Cascades (also known as showers) originate from electron neutrino CC interactions,
most tau neutrino CC interactions and all NC interactions that produce localized particle
showers. For example, an outgoing electron from a νe CC interaction will immediately
initiate an electromagnetic cascade, while the disrupted nucleon at the interaction vertex
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creates a hadronic cascade. Because Cherenkov photons undergo multiple scattering in
the ice, the Cherenkov emission appears as a localized, nearly spherical “blob” of light.
Since the entire cascade is often fully contained within the detector, these events offer
more precise calorimetric energy measurements (often achieving an energy resolution bet-
ter than 10% for > 10TeV [100, 101]). Crucially, the total visible energy depends on
the interaction channel. While a contained νe CC interaction deposits nearly the full
incident neutrino energy into visible secondaries within the instrumented volume, an NC
interaction only deposits the hadronic fraction yEν , as the outgoing neutrino carries away
the remaining (1 − y)Eν completely undetected. Conversely, the near-spherical pattern
of the light pool washes out directional information, leading to a relatively poor angular
resolution, although for contained events above 50TeV it is typically better than 5◦ [102].

Double bangs are the characteristic signature of high-energy ντ CC interactions.
The initial neutrino interaction creates a hadronic cascade (the first bang). The resulting
tau lepton then travels a finite distance through the ice before decaying, initiating a second
cascade (the second bang). The distance that the tau travels is proportional to its energy,
given by L ≈ 50m · (Eτ/1PeV) [103]. Because IceCube’s optical modules in the bulk ice
are spaced 17m apart vertically and 125m apart horizontally, this distinct separation is
most clearly resolvable at PeV energies and above. Below this energy threshold, the tau
decays too rapidly and the two cascades merge into a topology indistinguishable from a
standard single cascade. Despite these geometric threshold challenges, IceCube recently
isolated its first seven astrophysical ντ candidate events, marking a major milestone in
high-energy flavor physics [103].

The exact topology of the second signature is dictated by the decay channel of the tau
lepton (see Equation (3.3)). In roughly 82.6% of cases, the tau decays either hadronically
(∼ 64.8%) or into an electron (∼ 17.8%). Both of these channels produce a secondary
localized shower, completing the classic double cascade or double-bang signature. How-
ever, in the remaining ∼ 17.4% of cases, the tau decays into a muon (τ− → µ−+ ν̄µ+ντ ).
In this scenario, the second bang is replaced by an extended muon track emerging from
the tau decay vertex, creating a distinct cascade-to-track topology.

Stochastic Radiative Losses

While low-energy muons traversing the ice behave primarily as minimum-ionizing parti-
cles with continuous and uniform energy losses, high-energy muons behave differently, as
shown in Figure 3.7. Above the critical energy of approximately 1TeV in ice, radiative en-
ergy loss mechanisms (specifically bremsstrahlung, electron-positron pair production and
photonuclear interactions) begin to dominate over continuous ionization. These radiative
losses are discrete and stochastic, producing localized electromagnetic and hadronic sub-
cascades along the muon’s trajectory. Thus, rather than a continuous line of Cherenkov
emission, a high-energy track manifests as a series of bright, energetic bursts. By mea-
suring the amplitude and frequency of these stochastic energy depositions, the detector
samples the muon’s specific energy loss, dE/dx. Because these discrete radiative processes
dominate the TeV regime, this specific energy loss becomes approximately proportional
to the muon energy (dE/dx ∝ Eµ), a behavior reflected in Figure 3.7. Exploiting this
direct proportionality enables the reconstruction of the incident muon’s energy, which is
crucial for establishing a lower limit on the parent neutrino’s energy even when the track
is uncontained.
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Figure 3.7: Average muon energy loss in water as a function of the muon energy. The
total energy loss is shown together with the contributions from ionization, bremsstrahlung,
photonuclear interactions and e+e− pair production. Adapted from [104 (p. 46)], using the
parameterizations of [105].

3.6 IceCube Upgrade
The final drilling for the original IceCube array concluded with its 86th hole on December
18, 2010. Following over a decade of successful operation, the observatory underwent its
next major extension under IceCube Upgrade. Fifteen years after the original array’s
completion, on December 20, 2025, the first new strings were deployed. While initially
planned to comprise seven strings, the 2025/2026 deployment season successfully con-
cluded with five newly instrumented strings integrated into the detector. As illustrated
in Figure 3.8, this extension introduces an even denser infill compared with the existing
DeepCore sub-array. The vertical spacing between individual sensors is reduced to ap-
proximately 3m, with an inter-string distance of 20m to 30m relative to the surrounding
strings, which is optimized to provide suitable baselines for calibration. Together, these
five strings house approximately 500 newly developed optical modules.

The main science goals of IceCube Upgrade target improvements in the GeV energy
regime and reduction of systematic uncertainty through advanced ice calibration [8]. A
primary physics driver is the precise measurement of atmospheric neutrino oscillations.
For up-going neutrinos with a path length comparable to the Earth’s diameter, the first
oscillation maximum for νµ disappearance and the corresponding peak for ντ appearance
occur at approximately 25GeV (see Section 3.2.1). While the existing DeepCore sub-array
has probed this region, it lacks the necessary density to fully capture the kinematics of
these low-energy interactions. IceCube Upgrade’s densely instrumented optical modules
are expected to yield a significant enhancement in event rates and reconstruction accuracy
down to O(1GeV). By enabling precision measurements of ντ appearance alongside
νµ disappearance, IceCube Upgrade will serve as a test for the unitarity of the PMNS
matrix (see Equation (2.7)) [106]. Any observed deviations from unitarity would provide
compelling evidence for new physics beyond the Standard Model.
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Figure 3.8: Schematic of IceCube Upgrade (red) embedded within DeepCore (green) and
the main optical array (blue). Courtesy of the IceCube collaboration.

Additionally, the improved sensitivity and lowered energy threshold in the GeV regime
are relevant for indirect dark matter searches. The new strings will enhance the detec-
tor’s sensitivity to weakly interacting massive particle (WIMP) candidates postulated at
these energies, which accumulate in the gravitational wells of the Sun or the Galactic
Center [107].

In current neutrino analyses, the precise modeling of the bulk glacial ice optical proper-
ties constitutes a major source of systematic uncertainty. To better constrain the complex
depth-dependent scattering, absorption and the aforementioned optical anisotropy, Ice-
Cube Upgrade deploys a comprehensive suite of novel in-module (acoustic emitter [108]
and camera system [109]) as well as standalone (Pencil Beam [110], Sweden Camera [111],
Acoustic Module [112] and POCAM [113]) calibration devices. A source of systematic
uncertainty in the GeV energy region arises from the refrozen hole ice. This ice, which
refreezes after the deployment of the detector strings, forms a bubble column in the cen-
tral region of the deployment holes that scatters photons significantly more than the
surrounding bulk ice and is a major systematic for oscillation analyses. New calibration
devices and strategies have been developed to specifically calibrate this refrozen ice [114].
Crucially, the improved calibration constants and ice models derived from IceCube Up-
grade will also be applied to previously recorded IceCube data, improving the angular
and spatial reconstruction of previously published astrophysical neutrino events. Finally,
IceCube Upgrade operates as a technological testbed for IceCube-Gen2 (see Section 3.7),
a future large-scale detection extension. It provides a platform to test instrumentation,
verify large-scale calibration techniques and conduct in situ performance studies of new
sensor designs.
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Optical Modules

All of IceCube’s optical modules inherently consist of photomultiplier tubes (PMTs)
housed alongside readout electronics in a transparent, watertight pressure vessel. The
extreme environmental conditions dictate this baseline design, as the water in the de-
ployment boreholes refreezes from the surface down to the bedrock, experiencing sur-
face temperatures below −40 ◦C, with a temperature gradient reaching up to −8 ◦C at
depth [115]. Optical modules are subjected to high physical stress, with pressures reach-
ing up to 690 bar [3]. Thus, the internal components are enclosed within a pressure vessel.
To withstand this pressure while maintaining transparency for the surviving Cherenkov
photons (which shift toward longer optical wavelengths due to scattering and absorption
in the ice), these pressure vessels are constructed from borosilicate glass.

Inside an optical module, a holding structure (often mechanically mounted to the
pressure vessel glass) sets the position of the PMTs. While the internal volume is flushed
with dry nitrogen to protect the electronics, creating no direct optical interface between
the PMT glass and the pressure vessel glass would result in internal reflection and photon
loss. To seamlessly bridge this interface, a transparent optical gel with a refractive index
matched to the pressure vessel is utilized. The PMTs are operated via an active base
and the readout electronics are routed through a penetrator cable assembly (PCA) to the
main data cable. During deployment, optical modules are secured with a harness to the
string, which is lowered from the surface into the deep ice.

For IceCube Upgrade, the primary optical modules installed in the physics region are
the multi-PMT digital optical module (mDOM) [116, 117] and the dual optical sensors
in an ellipsoid glass intended for Gen2 (D-Egg) [118, 119]. Both designs are engineered
to improve photon detection efficiencies as well as enhance the calibration capability of
the detector and are structurally compared with the legacy DOM in Figure 3.9. The
standard DOM consists of a single, downward-facing 10-inch PMT. In contrast, D-Eggs
utilize an elongated pressure vessel containing two 8-inch PMTs directed towards both
module poles. The mDOM features 24 smaller 3-inch PMTs distributed nearly uniformly
over the pressure vessel.

Regarding specific design nuances, standard DOMs and pDOMs (which are refur-
bished DOMs) include a mu-metal cage surrounding the PMT to provide magnetic shield-
ing, as the response of large-aperture PMTs is sensitive to their orientation within the
Earth’s magnetic field. During D-Egg assembly, the optical gel is poured to the edge

Figure 3.9: Comparison of the structural designs of the DOM (left), D-Egg (center) and
mDOM (right). Courtesy of the IceCube collaboration.
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of the PMT photocathode, similar to the DOMs, but the design intentionally exchanges
the mu-metal shielding with FineMet cones along the PMT’s backside. Furthermore,
both mDOMs and D-Eggs house camera modules (including a blue LED to illuminate
the surroundings) [120] to document ice formation during and after deployment, as well
as LED flashers [121] to measure optical scattering and absorption. The multi-PMT de-
sign philosophy of the mDOM draws inspiration from the optical modules developed for
KM3NeT [122] utilizing multiple smaller PMTs with reflectors to maximize photon col-
lection. Transitioning to a multi-PMT architecture significantly enhances module perfor-
mance by distributing an expanded effective photocathode area across numerous smaller
tubes, achieving a nearly homogeneous 4π angular acceptance and intrinsic directional
sensitivity. Additionally, this cathode segmentation naturally extends the dynamic range,
simplifies discrete photon counting and enables the effective suppression of uncorrelated
noise (see Section 4.4.1 and Chapter 9) through local coincidence triggers between indi-
vidual PMTs within the same module.

Alongside mDOMs and D-Eggs, IceCube Upgrade incorporates multiple additional
sparsely deployed optical modules. These include WOMs [123], pDOMs [124] and the
LOM16/LOM18 sensor candidates, which act as prototypes for the future large-scale ex-
tension, IceCube-Gen2 (see Chapter 5). These new types of optical sensors are specifically
developed to fit into the narrower boreholes envisioned for IceCube-Gen2, aiming to re-
duce drilling costs compared with the current 60 cm diameter holes [125]. While common
design philosophies are shared across optical modules, each prototype introduces spe-
cific design considerations, necessitating independent research, development cycles and
engineering solutions.

3.7 IceCube-Gen2
The future planned detector extension is called IceCube-Gen2 [9, 10, 126] and represents
a major scale expansion designed to push the detector’s capabilities across an unprece-
dented energy spectrum. As illustrated in Figure 3.10, this extension is not merely a
volumetric increase of the deep-ice optical array from 1 km3 to approximately 8 km3. It
broadens the observatory’s multi-messenger reach by extending the cosmic ray surface ar-
ray and deploying a new radio array. With these integrated components, combined with
the low-energy extensions of IceCube Upgrade, the complete detector system will span
an energy regime ranging from O(1GeV) to beyond 100EeV. The core IceCube-Gen2
optical array is designed to increase the detection rate of cosmic TeV–PeV neutrinos by
roughly a factor of ten, providing the sensitivity to detect astrophysical sources that are
five times fainter than current limits [10]. To achieve this, 120 new strings will be de-
ployed in an optimized “Sunflower” configuration, departing from the previous hexagonal
grid. The hexagonal geometry of the legacy array inherently contains symmetric axes
that create “corridors” through the instrumented volume, which can allow atmospheric
muons to penetrate deeply with fewer optical module hits, resulting in a pronounced
azimuth-dependent detector response. The Sunflower geometry breaks these long lines
of symmetry, effectively eliminating these muon corridors and ensuring a more uniform,
isotropic azimuthal acceptance. The strings are spaced 240m apart to maximize the ef-
fective volume for high-energy events. Each string encompasses 80 optical modules and
covers a larger vertical depth than the existing detector; the instrumentation spans from
1369m (a boundary determined by ice scattering properties) down to 2689m, approaching
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Figure 3.10: Overview of the IceCube-Gen2 layout, illustrating the extended deep-ice optical
array, the surface array and the shallow radio array in the vicinity of the main array. Courtesy
of the IceCube-Gen2 collaboration.

the bedrock estimated at 2780m within the IceCube-Gen2 region. By capturing longer
muon tracks over this expanded volume, the array will improve the angular resolution for
horizontally passing events by roughly a factor of three [10].

The proposed optical modules for the future optical array play a central role in the
second part of this thesis, with a detailed conceptual introduction in Chapter 5. Building
on the development of IceCube Upgrade’s mDOM and D-Egg modules, two new IceCube-
Gen2 optical module design candidates (LOM16 and LOM18) were developed. These
modules integrate successful features of their predecessors alongside a novel gel pad design.
Five LOM16s and four LOM18s were successfully deployed within IceCube Upgrade for
in situ testing. Following a development cycle that began in late 2020, the project is now
entering a new phase of design iterations to scale up and ultimately mass-produce nearly
10 000 optical modules over a seven-year production phase. A technical advancement in
these modules is the PMT readout mechanism. With the ability to extract PMT signals
from the second-to-last dynode rather than just the anode, the optical modules achieve a
vastly improved dynamic range for bright events, increasing the saturation threshold up
to ∼ 5000PE/25 ns per PMT [127].

Above the deep optical strings sits the extended cosmic ray surface array, spanning a
footprint of approximately 8 km2. The array comprises 120 individual stations, with one
positioned directly above each string. Each station is equipped with eight scintillation
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panels and three radio antennas. These antennas are elevated to mitigate snow accumu-
lation and are designed to be periodically raised to adapt to the changing surface level.
Compared with the existing IceTop, this configuration yields a 30-fold increase in the
aperture for cosmic ray air showers measured in coincidence with the deep-ice array. This
serves a dual purpose. First, the surface array acts as a veto against cosmic ray-induced
atmospheric muons, reducing the background for high-energy astrophysical neutrinos in
the optical array. Second, it operates as a standalone observatory for PeV–EeV cosmic
rays. By analyzing surface air showers alongside deep-ice muon tracks, the mass com-
position of primary cosmic rays can be probed, enabling a more precise mapping of the
transition from Galactic to extragalactic sources [128].

While the optical array probes neutrinos up to the PeV scale, the IceCube-Gen2
radio array pushes the detector’s reach into the ultra-high-energy (UHE) regime to detect
exceedingly rare cosmogenic neutrinos (see Section 2.1). It achieves this by relying on the
Askaryan effect, a macroscopic counterpart to optical Cherenkov emission [129]. When
a UHE neutrino interacts in the ice, it initiates an energetic cascade. As the secondary
electromagnetic shower develops, it sweeps up atomic electrons from the surrounding
medium via Compton scattering, while positrons generated within the shower rapidly
annihilate. This creates a compact, net negative charge excess, typically ∼ 20% at shower
maximum [130]. Because the longitudinal thickness of this charge bunch is smaller than
radio wavelengths (spanning roughly 200MHz to 1200MHz [130]), the resulting Cherenkov
radiation from the shower particles is macroscopically coherent. The emitted radio power
scales quadratically with shower energy (P ∝ E2), producing a nanosecond-long pulse
that can travel for over a kilometer in the radio-transparent ice [131]. To capture these
transient pulses, the array exploits this kilometer-scale attenuation length by deploying
a sparse 500 km2 network of shallow and hybrid stations. Shallow stations utilize near-
surface log-periodic dipole antennas (LPDAs), including upward-facing LPDAs tasked
specifically with vetoing background radio emissions from cosmic ray air showers. Hybrid
stations augment these surface antennas with deep, omni-directional cylindrical antennas
lowered 150m into the firn [132].
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4 Photomultiplier Tubes
Photomultiplier tubes (PMTs) are highly sensitive sensors capable of detecting individual
photons with ns time resolution at low intrinsic background, making them indispensable
across a wide range of particle physics experiments. Their applications span direct dark
matter detection (XENON, PandaX), neutrino physics (Daya Bay, JUNO), gamma-ray
astronomy (MAGIC, CTA) and cosmic ray physics (Pierre Auger, HAWC), as well as
Cherenkov detectors (Super-Kamiokande, IceCube). In the context of IceCube, PMTs
serve as the central sensor technology of the detector. As the primary components re-
sponsible for signal capture, a precise understanding of their characteristics is essential for
accurate event reconstruction and the control of systematic uncertainties. Accordingly,
the detailed characterization and simulation of these devices play a central role in the
second part of this thesis. The following sections outline the operating principles and
physical characteristics of these devices. Unless indicated otherwise, the general theory
presented here is derived from standard literature [133, 134, 135].

4.1 Operation Principle
Fundamentally, a PMT operates by converting an incident photon into a photoelectron
via the photoelectric effect. This single photoelectron is then multiplied by a factor of
O(105 − 108) through a chain of secondary electron emissions to produce a measurable
electrical signal at the anode. A visualization of this process is shown in Figure 4.1. The
functional structure of a PMT consists of several key components:
Glass Envelope: This transparent enclosure defines the physical geometry of the PMT

and maintains the vacuum required for free electron propagation. The specific glass
type determines the transmission cutoff and thus limits the spectral range. PMTs
are typically categorized by the outer diameter of the glass bulb at the widest point
near the photocathode edge (e.g., a “4-inch PMT”).

Photocathode: A thin, semi-transparent photosensitive layer (typically K2CsSb or
Rb2CsSb) evaporated onto the inner surface of the entry window. It is responsible
for the initial conversion of photons into photoelectrons.

Focusing Electrodes: Located between the photocathode and the first dynode, these
components shape the electric field to improve photoelectron pathing (collection
efficiency). A conductive coating on the PMT “neck” provides a connection to
supply the photocathode potential while electrostatically focusing electrons towards
the central axis. A front plate defines the entrance aperture to the dynode system,
often supplemented by a focusing mesh (or “spider”) to further homogenize the
potential at the entrance of the first dynode.

Dynode Chain: This system is responsible for electron multiplication. It consists of
a series of electrodes (dynodes) whose surfaces are designed for secondary electron
emission. Common emissive materials include alkali antimonides (e.g., SbCs), beryl-
lium oxide (BeO) or magnesium oxide (MgO) formed on a CuBe substrate. Because
alkali vapors (e.g., Cs, K) migrate and condense on nearby internal structures during
photocathode deposition, the first dynode inevitably becomes photosensitive. The
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Figure 4.1: Visualization of the PMT multiplication process based on a simulation devel-
oped in [136, 137, 138] under the author’s supervision. An incident photon (orange) strikes
the photocathode, releasing a photoelectron (blue dot). This photoelectron is accelerated
towards the first dynode (D1), where kinetic energy is indicated by color. Upon impact,
multiple secondary electrons are released and guided through the dynode chain, undergoing
successive multiplication steps. Note that the anode geometry (A) is simplified in this model,
effectively occluding the tenth dynode, and the mesh in the dynode entry window is missing.
A longitudinal cut plane is applied and electron propagation is shown only up to the fourth
dynode (D4).

curvature of the dynode surfaces is optimized to guide secondary electrons efficiently
to the subsequent stage. While dynode side walls provide mechanical support and
limit stray electrons, active multiplication mainly occurs on the coated curved sur-
faces. Uncoated regions (such as bare copper-beryllium alloy or stainless steel) can
also emit secondary electrons, but their secondary emission coefficient is lower [139].
The PMTs investigated in this work utilize a 10-stage dynode structure.

Anode: Unlike the dynodes, the final electrode in the chain is not coated for secondary
emission but serves to collect the aggregate charge of the secondary electron cloud.
This readout signal has a magnitude proportional to the total number of secondary
electrons (gain).

Feedthrough Pins: Electrical connections penetrate the glass base to supply voltage
to the internal components. Each internal component is held at a specific electric
potential to shape the internal fields that govern electron trajectories. An external
voltage divider circuit (base) is attached to these pins to distribute potentials across
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components, where the distribution is defined by a divider ratio. The PMTs in this
work utilize a ratio of 3 : 1 : · · · : 1, strengthening the field between the photocathode
and the first dynode by a factor of 3 relative to the inter-dynode gaps.

Process Components: Additional structures, such as alkali sources used for photocath-
ode deposition, are present on the front plate and near the inner wall of the glass
envelope. Deposition occurs after evacuation and sealing to prevent evaporation of
the photocathode layer.

The PMT response is sensitive to numerous external factors:
• Light Intensity: At high photon fluxes, pulse pile-up occurs. In extreme cases,

space-charge effects can lead to saturation, deviating from a linear response.
• Wavelength: The incident photon energy determines both the conversion proba-

bility (quantum efficiency) and the initial kinetic energy of the photoelectron, influ-
encing (photo)electron trajectories.

• Position and Angle of incident Light: The photoelectron path and, thus, col-
lection efficiency vary depending on where and at which angle the photon strikes
the photocathode, altering the electric field experienced by the photoelectron.

• External Fields: Even the Earth’s magnetic field can deflect electron trajectories,
affecting gain and collection efficiency depending on the orientation of the PMT.

• Temperature: Thermal energy influences the secondary emission coefficient of the
dynodes as well as the background (namely thermionic emission).

Readout is typically performed in one of two modes. In pulse mode, the voltage drop
across a load resistor is digitized, typically using an oscilloscope or flash ADC. As il-
lustrated in Figure 4.2 (left), the anode signal from a single photoelectron is not an
instantaneous delta function but a broadened pulse. The arrival of the pulse is delayed
relative to the photon interaction by the transit time (TT). The shape, characterized by
parameters such as rise time (RT), fall time (FT) and pulse width (in terms of FWHM),
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Figure 4.2: (left) Average single-photoelectron (SPE) pulse from a PMT used in this work,
measured with a passive base. The horizontal lines indicate the time intervals used to deter-
mine the pulse parameters. The transit time is not to scale for illustrative purposes. (right)
Illustration of pulse pile-up. Individual pulses (gray), randomly sampled from the SPE pulse
shown in the left panel, overlap to form the total continuous signal (red).
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is determined by the geometry of the multiplication system due to the spread in tran-
sit times of the secondary electrons as they move through the dynodes and is generally
non-Gaussian [140].

Even for a steady, monochromatic light source emitting single photons, the peak
transit time varies from photon to photon due to stochastic differences in photoelectron
emission angle, position and initial energy, resulting in different electron trajectories. This
jitter is quantified as the transit time spread (TTS) and defines the timing resolution
of the PMT. While TTS is commonly approximated as the FWHM of a Gaussian fitted
to an arrival time histogram, the true distribution is often asymmetric, especially when
illuminating the entire photocathode. At higher light intensities, the apparent timing
resolution improves due to the statistical averaging of multiple photoelectrons arriving
within the resolution window.

In current mode, typically used for high-intensity or continuous light sources where
individual pulses may overlap (see Figure 4.2, right), the anode current is integrated
over a specific time window. The signal is treated as a continuous direct current (DC)
proportional to the incident photon flux, typically measured with a picoammeter.

4.2 Photocathode Properties
The photocathode is a thin semiconductor layer, typically O(20 nm) thick, deposited on
the inner surface of the PMT entry window. Its function is to convert incident photons
into free electrons via the external photoelectric effect. For IceCube, which requires high
sensitivity in the 300 nm to 600 nm spectral range1, bialkali photocathodes composed of
K2CsSb are the standard choice due to their low thermionic noise and favorable band
structure. The conversion process is described by the Spicer three-step model [141, 142]:

1. Absorption: An incident photon with energy hν is absorbed within the lattice,
exciting an electron from the valence band to the conduction band. This effectively
corresponds to the internal photoelectric effect.

2. Electron Transport: The excited electron diffuses towards the vacuum inter-
face. During this transport, it undergoes scattering (primarily electron-phonon and
electron-electron), losing kinetic energy. The probability of reaching the surface
depends on the absorption depth relative to the electron’s inelastic mean free path.

3. Surface Escape: To exit into the vacuum, the electron must have sufficient residual
energy to overcome the surface potential barrier (electron affinity EA). The kinetic
energy Epe of the emitted photoelectron is given by:

Epe = hν − Eg − EA − Eloss, (4.1)

where Eg is the band gap energy and Eloss represents energy dissipated during
transport. Consequently, even monochromatic light produces a spread of initial
photoelectron energies, which contributes to the transit time spread discussed in
Section 4.1.

1Although Cherenkov photons are generally produced in the UV range, as described by Equation (3.6),
the effective wavelengths reaching optical modules are shifted to longer wavelengths due to scattering in
ice and depend on the photon propagation distance with respect to the interaction vertex. 400 nm is
often quoted as the peak value of the distance-dependent scattered wavelength distributions.
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Figure 4.3: Spectral response of different photocathode types (colored lines) and the trans-
mission limits of common window materials (gray dashed lines) of PMTs measured in this
thesis.

The efficiency of this process is quantified by the quantum efficiency (QE), defined as
the ratio of emitted photoelectrons Npe to incident photons Nγ:

QE(λ) =
Npe

Nγ

= Sk ·
hc

eλ
, (4.2)

where manufacturers often specify the radiant sensitivity Sk (in A/W). As shown in
Figure 4.3, the spectral response is bounded by two physical limits:

• Cutoff: Defined by the transmission of the glass window material. Standard borosil-
icate glass, used in IceCube PMTs for its mechanical durability and low dark rates,
becomes opaque to UV light (≲ 280 nm).

• Threshold: Determined by the band gap and electron affinity of the semiconductor
(hν < Eg + EA). For bialkali materials, this threshold occurs in the near-IR region
(≳ 700 nm).

Standard bialkali photocathodes achieve peak QEs of roughly 25%. Improving the photo-
cathode crystallinity and surface purity leads to high-QE or super-bialkali variants [143]
that can reach peak efficiencies exceeding 35% (as used in high-QE DeepCore DOM and
D-Egg PMTs).

4.3 Gain and Charge Spectrum
The amplification process within the dynode chain is governed by the secondary emis-
sion factor δ, defined as the average number of secondary electrons emitted per incident
primary electron. This factor depends on the kinetic energy of the incident electron and
the surface properties of the dynode material. It follows a power law relationship with
the inter-stage voltage v [135 (p. 205)]:

δ = a · vk, (4.3)

where a is a material-specific constant and the exponent k ≈ 0.7–0.8 characterizes the
surface emission properties. For the PMTs investigated in this work, the higher potential
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difference applied between the photocathode and the first dynode results in a higher
first-stage gain of δ1 ≈ 12–14, while subsequent stages typically exhibit δi ≈ 3–7 [139].

The total number of secondary electrons reaching the anode per photoelectron is called
the gain G. It is the product of the secondary emission factors of all N dynodes and the
collection efficiency (CE) at each stage:

G =
N∏
i=1

CEi · δi. (4.4)

The CE is defined as the ratio of electrons emitted from stage i − 1 that successfully
arrive on stage i. The total CE is dominated by the first dynode (CE1), which is typically
> 90%, and subsequent stages generally achieve CE > 99%. The gain exhibits a power
law dependence on the total supply voltage V , making it highly sensitive to voltage
variations. In practice, this relationship is fitted as:

G(V ) = a · V b. (4.5)

In typical characterization setups, the PMT is illuminated by a pulsed light source (e.g.,
an LED or laser) whose photon emission follows Poisson statistics. Thus, the number
of initial photoelectrons generated per trigger is Poisson-distributed. Coupled with the
statistical nature of the secondary emission process, the total number of electrons reaching
the anode varies with each event. The resulting distribution of integrated charge pulses
is the charge spectrum, measured in pulse mode, as illustrated in Figure 4.4 (left). For a
Poissonian light source, this spectrum consists of three distinct components:

• The Pedestal (0 PE): In the absence of a photon conversion (the n = 0 case of
the Poisson distribution), the integration of the electronic baseline determines the
zero-charge reference. This forms a Gaussian peak dominated by electronic noise,
referred to as the pedestal.

• Single Photoelectron (SPE) Peak: The primary signal resulting from exactly
one photon detection (n = 1).

• Multi-Photoelectron (MPE) Peaks: Due to the Poisson statistics of the light
source, there is a distinct probability of generating multiple photoelectrons (n ≥ 2)
within a single time window, even at a steady, low-intensity illumination. As the
mean light intensity increases, the relative frequency of these MPE events grows.
The resulting secondary electron avalanches overlap at the anode, forming a summed
signal. Since PMTs are linear until saturation (typically a few hundred PE), the
mean charge of an n-PE event corresponds to n times the SPE charge.

Assuming this Poisson-distributed illumination, the total charge response is modeled using
an analytical function derived in [144], with modifications for the under-amplified tail
described in [73 (Appendix A)]. The probability density function S(q) for the observed
charge q is given by:
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Figure 4.4: (left) Conceptual sketch of the charge spectrum acquisition. Taken from [91].
(right) Charge spectrum measured in this work and fitted with the model described by
Equation (4.6).

S(q) =
∞∑
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]
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Here, the response is a superposition of Poisson-weighted contributions from n photoelec-
trons (where µ is the average Poissonian light intensity in PE). The deposited charge of
n photoelectrons is modeled by a Gaussian G with mean Qn = Q0 + n · Q1 and width
σn =

√
σ2
0 + nσ2

1, where Q0 and σ0 represent the pedestal mean and width. With prob-
ability Pu, a (photo)electron may backscatter or miss a dynode, resulting in an under-
amplified signal. This is modeled by the convolution of an exponential λe−λq with the
Gaussian resolution, represented by the term involving the complementary error function.

The gain is determined from the fitted parameter Q1 (the mean charge of a single
photoelectron) via G = Q1/e. PMTs are typically operated at a nominal gain, achieved
by adjusting the supply voltage until the gain matches the target value. For the PMTs
in this work, the target gain is set to 5 × 106 by the manufacturer. Additionally, the fit
yields the SPE resolution (Q1/σ1) to quantify the energy resolution of the dynode chain,
while the peak-to-valley ratio (extracted directly from the charge spectrum) serves as a
figure of merit for discriminating single-photon signals from electronic noise.
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4.4 Background
As PMTs are highly sensitive detectors capable of resolving single photons, they are in-
herently susceptible to background noise. Even in a completely light-tight environment,
pulses are measurable at the anode. These background sources are generally categorized
into two classes: intrinsic uncorrelated background, which occurs randomly in the ab-
sence of light, and signal-induced correlated background, which is prompted by photon
detection.

4.4.1 In Darkness (uncorrelated Background)

The dark count rate (or dark current) is the superposition of several physical mechanisms,
distinguishable by their amplitude and voltage or temperature dependence:

• Thermionic Emission: The photocathode material is chosen for its low work
function to maximize quantum efficiency, which inevitably allows thermal electrons
to escape the lattice energy barrier according to the Richardson-Dushman equa-
tion [145]:

js = AT 2 · e−
W

kBT , (4.7)

where js is the current density of the emission (mA/mm2), A ≈ 1202mA/mm2/K2

is Richardson’s constant (multiplied by a material-specific correction factor), W is
the work function of the photocathode, kB is the Boltzmann constant and T is the
temperature. These electrons undergo the full amplification chain, resulting in SPE-
equivalent pulses. This process is temperature-dependent, reducing significantly at
the environmental temperatures of IceCube from −40 ◦C to −10 ◦C.
Notably, thermionic emission also occurs at the dynodes, as they are coated with
the same photosensitive material. However, the photocathode has a larger surface
area and electrons emitted from dynodes further down the chain experience less
total amplification, resulting in sub-SPE pulses that are often below the trigger
threshold, akin to prepulses (see Section 4.4.2). Therefore, the dark current caused
by thermionic emission exhibits a dependency on the supply voltage that is nearly
identical to the exponential slope of the gain.

• Leakage Currents: Ohmic leakage currents can form distinct conductive paths
across the insulating base, the glass stem, or between the anode and the last dynode
due to imperfect insulation, humidity or surface contamination. While this primarily
contributes a DC offset relevant for current-mode measurements, it can manifest as
noise pulses if breakdown occurs. Unlike thermionic emission, the leakage current
increases linearly with the applied voltage.

• Field Emission: In the presence of excessive electric fields, electrons can tunnel
through the potential barrier of electrode surfaces. This typically occurs at sharp
geometries or imperfections within the dynode structure at the upper end of the
rated supply voltage range. Since these electrons may originate from dynodes further
down the chain, they often appear as under-amplified pulses. This contribution is
independent of temperature but scales exponentially with the applied voltage. For
typical nominal supply voltages used in this work, this effect does not dominate.

• Radioactive Decays: Trace radioactive isotopes within the glass envelope (pre-
dominantly 40K, Th and U) decay, emitting gamma rays or alpha particles. These
particles can produce Cherenkov radiation and scintillation light within the glass,
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which can be detected by the photocathode. Additionally, stray electrons from
the dynode system can deviate from the intended trajectory and strike the glass
envelope, resulting in equivalent photon emission. The glass acts as a scintilla-
tor, releasing photons via luminescence (see Chapter 9 for details). To suppress
stray electron interactions, the PMTs used in this work feature a conductive coating
around the glass stem (“HA-coating” for Hamamatsu PMTs). This coating is held at
the cathode potential to electrostatically repel stray electrons away from the glass
and back into the internal volume.

• Cosmic Rays: Atmospheric muons passing through the PMT glass generate Cherenkov
light, resulting in large-amplitude background events.

4.4.2 Signal-induced (correlated Background)

Correlated noise manifests as spurious pulses that supersede or appear in conjunction with
an ordinary pulse and are categorized by their arrival time relative to the main pulse:

• Prepulses arrive O(10 ns) before the expected main pulse time. They occur when
an incident photon passes through the photocathode without interacting and strikes
the first dynode directly, generating a photoelectron that enters the multiplication
system at the second stage. Since the photon’s travel time is shorter than the elec-
tron transit time from the cathode to the dynode, the signal arrives early. Because
prepulses lack the first amplification stage, they are significantly under-amplified.
A prepulse (sometimes called prepulsing or early pulse) replaces the main pulse.

• Late pulses arrive O(10 ns) to O(100 ns) after the main pulse. When a primary
electron strikes a dynode, it may undergo elastic or inelastic backscattering. The
backscattered primary electron travels against the electric field (e.g., towards the
photocathode), decelerates, reverses direction, and strikes the dynode a second time.
The delay time depends on the backscattered electron flight path and varies with
the field strength (scaling with 1/

√
V ). Two regimes are distinguished [146]:

1. Inelastic Scattering: The primary electron loses energy and scatters back. It
returns to the dynode to generate a signal, effectively replacing the main pulse
with a delayed, slightly under-amplified one.

2. Elastic Scattering (Afterpulsing type I): The primary electron creates sec-
ondary electrons upon the first impact (generating a main pulse) but also re-
flects elastically. The backscattered primary electron returns later to generate
an additional signal. Thus, the noise pulse follows a main pulse.

Both types can also occur at later dynode stages, forming a continuum in the delayed
arrival times, but they become increasingly under-amplified.

• Afterpulsing (type II) occurs O(100 ns) to O(10 µs) after the main pulse. Elec-
trons in the multiplication chain can ionize residual gas molecules (typically H, He,
CO2, Cs, Ar) remaining in the imperfect vacuum. The resulting positive ion is
accelerated backwards towards the photocathode. Upon impact, the ion liberates
multiple secondary electrons, creating a large amplitude MPE pulse. This mecha-
nism generates a distinct second pulse that follows the main pulse, where the delay
is determined by the specific drift path, the supply voltage and the mass of the ion
species. The probability of afterpulsing is generally highest in the region between
the photocathode and the first dynode due to the large volume and unimpeded ion
trajectories.
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Part II

Developing the optical Sensor for the
next Generation Neutrino Telescope at

the South Pole





49

5 Towards the IceCube-Gen2 optical
Module
As introduced in Section 3.7, the IceCube-Gen2 baseline design requires the production
and deployment of 9600 new optical modules (OMs) across 120 strings to instrument
a volume of 8 km3. The scale of this expansion imposes stringent requirements on the
OM design. With an increased inter-string spacing of 240 m, each module is expected to
provide at least four times the photon detection capabilities of current DOMs. At the same
time, deployment constraints play an important role: drilling is a major cost driver and
logistical as well as infrastructural limitations at the South Pole restrict the maximum
outer pressure vessel diameter to 12.5 inches, which is even narrower than the 13-inch
diameter of the original IceCube DOM. The central challenge is therefore to maximize
the photosensitive area and achieve high photon detection efficiency within a compact
glass pressure vessel while ensuring scalability to mass production.

Previous optical module designs informed the development process. For instance,
modules with multiple smaller PMTs, such as the KM3NeT module [122] and the multi-
PMT digital optical module (mDOM) [147], offer uniform angular coverage. However,
with an outer diameter of approximately 14 inches, the mDOM exceeds the IceCube-
Gen2 borehole diameter constraints. In contrast, the D-Egg [118] introduces an elongated
pressure vessel that increases internal volume while maintaining a narrow profile but
does not inherently provide the required photon detection efficiency for IceCube-Gen2.
Nonetheless, the uniform coverage, intrinsic directional information and improved satu-
ration characteristics of multi-PMT modules remain desirable. The Gen2-OM concept
integrates key features from both the mDOM and D-Egg architectures. It merges the
uniform coverage and high photocathode area of a multi-PMT layout with the increased
internal volume enabled by an elongated pressure vessel. Furthermore, the novel concept
of gel pads eliminates the need for mDOM-style reflectors (which necessitated matching
neighboring PMT potentials) and avoids the use of complex 3D-printed holding structures
that were associated with difficult-to-resolve bubble formation and delamination in the
optical gel during environmental testing.

Several names have been used for this module design during its development, includ-
ing LOM, Gen2-DC (design candidate) and Gen2-DOM. The designations LOM16 and
LOM18 specifically refer to the two prototype versions deployed as part of IceCube Up-
grade. Throughout this thesis, the term LOM will be used to refer to these specific
IceCube Upgrade module geometries. The term Gen2-OM will be reserved for the fu-
ture design iteration intended for large-scale production for IceCube-Gen2, which will
incorporate lessons learned from LOM production.

Concept Introduction of LOMs
This overarching module architecture represents a novel approach to OM design, devel-
oped through close collaboration between institutions in Chiba (Japan), Madison (USA)
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and Münster (Germany). A core tenet of the design philosophy is ensuring production
scalability by securing multiple vendors for key components and developing fallback solu-
tions. This strategy applies to the PMTs (Hamamatsu and NNVT), the pressure vessel
(Nautilus Marine Service and Okamoto Glass) and even the overall module layout (LOM16
and LOM18) [148].

Driven by the narrower borehole limit, the module concept resulted in two primary
design candidates currently deployed as prototypes in IceCube Upgrade: the long optical
module variants with 16 PMTs (LOM16) and 18 PMTs (LOM18). These designs serve as
in situ testbeds, with five and four modules deployed respectively. The LOM18 utilizes a
slightly longer pressure vessel to maximize the photocathode area, while the LOM16 fea-
tures a more compact and mechanically simpler design. Optimization studies combining
CAD-based component placement with Geant4 performance simulations (see Chapter 8)
guided the finalization of the layout. These studies concluded that newly developed com-
pact 4-inch, short-neck PMTs (see Chapter 6) enable a dense, back-to-back layout within
the pressure vessel, maximizing the internal photosensitive area.

Figure 5.1 shows the schematic views of the LOM16 and LOM18. The LOM16 features
a module diameter of 312mm and a height of 444mm, while the more elongated LOM18
measures 318mm in diameter and 540mm in height. In both designs, each hemisphere
contains a central support structure made of simple sheet metal. This structure holds
the central electronics boards, flasher LED units and the individual PMT subassemblies
(each comprising a bare PMT, a pre-cast optical gel pad and a custom readout base).
These subassemblies are classified by their position within the module as either polar,
pointing towards the vertical ends of the pressure vessel, or equatorial, near the sealing

Figure 5.1: Exploded view CAD renderings of the LOM16 (left) and LOM18 (right).
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surfaces. A key difference is that the LOM18 support structure is anchored by central
shafts on the top and bottom PMT assemblies, whereas the LOM16 omits this central
shaft, simplifying the internal mechanics. The harness clasps the optical modules and
the entire assembly is anchored to the main deployment cable via four wire ropes. The
assembled LOM16 and LOM18 modules have masses of 21.3 kg and 30.8 kg respectively,
including the wire ropes, with bare pressure vessel weights of 10.8 kg and 16.9 kg. Their
net buoyancies in water are 5.8 kg and 5.5 kg [127].

A key innovation of this design is the optical coupling of the PMTs to the pressure
housing. Instead of a complex mechanical holder, the modules use custom-shaped optical
gel pads pre-cast directly onto the PMT face prior to integration. These gel pads are
made of a UV-transparent silicone elastomer that exhibits negligible attenuation compared
with the pressure vessel. Simulation studies demonstrate that utilizing these discrete
gel pads yields optical performance surpassing that of a module completely filled with
silicone gel [10 (p. 114)], representing a cost-effective and lightweight approach, enabling
a simplified holding structure compared with the mDOM. To prevent detachment and
ensure stable optical coupling to the pressure vessel housing, the partially pre-cast gel
pads currently utilized in the deployed LOMs feature a wall-shaped protrusion (rim)
along their front edge. During assembly, this rim is pressed against the inner surface of
the pressure vessel, forming a sealed internal cavity. This cavity must subsequently be
backfilled with liquid gel via injection tubes, necessitating complex and time-consuming
assembly as well as degassing procedures.

Beyond these mechanical coupling requirements, the specific geometry of the gel pads
is crucial for the overall optical performance. Regardless of the specific casting procedure,
the conical shape of these gel pads is universally designed to enhance the module’s pho-
todetection efficiency through total internal reflection at the gel-glass interface, effectively
collecting photons that would otherwise miss the photocathode, while still detecting pho-
tons incident from the side. The shape is optimized to maximize the active surface area
on the pressure vessel’s inner wall, providing more uniform photon collection, which is
advantageous in a scattering medium like deep glacial ice.

The electronics system is designed to be compact, low-power and capable of handling
signals from single photoelectrons up to the very bright events expected from high-energy
neutrinos. Each PMT is equipped with a custom base, the wuBase [149], which integrates
a Cockcroft-Walton high-voltage generator with data acquisition features. It reads out
both the anode and the eighth dynode signals using a dual-channel 60MSPS ADC. Within
each hemisphere, a Fanout board acts as a hub, handling command distribution and data
collection from the PMT subassemblies. Communication with the surface is managed by
Mini-Mainboards, which connect to the main data cable via the penetrator cable assembly
(PCA). The integration process is simplified by the fact that only three ribbon cables cross
between the two hemispheres [149].

Based on physics simulations of cascades at different distances and orientations rel-
ative to the PMTs, Figure 5.2 shows the dynamic range capabilities of the readout elec-
tronics. Even for PMTs located within the Cherenkov cone and facing the cascade, the
wuBase waveforms typically remain in the linear region up to 100TeV at a distance of
25m, or 1PeV at 40 m. For muons, which produce cascades stochastically along their
path, simulations indicate that a 100TeV stochastic energy deposition can commonly oc-
cur within a 50 m segment for a 5PeV muon, and the signal would similarly remain in the
linear region as close as 25 m [127].
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Figure 5.2: Simulation of the expected PMT peak charge per 25 ns time bin as a function
of distance from cascades following neutrino interactions. The left panel corresponds to a
deposited (visible) energy of 100TeV and the right panel to 1PeV. The blue bands represent
PMTs facing the emission and located within the Cherenkov cone, while the red bands repre-
sent PMTs outside the Cherenkov cone or facing away. Saturation of the electronics for anode
readout typically begins around 102 photoelectrons, while dynode eight readout remains lin-
ear up to ∼ 5500 photoelectrons per 25 ns per PMT as indicated by the black line. Taken
from [127].

For in situ calibration, eight flasher LED modules are installed in the gaps of the
equatorial PMT layer. These flashers emit light at approximately 405 nm with a tunable
pulse width typically ranging from 1 to 10 ns and are daisy-chained and connected to the
Fanout board in the upper hemisphere. However, as concluded during IceCube Upgrade’s
calibration campaign (see Section 3.6), internal flashers alone are insufficient. To reduce
uncertainties in the modeling of the surrounding ice, dedicated calibration devices such as
the LOM-Logger [150], which were successfully used during IceCube Upgrade construc-
tion, can be used to study the localized optical properties of the deep ice environment in
even greater detail. This measurement is achieved by co-deploying a dedicated laser light
source 2m below a receiving LOM on the same string, allowing the combined system to
continuously record the scattered light and map the ice stratigraphy as it is lowered into
the borehole.

The LOM16 and LOM18 successfully serve as the Gen2-OM precursors, validating
both the multi-PMT architecture and the novel gel pad coupling. Before evaluating the
mechanical assembly methods required to eventually scale this design to the 9600 optical
modules needed for IceCube-Gen2, the performance of the core sensors is presented in
Chapter 6 with a detailed characterization of the 4-inch photomultiplier tubes. Following
this sensor validation, Chapter 7 details the mechanical prototyping efforts that guided the
LOM construction and explores integration methods to optimize this module architecture
for future mass production.
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6 Photomultiplier Tube Investigation
Photomultiplier tubes are the central element of neutrino telescopes, making a detailed
understanding of their operational characteristics essential. Following the commercially
available form factors, the optical module design aims to maximize the photosensitive
area within the geometric constraints of the pressure vessel (see Chapter 5). This re-
quirement drove the development of novel 4-inch PMTs with a compact envelope, limited
to a maximum length of 106mm, a width of 104mm and a neck diameter of 55mm.
Achieving this level of compactness presents a significant design challenge, requiring a
careful balance between mechanical constraints and key performance metrics, specifically
detection efficiency and time resolution at the photocathode periphery. The development
therefore aimed to retain performance comparable with standard PMTs while minimizing
the physical envelope. To address the specifications of the IceCube-Gen2 collaboration,
a partnership was established with Hamamatsu Photonics K.K. (Hamamatsu) and North
Night Vision Technology (NNVT). Following an iterative prototyping phase initiated in
2020, both vendors delivered final production models: the Hamamatsu R16293 and the
NNVT N2041 (see Figure 6.1). While the development cycle involved the comprehen-
sive characterization of four Hamamatsu and five NNVT variants, this chapter focuses
on the performance of the final production models. The iterative feedback from earlier
measurements directly informed the design of the units evaluated here. Specifically, the
following results are based on three final production units per manufacturer: serial num-
bers BB9780, BB9786 and BB9789 (Hamamatsu, plotted in red) and PO4049, PO4052
and PO4068 (NNVT, plotted in blue). Unless stated otherwise, performance metrics are
averaged over a temperature range of −40 ◦C to −10 ◦C at nominal voltage (summarized
in Section 6.6). Parts of these results have been published in [10, 151] as well as in [152],
written by the author, and [127], co-written by the author.

Figure 6.1: Final production versions of the 4-inch Hamamatsu R16293 (left) and NNVT
N2041 (right) PMTs. Courtesy of the IceCube collaboration.
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6.1 Data Acquisition
As introduced in Section 4.1, PMTs are read out in either current mode or pulse mode.
Most measurements of this characterization utilize pulse mode to investigate correlations
between amplitude, timing and charge for SPE levels of illumination. Data acquisition in
this work distinguishes between two distinct readout modes:

• MP-readout (multi pulse): For every pulse contained in a waveform that exceeds
a predefined threshold (e.g., 2mV), the maximum amplitude (relative to baseline),
charge (integrated over a region of interest around the maximum) and time (relative
to the trigger) are extracted. This mode is typically applied to long waveforms
O(1ms) where multiple pulses are stored per trigger.

• SP-readout (single pulse): Only the pulse with the global maximum amplitude
within the waveform is recorded. In addition to the aforementioned amplitude,
charge and time, pulse shape parameters, specifically rise time (RT), fall time (FT)
and pulse width (FWHM), are extracted. This mode is generally applied to shorter
waveforms O(100 ns) and used in gain calibration.

Figure 6.2 illustrates these readout modes based on experimental data, including
electronic baseline noise and secondary base ringing. To prevent double counting of single
physical events (which can occur due to base ringing), an artificial deadtime of 10 ns is
applied during acquisition. While active Cockcroft-Walton bases are employed in LOMs
and intended for the Gen2-OM, the measurements presented here utilize passive bases to
characterize the intrinsic PMT response.

Illumination and trigger levels are quantified in units of photoelectrons (PE). Precise
knowledge of the light source is essential for characterizing the SPE response. Photo-
electron emission follows a Poisson distribution P (n, µ) = µne−µ/n!. At an average light
intensity of µ = 0.7PE, approximately 50% of light flashes produce no detectable signal
(the pedestal), 35% result in a single photoelectron (SPE) and the remaining 15% contain
multi-photoelectron (MPE) contributions.

Figure 6.2: (left) MP-readout extracts the amplitude, charge (ROI integral) and time
exceeding a predefined amplitude threshold for each pulse within a waveform. For illustration,
only a single pulse from the full waveform is shown. (right) SP-readout additionally extracts
FT, RT and pulse width (defined by the 20th, 50th and 80th percentiles). Taken from [73].
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6.2 Temperature-dependent Characterization
The operational temperatures of IceCube-Gen2 range from −10 ◦C to −40 ◦C depend-
ing on the instrumentation depth, with temperatures decreasing closer to the surface.
Characterizing PMT performance across this range is critical, particularly for detection
efficiency as well as timing resolution, which intrinsically limit the detector’s capabilities.
To systematically study these dependencies, PMTs were evaluated in a climate chamber
setup, as illustrated in Figure 6.3. PMTs are operated using negative high-voltage1 and
connected to an oscilloscope2. A pulse generator3 provides the trigger signal while driving
the LED4 which is routed into the climate chamber5 via an optical fiber6 and diffused to
illuminate the entire photocathode.

Figure 6.3: Setup for temperature-dependent PMT characterization. Taken from [73].

6.2.1 Gain Calibration and Pulse Shape Parameters

PMT characteristics depend on the dynode chain amplification, necessitating calibration
to a reference gain level. For these PMTs, this corresponds to a nominal gain of 5 · 106
for which the nominal voltage is to be applied.

To determine the required nominal voltage, charge spectra are recorded in SP-readout
mode using 250 000 waveforms (at 250 ns sampling length). A light intensity of µ ≈
0.7PE is selected to optimize the statistical contribution of the SPE peak relative to
the pedestal and MPE events. This intensity ensures that, while the SPE peak remains
dominant, the 2, 3 and 4 PE contributions are sufficiently present to allow for a multi-
peak fit of the charge distribution. The supply voltage is varied from −875V to −1275V
(Hamamatsu) and −650V to −950V (NNVT) in 25V increments across the temperature
range of −50 ◦C to 20 ◦C. The resulting charge spectra are fitted with Equation (4.6)

1supplied by an ISEG ECH244-type crate with EHS F4 40n module.
2PicoScope 6404C
3RIGOL DG1032Z
4385 nm LED mrongen – Custom Picosecond light sources.
5CTS C-70/350
6Thorlabs FG105LCA Multimode Fiber
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Figure 6.4: (left) Charge spectrum fit for BB9780 at −20 ◦C and 975V (χ2
red ≈ 1.004).

(center) Gain dependence on supply voltage and temperature for PO4049. The horizontal
dashed line indicates the target nominal gain. (right) Nominal voltage required by each PMT
to achieve a gain of 5 · 106 as a function of temperature.

to extract the gain for each supply voltage at a given temperature, as shown in the left
panel of Figure 6.4. The relationship between gain G and voltage V follows the power
law G = a · V b (Equation (4.5)). For improved numerical precision, linear regression is
performed in double-logarithmic space (logG = b log V + log a). The results are shown
in the center panel of Figure 6.4, illustrating the fits used to identify the nominal voltage
for each temperature.

As shown in the right panel of Figure 6.4, a temperature decrease of ∆T = 70 ◦C
results in an average gain increase of (29.1 ± 0.4)% for Hamamatsu and (13.6 ± 0.3)%
for NNVT PMTs, attributed to the temperature-dependent secondary emission coefficient
of the dynode materials [153]. Hamamatsu PMTs exhibit a smaller inter-sample spread
in nominal voltage compared with NNVT (standard deviation 4.6V vs 45.7V), although
NNVT models generally require lower absolute voltages to achieve the target gain. While
the sample size within this study is limited, this observation is supported by manufacturer
data for the full production batches, which report average nominal voltages of (1056.4±
26.8)V for Hamamatsu and (935.2±103.5)V for NNVT (Appendix C). This trend is also
consistent across earlier design iterations. Compliant with IceCube-Gen2 requirements,
all tested units operate well below the 1500V maximum limit. The calibrated nominal
voltages are applied in all subsequent measurements in the following sections. As discussed
in [73 (p. 54)], at the nominal gain of 5 · 106 a fitting bias of (−5.39± 0.08)% is observed
for mDOM PMTs. Since the gain is not used as a reference to calculate incident photons
or infer detection efficiency, this effect is considered negligible.

Charge Resolution and Peak-to-Valley Ratio

The parameter space can further be explored for charge resolution (spread over the average
charge of the 1-PE peak: σ1/Q1) and peak-to-valley ratio (PVR: ratio of the SPE peak to
the local minimum towards the pedestal). The charge resolution quantifies the statistical
fluctuation of secondary electron multiplication, where lower values imply a lower variance
of the charge (at suitable gains). The PVR indicates the ability to distinguish signals
from noise. Both are shown in Figure 6.5 plotted against PMT gain. As no significant
temperature dependence beyond the aforementioned variation in gain could be identified,
all temperatures are plotted together for compactness. At nominal gain, the mean charge
resolutions are (37.4 ± 1.2)% (NNVT) and (39.5 ± 1.1)% (Hamamatsu), comparable
with the ∼ 40% observed in mDOM PMTs [73 (p. 58)]. All samples exceed the PVR
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Figure 6.5: PMT performance parameters as a function of gain. Values from all supply
voltages and temperatures (transparent datapoints) are binned (solid datapoints), with lines
added as visual guide. (left) Charge resolution. (right) Peak-to-valley ratio (dashed line
indicates the requirement at a nominal gain of 5e6).

requirement of > 2, with Hamamatsu (3.22 ± 0.07) systematically offering better noise
separation than NNVT (2.85± 0.11) , likely attributed to the higher nominal voltages.

Pulse Shape

Rise time (RT), fall time (FT) and pulse width (FWHM) are directly derived during SP-
readout, where all values for a given temperature and voltage measurement are averaged.
The left panel of Figure 6.6 illustrates the voltage dependence of the rise time. Higher
supply voltages result in shorter rise/fall times and narrower pulses. This is physically
expected, as the increased electric field accelerates photoelectrons more rapidly towards
subsequent dynodes (a ∝ V ), reducing the transit time according to t ∝ 1/

√
V . Stronger

electric fields also reduce the temporal spread of secondary electrons, however, at the cost

Figure 6.6: (left) Rise time dependence on voltage and temperature for PO4052. (right)
Rise time interpolated to the nominal gain as a function of temperature. Error bars too small
to visualize.
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of slightly worsened charge resolution, as secondary electrons spread out more with higher
initial energies.

Averaging over the operational range of −40 ◦C to −10 ◦C, the mean 20% to 80% rise
times are (1.70± 0.06) ns (Hamamatsu) and (1.83± 0.07) ns (NNVT). The fall times are
(1.63± 0.04) ns and (1.66± 0.04) ns, respectively, with average pulse widths (FWHM) of
(3.29± 0.08) ns and (3.30± 0.05) ns. Beyond the aforementioned gain-induced shifts, no
significant temperature dependence can be identified (see Figure 6.6 right).

6.2.2 Timing Resolution and Pulse Types Probabilities

The transit time spread (TTS) of a PMT directly affects the angular resolution of the
entire detector, as it is the underlying timing resolution. To isolate single-photon timing
characteristics and correlated noise, the setup from before is repeated at nominal voltage
in MP-readout mode using 10 µs waveforms at a low light intensity (µ < 0.1PE). This
occupancy (< 0.5% MPE) ensures reliable SPE timing characterization of the TTS and
accurate pulsing classification, as higher photoelectron multiplicities disproportionately
increase correlated noise such as afterpulsing. A dataset of approximately 8× 106 wave-
forms is acquired, yielding roughly 6 × 105 waveforms with at least one pulse to ensure
sufficient statistics.

To ensure accurate parameterization of the TTS, genuine SPE pulses must be iso-
lated from MPE contamination and electronic noise. While MPE pulses are primarily
suppressed by the low light intensity, baseline noise is removed through a two-stage filter-
ing process. As illustrated in the left panel of Figure 6.7, the correlation between pulse
amplitude and charge provides a reliable separation of true SPE pulses. Data acquisition
for this specific measurement initially relies on a hardware trigger of 3mV (corresponding
to ∼ 0.49PE). Subsequently, a strict post-acquisition charge cut of 0.2PE is applied to
eliminate any remaining low-charge background fluctuations.

Figure 6.7: (left) Correlation between charge and amplitude for BB9780 at 0 ◦C. Dashed
lines indicate the hardware amplitude trigger threshold and post-measurement charge cut.
(right) Pulse arrival time distribution relative to the main peak for BB9789 and PO4068 as
representative examples at −20 ◦C. Vertical dashed lines indicate the transition regions used
for pulse classification.
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With genuine SPE pulses isolated, the resulting averaged pulse arrival time distribu-
tions (Figure 6.7, right) reveal a non-Gaussian shape characteristic of PMTs with ellipti-
cal photocathodes. The pronounced tail (up to 17 ns) arises from transit time differences
across the photocathode surface, heightened by the asymmetric curvature of the first dyn-
ode under full frontal diffuse illumination. Hamamatsu PMTs exhibit a generally broader
main peak, whereas NNVT PMTs feature a more extended tail. Although typical, this
tail is more pronounced in these PMTs than in comparable models due to the envelope
shape and will be revisited in Section 6.5. Because of these non-Gaussian tails, defining
a single metric for the timing resolution requires consideration, where three calculation
methods of the TTS are commonly used:
TTSG,peak: A Gaussian is fitted around the maximum of the peak (−2.5 ns to 4.0 ns)

to extract the core timing resolution. Manufacturers typically quote the FWHM of
this core peak, as their standard validation procedures often restrict illumination to
the central photocathode region where extended tails are absent. However, applying
this fit to data obtained under full frontal illumination underestimates the width of
the distribution by neglecting the tails.

TTSG,full: A Gaussian is fitted to the full pulse window (−8 ns to 17 ns). This typically
yields larger values than applying the fit to just the peak, as the inclusion of the
tails forces the fit to increase the core width.

TTSnum: The numerical standard deviation of the unbinned data over the full window
(−8 ns to 17 ns). Given the pronounced non-Gaussian tails observed in these 4-inch
PMTs, this metric provides the most accurate representation of the effective timing
resolution and is selected as the primary figure of merit in this work.

The temperature evolution of these metrics is shown in Figure 6.8 (left). No systematic
temperature dependence is observed, with most samples stable within 1.5% across the
∆T = 70 ◦C. Exceptions include BB9780 (+3.5% increase at low temperatures) and
PO4052 (8% decrease). Averaging over the operational range, NNVT PMTs exhibit a
(18.6 ± 0.1)% better timing resolution: TTSnum = (2.80 ± 0.06) ns (NNVT) compared
with (3.36 ± 0.08) ns (Hamamatsu). The inter-sample variance is notably higher for the
Hamamatsu units. Both PMT models readily fulfill the requirement of TTSG,peak < 3.4 ns.

In addition to timing resolution, the respective contributions of correlated background
are calculated from this measurement. As introduced in Section 4.4.2, five pulse types
are distinguished based on their arrival time relative to the main peak: main peak (-8 ns
to +17 ns), prepulses (-60 ns to -8 ns), late pulses (+17 ns to +140 ns), afterpulsing type I
(same window as late pulses), afterpulsing type II (+140 ns to 10 µs). The probabilities for
these pulse types are summarized in Figure 6.8 (right). Both manufacturers comply with
the requirements, with NNVT PMTs consistently showing lower values. The probabilities
of triggered prepulses are negligible (≤ 0.05%; Req. < 1%). The combined rate of
late pulses and afterpulsing type I is (4.83± 0.04)% for Hamamatsu and (3.65± 0.05)%
for NNVT, satisfying the < 5% requirement. Afterpulsing type II rates are similarly low
(∼ 4.5%), well below the < 15% specification. With the exception of a slight temperature
dependence in the Hamamatsu afterpulsing type I, the correlated background remains
constant across the investigated temperature range.
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Figure 6.8: Temperature dependence of TTS and pulse type probabilities. Solid lines rep-
resent the mean; bands indicate the standard error across samples (transparent). (left) TTS
using the standard deviation of the three definitions. (right) Probabilities of correlated noise
types: prepulses, late pulsing and afterpulsing (type I & II).

6.2.3 Dark Rates

Dark rate measurements characterize the intrinsic noise level of the PMTs in the absence
of illumination. Data is acquired using a random trigger to record 1ms waveforms in MP-
readout mode. Signal processing followed the methodology described in Section 6.2.2,
utilizing a 3mV (∼ 0.45PE) hardware trigger threshold. An additional post-acquisition
charge cut of 0.3PE was applied to suppress baseline fluctuations. As mentioned before,
an artificial deadtime of 10 ns is applied, where pulses occurring within this interval are
merged and treated as a single entry. The total dark rate is then calculated by averaging
the number of unique pulses per waveform over the full sample set, normalizing by the
waveform durations.

Noise sources are classified by analyzing the time interval ∆t between consecutive
pulses. As shown in Figure 6.9 (left), the distribution of log10(∆t) allows for the separa-
tion of noise components. Uncorrelated noise, predominantly stemming from thermionic
emission (see Equation (4.7)), follows a Poisson process P (t) = µe−µt that appears as an
exponential tail in the linear time domain. In logarithmic space, this transforms to

f(x) = A · µ · ln(10) · 10x · exp (−µ · 10x), (6.1)

where x = log10(∆t), µ is the uncorrelated rate and A is a normalization constant [73
(pp. 108–109)]. Fitting this function to the right peak (∼ log10(∆t) = −1.5) of the
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Figure 6.9: (left) Distribution of time differences between consecutive pulses (log10 ∆t) for
BB9780 at -30◦C. The fit (orange) isolates the uncorrelated Poissonian component whilst the
excess at low ∆t indicates correlated scintillation noise. (right) Mean total dark rates as a
function of temperature for both vendors, including the contribution from correlated noise
(standard error too small to visualize).

distribution isolates the random rate µ. The excess at short time intervals represents cor-
related noise, predominantly caused by scintillation induced by radioactive decays within
the glass envelope (see Chapter 9) as well as PMT correlated background (Section 6.2.2)
and is obtained by subtracting µ from the total rate.

The temperature dependence of the mean total dark rate is shown in Figure 6.9 (right).
At room temperature, rates are driven by thermionic emission, which is higher for Hama-
matsu PMTs. However, in the relevant operational range of −40 ◦C to −10 ◦C, thermionic
emission is exponentially suppressed and the background rate becomes dominated by the
temperature-dependent scintillation component.

In this low-temperature regime, Hamamatsu PMTs exhibit lower dark rates of (56.3±
2.7) s−1 compared with (94.0 ± 4.8) s−1 for NNVT units. This difference is attributed to
lower trace amounts of radioactive materials present in the bulb glass of the Hamamatsu
samples, as evidenced by the reduced correlated noise component. While the IceCube-
Gen2 requirement is soft (“as low as possible”), these values can be contextualized for
an optical module comprising 16 PMTs: The total intrinsic dark rate extrapolates to
approximately 900 s−1 using Hamamatsu PMTs and 1500 s−1 using NNVT PMTs. These
values align well with the overall noise rates of the main IceCube Upgrade modules: The
intrinsic D-Egg PMT rates exhibit ∼ 2·400 s−1 = 800 s−1 [154] prior to module integration
and “low noise” mDOM PMTs show dark rates of ∼ 24 · 35 s−1 = 840 s−1 [73 (p. 107)].
Although NNVT yields a higher total rate in this sample, it remains within the acceptable
range for multi-PMT optical modules. However, experience from mDOM mass production
demonstrates that glass radiopurity is subject to changes in production, where dark rates
have increased to ∼ 24 ·320 s−1 = 7680 s−1 [155 (p. 128)]. A similar elevated dark rate has
been observed in earlier prototype models from both manufacturers. Crucially, the PMT
rates discussed here represent the bare PMT contribution, where the total in-module
background, including scintillation from the pressure vessel, is discussed in Chapter 9.
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6.3 Quantum Efficiency
The quantum efficiency (QE) quantifies the probability that an incident photon gener-
ates a photoelectron. The QE directly influences the energy resolution of the detector,
as the statistical fluctuations in the number of detected photoelectrons are the dominant
contribution to the energy uncertainty.7 Although QE is an intrinsic property of the
photocathode material, the effective QE is constrained by the glass envelope’s transmis-
sivity and governed by the photon absorption probability, which can be increased through
internal reflections.

The setup, illustrated in Figure 6.10 (left), houses the PMT in a light-tight enclosure.
Illumination is provided by a xenon arc lamp8, coupled to a monochromator9 with a
spectral resolution of FWHM ≈ (1.0±0.6) nm. The monochromatic beam passes through
an adjustable iris to change the illuminated spot diameter on the photocathode. The PMT
is operated with a specialized passive base that shorts the dynode chain and anode to the
first dynode, allowing the entire multiplication system to act as a photoelectron collector.
A supply voltage10 of −250V is applied to the photocathode, ensuring stable collection
efficiency (stability is typically reached above −50V [73 (p. 68)]). As a consequence of
the lack of multiplication and in contrast to the pulse-mode characterization in previous
sections, the QE is determined via photocurrent measurements using a picoammeter11. A
calibrated reference photodiode12 with known QE, mounted on a 3-D motor scanner [156],
is moved into the beam path to measure the incident illumination level.

The beam diameter is adjusted to approximately 80mm to 90mm to maximize photo-
cathode coverage while preventing light leakage past the PMT envelope (outer glass diam-
eter ≈ 102mm). Light intensity is regulated to keep photocurrents below 0.1 nAmm−2,
preventing saturation effects. The wavelength is swept from 250 nm to 750 nm in 10 nm
steps. For each step, the current is measured 50 times for both the PMT (IPMT) and
the reference diode (IDiode), as well as their respective dark currents (DC). The QE is
calculated as:

QE(λ) =
IPMT(λ)− DCPMT

IDiode(λ)− DCDiode
· QEDiode(λ). (6.2)

The average QE for both vendors is shown in Figure 6.10 (right). Both models meet
the requirement of QE > 25% at 400 nm13 at room temperature. A bachelor thesis [157]
co-supervised by the author reports a maximum QE increase of < 0.015% per ◦C, con-
sistent with literature values [134, 153]. The apparent gain in QE caused by decreasing
the temperature is negligible compared with inter-sample variations.

7The total detection efficiency is the product of collection efficiency and quantum efficiency, both
showing wavelength dependencies. The collection efficiency is relatively constant above 90 to 99% for
λ > 450 nm, decreasing slightly towards lower wavelengths (80 % to 90 %), generally attributed to higher
initial velocity photoelectrons straying from the intended path [133]. The wavelength dependence of the
detection efficiency is, however, governed by the QE.

8LOT LSE140 / 160.25.C
9LOT-QuantumDesign MSH-300

10Supplied by an Iseg NHQ 226L.
11Keithley Model 6482
12Newport 818-UV
13The value of 400 nm is a historical benchmark in IceCube. The spectrum reaching optical mod-

ules within IceCube’s optical array depends on the propagation distance due to scattering; discussed in
Chapter 8.
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Figure 6.10: (left) Experimental setup for QE measurements. Taken from [73]. (right)
Average QE measured under full frontal illumination at room temperature. The black line
indicates the transmission cutoff of the encompassing optical module pressure vessel. The
ratio below is normalized to the standard-QE Hamamatsu average. Error bands indicate
standard deviation between the respective samples.

NNVT PMTs exhibit a higher peak QE of (31.1±1.5)% compared with (25.8±0.4)%
for the standard Hamamatsu R16293. The spectral shape also differs: NNVT PMTs show
a sharper response concentrated around the 360 nm peak, whereas Hamamatsu PMTs
display a broader spectral sensitivity. This suggests slight differences in the K2CsSb pho-
tocathode composition. Both vendors show a sharp sensitivity drop-off below 300 nm,
governed by the UV-absorption of the borosilicate glass envelope. However, Hamamatsu
PMTs systematically maintain higher sensitivity further into the UV range across devel-
opment iterations. This cutoff aligns well with the transmission characteristics of the
pressure vessels (indicated by the black line in Figure 6.10, right), ensuring that the PMT
sensitivity maximizes the transparency window of the module housing.

Complementary measurements comparing central spot and full frontal illumination
reveal that PMTs exhibit a higher QE under full frontal conditions than under centered
spot measurements (an absolute increase of 4.5% at the peak for Hamamatsu PMTs). This
effect is attributed to higher reflectivity of the internal components, which enhances the
effective efficiency for wide-beam measurements. However, given that the performance
requirements are defined for full frontal illumination, the values presented here focus
exclusively on the results obtained with the ∼ 80mm beam geometry.

Hamamatsu additionally offers a High-QE (HQE) variant of the R16293 measured
with two samples. While this version offers enhanced photon detection efficiency (with
the maximum shifted to ∼ 430 nm), it entails higher costs. Furthermore, increased QE
also corresponds to higher sensitivity to optical background generated within the pressure
vessel glass (see Chapter 9). Thus, the trade-off between signal gain and noise background
remains under evaluation.

It is critical to contextualize the performance gap observed here. Manufacturer data
from the respective production batches indicates that the standard Hamamatsu PMTs
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provided for this study were from the lower tail of their QE distribution, while the NNVT
samples represented above-average performers. Therefore, the nominal performance gap
between vendors is likely smaller than the ∼ 5% observed in this sample. However, the
general trend of NNVT PMTs exhibiting slightly higher peak QE with a higher cutoff,
as well as a higher inter-sample standard deviation, has been consistent across previous
prototype iterations and is supported by manufacturer data.

6.4 Performance Metrics for IceTray
Within the IceCube simulation framework, IceTray [158], the PMT response must be ac-
curately modeled to bridge hardware characterization and software reconstruction. While
fundamental properties such as quantum efficiency (Figure 6.10) and nominal voltage scal-
ing (Figure 6.4) remain consistent with the hardware measurements discussed previously,
the IceTray implementation requires specific parameterizations that differ from standard
experimental conventions. This section outlines these software-specific metrics to serve as
a reference for future implementations. The full detector simulation chain utilizing these
models is further detailed in Section 12.1.

It should be noted that the measurements informing these specific software parame-
ters were conducted at room temperature on pre-production PMT models. This approach
is justified because the final simulated charge is inherently scaled to the target nomi-
nal gain, effectively mitigating temperature-dependent gain variations. Furthermore, the
temperature-dependent intrinsic dark rate is injected independently later in the simulation
pipeline as a module background rate (Chapter 9). The physical geometry and baseline
performance of these pre-production units match the final integrated PMTs, ensuring the
validity of this parameterization.

Charge Parameters

The data for the SPE template and linearity presented in this section were measured by
Yuya Makino at WIPAC (Wisconsin IceCube Particle Astrophysics Center) during the
LOM development phase. Because the wuBase alters the PMT charge response and was
not available for the standalone measurements conducted in this work, these external
characterizations, along with fitting procedures by the author, are documented here for
completeness and reference.

To reproduce the detector response, a PDF for the SPE charge distribution is derived
from low-light illumination measurements (µ < 0.1). As detailed in [159], the charge
response S(q) is modeled as a superposition of three distinct components:

S(q) = A1 exp

(
− q

w1

)
︸ ︷︷ ︸
Noise/Pedestal Tail

+A2 exp

(
− q

w2

)
︸ ︷︷ ︸

Under-amplified

+AG exp

(
−(q − µ)2

2σ2

)
︸ ︷︷ ︸

1PE Peak

, (6.3)

where q denotes the charge in units of PE. The model accounts for the electronic noise tail
(A1, w1), under-amplified photoelectrons (A2, w2) and the nominal dynode multiplication
statistics (AG, µ, σ). To extract the intrinsic SPE parameters without bias, the model
must account for MPE contributions that are inherently present even in unilluminated
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dark rate measurements (similar to Equation (4.6)). Fitting a pure SPE function to
the charge histogram would artificially inflate the shape parameters to accommodate
the high-charge MPE tail. Instead, the fitting routine dynamically constructs an MPE
template by iteratively convolving the base SPE function S(q) with itself. The minimizer
simultaneously optimizes the relative amplitudes of these 2PE and 3PE components
alongside the seven shape parameters of S(q). A charge threshold of 0.1 PE is applied to
exclude the electronic baseline noise, as shown in Figure 6.11. For IceTray integration, the
extracted Gaussian and exponential widths are normalized by the fitted Gaussian mean,
forcing the primary peak to strictly 1.0PE. Together with a discrete SLC mean parameter
for incomplete waveforms, these normalized values constitute the final simulation template
as listed in Table 6.1.
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Figure 6.11: Exemplary SPE charge distri-
bution fitting S(q) to an NNVT PMT with
a wuBase bias voltage of 85 V. Data provided
by [160].

Table 6.1: Fit parameters
for the SPE charge distribution
model S(q) for an exemplary
NNVT PMT. Values are aver-
aged across multiple bias volt-
ages.

Component Param. Value

Noise Tail A1 6.9000
(Exp 1) w1 0.0013

Under-amp. A2 0.3418
(Exp 2) w2 0.3039

Main Peak AG 0.8826
(Gaussian) µ 1.0000

σ 0.4039

Linearity and Saturation

PMTs exhibit a linear response strictly within a limited dynamic range. For the new
compact PMTs coupled with the active wuBase, the observed signal saturation is gov-
erned by two distinct mechanisms: intrinsic PMT saturation and electronics clipping. As
introduced in Chapter 5, the readout employs two distinct signal paths: a standard an-
ode channel (nominal gain 5.5× 106 in the provided measurements) and an intermediate
dynode eight channel (2.1× 105).

At lower illuminations, the standard anode readout channel saturates at ≈ 75PE. This
occurs significantly earlier than a bare PMT on a passive base (which typically saturates
at a few hundred PE), because it is governed by a hard clipping effect caused by the
12-bit analog-to-digital converter (ADC) reaching its maximum output. Conversely, true
intrinsic space-charge effects within the PMT dynode cascade only dominate at much
higher illuminations. This intrinsic behavior is captured by the intermediate dynode
eight channel, which bypasses the early ADC bottleneck and remains linear up to roughly
5000PE. Discriminating between these two channels to reconstruct the full dynamic range
is a new feature that needs to be implemented in the processing pipeline in the future.
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Figure 6.12: PMT linearity measurement for anode and dynode eight readouts. The mea-
sured charge Nmeas is plotted against the expected true charge Nideal in units of PE per 25 ns.
Saturation occurs for higher illuminations, which is mitigated by transitioning to the dynode
eight channel. Vertical lines indicate where the response drops below 90 % of the ideal charge.
Data provided by [160].

The linearity of both channels was characterized by pulsing a light source from SPE
level up to O(105)PE. The ideal expected charge, Nideal, is extrapolated from source
calibrations in the linear regime, while Nmeas represents the actual recorded charge. Fig-
ure 6.12 illustrates the saturation behavior as a deviation from the ideal 1:1 correlation.

Within IceTray, saturation is conventionally modeled in two sequential steps: a con-
tinuous charge-attenuation function accounting for intrinsic PMT saturation, followed by
a hard digital cut-off mimicking the ADC overflow. For the purpose of documenting the
effective end-to-end response of the new modules in this work, the standard continuous
saturation function is empirically fitted to the final measured photoelectron output of
each readout channel. While this collapses the distinct physical bottlenecks into a single
mathematical envelope, it provides a functional description of the module’s observed dy-
namic range. These parameters are documented here as an empirical baseline, leaving it
open for future software implementations to either utilize a unified effective parameteriza-
tion or explicitly simulate the separate intrinsic and electronic limits. While the standard
saturation model is typically parameterized in terms of measured current (amperes), the
identical empirical function can be fitted directly to the derived photoelectron rate by
extracting the parameters A, B and A′ in units of PE per 25 ns. The saturation factor
S = Nmeas/Nideal is thus calculated using the inverse function:

S(Nideal) =
ln(1 + A/Nideal)

ln(1 + A/Nideal) + A′ · exp(−B/Nideal)
, (6.4)

where A dictates the saturation scale, B governs the curvature and onset threshold, and
A′ defines the absolute asymptotic saturation limit. To prevent mathematical degeneracy
in the deep saturation regime (Nideal → ∞), the scaling parameter A is fixed at 1.0.
Fitting Equation (6.4) directly to the PE datasets yields best-fit values of B = 149.56
and A′ = 1.05×10−2 for the anode channel. Here, the parameterization acts as an effective
empirical model for the ADC overflow. For the dynode eight readout, which represents
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true intrinsic PMT saturation, the fit yields B = 9913.87 and A′ = 1.22 × 10−4. This
reflects its vastly extended linear range, with a 10% deviation from linearity occurring at
5504.6PE/25 ns for dynode eight, compared with 75.8PE/25 ns for the anode.

Prepulses

To measure the timing shift between prepulses and main pulses, the PMT is operated
in pulse mode at nominal voltage using a laser intensity of ∼ 50PE for main pulses and
∼ 500PE for prepulses. Figure 6.13 (left) compares the normalized average of over 100 000
waveforms for each domain, revealing a distinct time shift between the main photoelectron
peak and the prepulse signal. Prepulses occur ∆tref = (17.3 ± 0.3) ns earlier relative to
main pulses due to the shorter electron trajectory starting at the first dynode. Since the
electron transit time depends on the electric field strength, this shift is dynamically scaled
in IceTray based on the operating voltage V of the module ∆t(V ) = ∆tref ·

√
Vref/V , where

Vref is the reference nominal voltage from Figure 6.4 and V is any PMT-specific operating
voltage.

Since prepulses bypass the amplification of the first dynode (δ = 12 − 14 [139]),
they show a low probability of being detected using a triggered measurement (< 0.1%
from Section 6.2.2). As each pulse is sampled individually in IceTray, a threshold-free
probability must be derived. For this, a reference measurement of the incident photon
flux is taken using the previously calibrated photodiode, with the light intensity increased
until more than 10 000 photons per f = 100 kHz LED flash are measured by a picoammeter
(ID = (0.586± 0.008) nA). The PMT is positioned behind a calibrated ND filter (TND =
(11.81 ± 0.65)%). The PMT waveforms are fitted as shown in Figure 6.13 (right). The
rising flank of the saturated main pulse and the baseline are fitted by an exponential
function A exp (b(x− x0)) + c. The prepulse charge Qpre is determined via integration
within an ROI, from which the baseline fit is subtracted. The threshold-free prepulse
probability Ppre is defined as the ratio of the number of detected prepulses Npre to the
expected number of primary photoelectrons Npe. The number of prepulses is derived from
the integrated charge divided by the charge of a single prepulse, Npre = Qpre/(G · e/δ),
where e is the elementary charge and G = 5 × 106 is the PMT gain. The expected
number of primary photoelectrons is calculated from the reference diode current, which
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Figure 6.13: (left) Averaged normalized waveforms of main pulses (red) and prepulses
(blue) for an exemplary NNVT PMT. (right) Representative determination of the prepulse
charge.
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is adjusted for the ND filter transmission and the respective quantum efficiencies, as per
Npe = [ID/(f ·e ·QED)] ·TND ·QEPMT. Combining these two terms, the elementary charge
e cancels out, yielding the probability

Ppre =
Npre

Npe
=

Qpre · δ · f · QED

G · ID · TND · QEPMT
. (6.5)

This results in a final, charge-based prepulse probability of (4.41± 0.34)%.

Jitter

As discussed in Section 6.2.2, while the transit time spread characterizes the timing reso-
lution, the overall arrival time distribution around the main peak is fundamentally asym-
metric. Following the standard IceTray implementation to model this delayed tail, the
time shift t is parameterized using a Fisher-Tippett (Gumbel) distribution, where the
probability density function is given by:

f(t) =
1

β
exp

(
−
(
z + e−z

))
with z =

t− µ

β
, (6.6)

where µ is the location and β is the scale parameter. The scale parameter relates to the
standard deviation of the distribution as σFT = πβ/

√
6 ≈ 1.28 · β.

Figure 6.14 shows the fit of this model to the experimental data using a fit win-
dow of t ∈ [−6, 15] ns. Averaging the results from three characterized PMTs, the model
parameters are determined as:

µ = (0.08± 0.04) ns and β = (1.66± 0.04) ns. (6.7)

To evaluate the stability of this model, the fit was repeated using a narrower window
restricted around the main peak region (t ∈ [−5, 7] ns). This restriction reduced the
resulting scale parameter β by only ≲ 1%. While a Fisher-Tippett function models
the arrival time of main pulses better than a Gaussian, the tail produced by diffuse
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Figure 6.14: Fisher-Tippett fit to the main pulse arrival time peak for an exemplary NNVT
PMT. The red line shows the model function fitted to the experimental data (blue), with the
shaded region indicating the fitting range.
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illumination is still not captured accurately, which is even more pronounced in these
PMT models, as mentioned before. In IceTray, the specific time jitter ∆t for each photon
is sampled from this distribution using the inverse transform method:

∆t = µ− β · ln(− ln(u)), (6.8)

where u is a uniformly distributed random number u ∈ (0, 1).

Late Pulsing and Afterpulsing type I

The timing response following the main detection peak is characterized by electron backscat-
tering at the first dynode. This is once again measured via the diffuse SPE illumination
setup used in Section 6.2.2. To parameterize this behavior, a multi-component Fisher-
Tippett model is fitted to the time distribution. The results are shown in Figure 6.15
with fit parameters listed in Table 6.2.
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Figure 6.15: Multi-component Fisher-Tippett
fit to the PMT timing distribution for an ex-
emplary NNVT PMT. The main peak and its
tail are modeled using a dual-component super-
position. The subsequent components describe
the inelastic shoulder and the distinct elastic
backscattering peak at ∼ 36 ns.

Table 6.2: Fit parameters
for the multi-component Fisher-
Tippett model. Component (C.)
4, with its narrow width, is as-
signed to the elastic backscatter-
ing peak.

C. h µ (ns) β (ns)

0 5.14e6 −0.57 1.42

1 724e3 4.91 2.95

2 19.4e3 18.09 2.42

3 85.2e3 26.90 5.89

4 37.4e3 35.64 2.48

5 3.55e3 61.24 12.15

The observed structure is classified into a continuous shoulder arising from inelastic
backscattering from afterpulsing type I (components 2,3,5) and distinct peaks arising from
elastic backscattering from late pulses (component 4). Notably, the main peak is described
by a superposition of the first two components (0 and 1): Component 0 captures the core
Gaussian-like arrival time, while Component 1 models the immediate non-Gaussian tail
originating from full photocathode illumination. This dual-component approach provides
a more accurate representation of the detector response than the single-component jitter
model discussed above.

In IceTray, this distribution is implemented as a mixture model. For each simulated
photoelectron, the algorithm first selects a specific component i based on the relative prob-
ability weights derived from the fitted amplitudes h. The time delay is then sampled from
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that component’s specific Fisher-Tippett PDF. This method allows specific components
to be tagged with physical source identifiers.

Afterpulsing type II

The simulation of ionization afterpulsing type II presents a challenge for the standard
SPE probability approach. Since afterpulses often liberate multiple electrons from the
photocathode, relying on a simple probability histogram based on SPE counts would sig-
nificantly underestimate the total deposited charge. To address this, IceTray models the
afterpulsing type II response by fitting averaged waveforms obtained under high illumi-
nation (∼ 100PE) as opposed to Section 6.2.2. This average waveform represents the
product of the afterpulsing probability and the charge yield (P (t) × q̄(t)), ensuring that
the total integrated charge in the simulation matches the physical detector output. To
model the overall timing distribution, a superposition of Gaussian functions is fitted to
the average waveform beyond 200ns relative to the main peak. The resulting decompo-
sition is shown in Figure 6.16 (left), with the corresponding fit parameters detailed in
Table 6.3. Although additional Gaussian components could slightly improve the fit, the
parameterization relies on a single representative PMT. Thus, the dominant source of
data-to-MC deviation will ultimately stem from intrinsic PMT-to-PMT variations rather
than the fit itself.
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Figure 6.16: (left) Average waveforms, fitted with a sum of Gaussian components for an
exemplary NNVT PMT. Note that the data is truncated below 200 ns. (right) Afterpulsing
charge in units of PE as a function of average number of PE contained in main pulses, with
a linear fit applied.

Table 6.3: Gaussian fit parameters for the afterpulsing distribution. The broad width of
Component 4 suggests a continuum background rather than a distinct ion species.

Component Weight h Mean µ (ns) Width σ (ns)

1 0.0050 381.9 930.42
2 0.0033 862.7 118.65
3 0.0038 1260.0 231.74
4 0.0025 2090.0 2737.53
5 0.0033 3051.8 184.53
6 0.0130 3973.7 502.90
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The arrival time of afterpulsing is governed by the specific ion’s mass-to-charge ratio
(t ∝

√
m/q). The precise drift time is further influenced by the applied voltage, the

internal electric field geometry and the physical dimensions of the PMT. As shown in the
decomposition, the most prominent peak occurs at approximately 3980ns. The qualitative
peak structure matches initial measurements reported in [73 (p. 127)] and is attributed to
Cs+ ions [161]. Using this Cs+ peak and its known mass (mCs = 132.9 u) as a calibration
reference, the origin of the other main component at 1260ns can be estimated. Using
the relation mx = (t/tCs ·

√
mCs)

2, the peak corresponds to a mass of approximately
13 u. This mass is consistent with light carbon-containing ions, including CH+, although
an unambiguous species assignment is not possible based on this measurement alone.
These ions may be produced by electron-impact ionization and fragmentation of residual
hydrocarbon gases in the vacuum, such as methane (CH4).

Conventionally, afterpulsing probability is defined as the ratio of afterpulse counts to
primary pulses (as outlined in Figure 6.8). However, because IceTray assigns a standard
SPE charge distribution to simulated pulses, a charge-based ratio is required instead. To
measure this, the PMT is illuminated at varying light intensities, recording 20 000 wave-
forms (30 µs duration) per intensity. The signal charge Qs is integrated over an afterpuls-
ing window (100ns to 12 µs after the main pulse). Baseline and dark rate contributions
Qb are subtracted using an identically sized, delayed window (15.1 µs to 27 µs), yielding
the net afterpulse charge QAP = Qs−Qb. For normalization, the main pulse charge Qmain

is integrated over a ±15 ns window around the main peak. Figure 6.16 (right) shows the
mean QAP relative to Qmain for a representative NNVT PMT. The slope of a linear fit
corresponds to the afterpulsing type II charge ratio, determined as (5.58± 0.06)%.

6.5 Scans across the photosensitive Area
While the measurements presented in Sections 6.2 and 6.3 characterize the overall re-
sponse of the PMT under diffuse illumination, performance is not uniform across the
photosensitive area. Variations in the enveloping glass, photocathode thickness, collec-
tion efficiency and electron path lengths due to geometry introduce position-dependent
effects. To resolve these features, a dedicated 2D scanning setup is employed, as commis-
sioned in [162] and further utilized in [73]. The setup, illustrated in Figure 6.17, places the
PMT inside a Helmholtz coil system [163] to compensate for the Earth’s magnetic field,
which would otherwise deflect the electron trajectories, particularly for larger diameter

Figure 6.17: Schematic of the 2D scanning setup. Taken from [73].
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PMTs. A 105µm multimode optical fiber is mounted on a motorized XY-stage [156] at
a fixed horizontal distance of 60mm from the curved surface, corresponding to the focal
point of the optical system. The light source is a pulsed LED14 coupled to a collimator15,
producing a beam with a FWHM of ∼ 0.9mm on the photocathode. For this work, the
4-inch PMTs are scanned with a step size of 1.4mm, resulting in approximately 4100
individual pixels across the photosensitive area.

Gain and relative Transit Time

In the first measurements, the PMTs are operated at their respective nominal voltage in
SP-readout with a light intensity adjusted to ∼ 0.7PE per pulse. This allows for the
extraction of gain-related parameters, transit time and pulse shape parameters for each
individual pixel, analogous to Section 6.2.1. These scans were performed sporadically
throughout development iterations, with only the key results presented here.

Figure 6.18 (left) displays the spatial gain distribution for a Hamamatsu 4-inch PMT.
The response is homogeneous across the central region. Towards the edges (r > 45mm),
a characteristic drop-off is observed. Since gain is determined solely by the multiplication
of photoelectrons that successfully trigger an avalanche, this spatial variation is driven
by the internal electron optics rather than optical transmission or absolute collection ef-
ficiency. Photoelectrons originating from the periphery follow asymmetric trajectories
through the focusing electric field. Consequently, they frequently strike the first dynode
at non-optimal positions or grazing angles, yielding a locally reduced secondary emission
coefficient. Furthermore, the subsequent collection efficiency between the first and second
dynodes can be degraded for these peripheral trajectories. Towards the outer photo-
cathode edge, photoelectrons miss the active multiplying structure entirely, causing the
effective gain to gradually drop to zero.

The radial projection in Figure 6.18 (right) compares the NNVT and Hamamatsu 4-
inch models. Both exhibit a stable plateau up to r ≈ 42mm with better focusing around

Figure 6.18: (left) 2D gain map of a Hamamatsu 4-inch PMT (BB9786). (right) Radial
projection of the gain normalized to the central region (r < 30mm), comparing the Hama-
matsu (BB9786, red) and NNVT (PO4049, blue) 4-inch PMTs.

14PicoQuant PLS-8-2-719 driven by a PDL 800-B driver (λ ≈ 459 nm).
15Schäfter & Kirchhoff 60FC-SMA-0-A7.5-01
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the neck region r ≈ 37mm. The Hamamatsu PMT maintains slightly better uniformity
in the edge region (r > 45mm), whereas the NNVT response shows larger localized vari-
ations, likely due to differences in the focusing dynode.

The relative transit time in Figure 6.19, defined as the shift of the main peak arrival
time relative to the center (TTr<30mm = 0ns), reveals a distinct asymmetry aligned with
the PMT axis. Since the curvature of the first dynode is oriented towards the positive
y-direction, photoelectrons emitted from the upper half of the photocathode travel a
longer path through the weak-field region than those from the lower half, resulting in a
measurable time difference of O(10 ns).

This effect was systematically studied via a dedicated COMSOL simulation of the
electron optics, developed in [136, 137, 138] under the author’s supervision. The simula-
tion, exemplarily visualized in Figure 6.20 (left), traces individual electrons through the
electromagnetic fields defined by a CT-scanned mDOM PMT geometry. It successfully
reproduces the observed time structure, confirming that the asymmetry originates from
the internal electron optics design.

These scans provided important feedback during the PMT development. Early NNVT
prototypes exhibited severe transit time differences of ∆TTmax ≈ 20 ns between the oppos-
ing edges. While there is no requirement for this, feedback provided from these measure-
ments resulted in a changed design to address this performance difference going forward.
This also holds true for the other measurements, but it is easiest to demonstrate here
with the noticeable design change. By modifying the curvature around the photocathode
edge (see Figure 6.20, right) and focusing electrodes, the final model reduced this spread
to ≈ 12 ns, resulting in performance similar to the Hamamatsu design.

To contextualize the performance, Figure 6.21 compares the spatial uniformity of the
new 4-inch PMTs against the 3-inch mDOM (R15458-02), 8-inch D-Egg (R5912-100) and
10-inch DOM (R7081-02) PMTs. Overall, all PMTs show similar gain homogeneity (top
left panel). The response is stable in the center as well as the neck region and then shows
more variation towards the edges. Since these point clouds are hard to interpret, the

Figure 6.19: (left) 2D map of the relative transit time for an NNVT PMT (PO4049),
showing the impact of the dynode orientation. (right) Radial projection of the transit times
normalized to the central region (r < 30mm) for both 4-inch PMT models.
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Figure 6.20: (left) Exemplary visualization of the electron trajectory simulation for 5000
photoelectrons, with color indicating kinetic energy. Taken from [137]. (right) Comparison
of the NNVT final production model N2041 (left) and prototype (right). While the outer
dimensions are unchanged, the curvature around the photocathode periphery is modified and
a conductive coating is added beneath the black insulation.

standard deviation of pixels inside a relative radius window (bottom panel) quantifies
the uniformity. Because D-Egg and DOM PMTs operate at twice the nominal gain, the
relative gain is used for comparison (bottom left). Using this metric, mDOM PMTs prove

Figure 6.21: Comparison of spatial uniformity across different PMT models including
mDOM, D-Egg and DOM data from [73]. (left) Gain. (right) Relative transit time. Stan-
dard deviations shown below are calculated from all pixels within the respective radial inter-
vals. The gain values are normalized, as D-Egg and DOM PMTs are operated at twice the
nominal gain.
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to be the most stable, while all other PMTs are comparable, establishing both 4-inch
models as viable. Regarding transit time (right panels), the 4-inch PMTs investigated
in this work generally exhibit a wider maximum-to-minimum spread at the outer edges.
This is an expected consequence of scaling the photocathode area while maintaining a
compact dynode chain, which reduces the space available for corrective focusing fields.
Consequently, a longer tail is observed in the TT distributions discussed in Section 6.2.2.
Under diffuse illumination, however, this spatial variation is effectively averaged out and
remains well within the TTS requirements.

As in previous sections, other parameters (TTS, RT, FT, pulse-width, SPE resolution,
charge resolution) were investigated as well, yielding a similar conclusion. Both 4-inch
variants are comparable in terms of overall homogeneity, with NNVT PMTs perform-
ing slightly better in the center but worse towards the edges compared with the 4-inch
Hamamatsu version.

Quantum Efficiency

While Section 6.3 presents the QE over the full photocathode, spatially resolved scans
reveal the local structure of the internal components and allow for further interpretation
of the photocathode deposition. The same scanning setup was used, but the PMT is op-
erated in current mode at high light intensities using the aforementioned QE-base and a
picoammeter to measure the photocurrent generated by the 459 nm LED. The current of
the reference photodiode is measured after every 50 scan points to correct for light source
drifts. Figure 6.22 shows that in the center, until ∼ r = 30mm, the measured response
is stable, where internal components (most notably the first dynode and front plate) are
resolved. From 30mm to 45mm, an enhancement in the effective photon conversion prob-
ability is observed. While the intrinsic QE of the photocathode material remains constant,
photons transmitted through the semitransparent photocathode are reflected by the con-
ductive coating on the PMT neck back into the photocathode, increasing the interaction
probability (photon recycling). This geometric effect is the reason why standard QE mea-
surements, as performed in Section 6.3, yield higher values under full-face illumination

Figure 6.22: (left) Spatially resolved quantum efficiency map of PO2206 (initial production
batch of NNVT’s final model) at 459 nm. The distortion towards negative x values originates
from a slight tilt in the horizontal PMT alignment. (right) Radial projection of the QE.
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compared with a narrowly collimated central spot. With an average of (22.11 ± 1.55)%
across r < 40mm, this spatially integrated effective QE matches the results from the full
cathode illumination (see Figure 6.10; (21.90 ± 0.08)% at 460 nm). The sharp drop-off
at the edges r ≳ 45mm is primarily driven by total internal reflection. Because the colli-
mated beam strikes the curved glass envelope at the PMT periphery at grazing angles, a
significant fraction of the incident light is reflected outward rather than transmitted into
the photocathode.

Localized inhomogeneities, such as the feature observed at y ≈ 40mm, are attributed
to uneven evaporation of the bialkali photocathode material. A dedicated study inves-
tigating the wavelength dependence of these features [164], supervised by the author,
confirmed that such variations are more pronounced at longer wavelengths (> 450 nm),
which are more sensitive to the photocathode work function and thickness.

6.6 Summary
This chapter presents a comprehensive characterization of the 4-inch PMT models devel-
oped by Hamamatsu and NNVT, intended for IceCube-Gen2 and utilized in the LOM16
and LOM18 optical modules. Based on the detailed evaluation, both the Hamamatsu
R16293 and the NNVT N2041 exceed the performance requirements set by the collab-
oration, as listed in Table 6.4. Thus, both models qualify as viable baselines for mass
production.

Table 6.4: Performance summary of the 4-inch PMT intended for IceCube-Gen2. Mechanical
specifications (first three rows) are derived from an inspection of 210 Hamamatsu and 21
NNVT PMTs measured at Chiba University. The performance parameters below represent
the mean of three characterized PMTs from each manufacturer, averaged over temperatures
between −40 ◦C and −10 ◦C. The table is grouped by measurement conditions: TTS and
pulse type probabilities were measured at single-photoelectron levels (µ < 0.1PE), whereas
charge properties and pulse shape statistics were measured at µ ≈ 0.7PE.

Performance metric Requirement Hamamatsu NNVT
Mechanical length (mm) < 106 mm 104.28± 0.22 104.27± 0.57
Mechanical diameter (mm) < 104 mm 102.08± 0.23 103.82± 0.18
Max. neck diameter (mm) < 55 mm 53.29± 0.12 53.3± 0.2
Top QE - 25.8± 0.4 31.1± 1.5
QE at 400 nm > 25% 25.4± 0.5 30.3± 1.4

TTSG,peak (ns) < 3.4 2.49± 0.09 1.78± 0.05
TTSnum σ (ns) - 3.36± 0.08 2.80± 0.06
Pre-/Late-/After pulsing (%) < 1/5/15 0.04/4.83/4.51 0.02/3.65/4.13

Nominal voltage (V) < 1500 971.6± 4.6 757.6± 45.7
Peak-to-valley ratio > 2 3.22± 0.07 2.85± 0.11
Charge resolution (%) - 39.51± 1.10 37.42± 1.18
Rise time (ns) < 5 1.70± 0.06 1.83± 0.07
Fall time (ns) - 1.63± 0.04 1.66± 0.04
Pulse width (ns) - 3.29± 0.08 3.30± 0.05

Dark rate As low as possible 56.3± 2.7 94.0± 4.8
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One notable characteristic of these compact 4-inch PMTs is the pronounced asym-
metric tail in the timing response, quantified by the discrepancy between the Gaussian
and numerical standard deviation for the TTS. This is a direct consequence of the “com-
pactness compromise” as the limited distance from the photocathode to the first-dynode,
required to fit the tight module envelope, results in larger relative path length differences
for photoelectrons originating from the photocathode periphery.

Crucially, the measurements detailed in this chapter served as more than a final valida-
tion, as the feedback provided by this work played an integral part in the iterative develop-
ment cycles spanning several years. The measurements presented here directly influenced
the hardware design, for example driving the optimization of the NNVT photocathode
edge geometry to suppress transit time asymmetries observed in early prototypes.

This successful R&D cycle yielded two mature PMT models with nearly identical
geometries. It is notable that NNVT, initially less established in this form factor, has
achieved competitive performance levels. In fact, a general trend of better timing res-
olution and slightly higher peak QE for the NNVT variants was consistently observed
throughout development and verified against manufacturer quality assurance data for
each production batch. However, regarding the specific QE values listed above, manu-
facturer data indicate that the three NNVT samples represented the high-end of their
production batch, while the Hamamatsu samples represented the low-end of theirs. Con-
sequently, the true performance gap in QE is likely smaller than observed in this study.
The availability of two reliable versions is of strategic importance for IceCube-Gen2. With
a production target of 10 000 optical modules over a span of approximately seven years,
requiring a steady supply of ∼ 20 000 PMTs per year, dual-sourcing is essential to mitigate
supply chain risks and ensure timely deployment.

Future experimental and simulation studies should consider several aspects that were
beyond the scope of this work: The characterization presented here focused on the bare
PMT performance to establish baseline parameters for selection and simulation. Future
measurements may be repeated with the wuBase (see Chapter 5) attached, as the specific
input impedance and signal shaping of the readout electronics will influence effective
saturation limits, as well as charge and timing resolution. In particular, this affects
charge resolution, peak-to-valley ratio and pulse shape parameters (Section 6.2.1) as well
as TTS and pulse type probabilities (Section 6.2.2), whereas dark rates (Section 6.2.3)
and uniformity scans (Section 6.5) are not expected to be affected.

PMT performance is susceptible to external magnetic fields, such as the terrestrial field
of approximately 54.7 µT at the South Pole [165]. The Lorentz force deflects (photo)electron
trajectories, changing gain, collection efficiency and transit time spread, where the impact
of this effect scales with the internal PMT volume. While the 10-inch DOM PMTs and
8-inch D-Egg PMTs required magnetic shielding [119], measurements in [73 (p. 75)] on
3-inch mDOM PMTs showed a maximum efficiency deviation of only 5% in DE, deeming
such shielding unnecessary. The new 4-inch PMTs represent an intermediate case where
the necessity of magnetic shielding has not yet been definitively established.
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7 Mechanical Prototyping and
Component Validation
With the performance of the 4-inch PMTs investigated in Chapter 6, their suitability as
the core sensors for both the current IceCube Upgrade LOMs and the future Gen2-OM has
been confirmed. As introduced in Chapter 5, the LOM16 and LOM18 serve as Gen2-OM
precursor modules deployed as part of IceCube Upgrade. Having established the module
concept and finalized the PMT development, the next stage was the module’s mechanical
realization. Achieving this required comprehensive mechanical prototyping, which is the
focus of this chapter.

While the overarching Gen2-OM development is a collaborative effort, with the fi-
nal IceCube Upgrade LOMs integrated by dedicated teams in Madison and Chiba, it is
important to clearly delineate the work presented herein. Unless explicitly stated other-
wise, the prototyping efforts, experimental setups and physical measurements presented
throughout this chapter were conceived, constructed and carried out independently by
the author. Within the scope of these developments, the majority of the foundational
engineering was tailored for and directly enabled the production of the LOMs, while the
development of the optical gel pads serves as a universal coupling solution applicable
to both the LOMs and the Gen2-OM. Furthermore, a pneumatic integration mechanism
is proposed to resolve the mass production bottlenecks for the future Gen2-OM. This
chapter is divided into two primary areas of development: Section 7.1 details the mechan-
ical prototyping efforts undertaken for module assembly, while Section 7.2 presents the
validation of individual physical components.

7.1 Prototyping Efforts
The development of the module’s mechanical realization required multiple iterative design
phases. While the full scope of this engineering effort is extensive, this section focuses
exclusively on the author’s primary mechanical prototyping developments that directly
influenced the assembly procedure of the deployed LOMs, while also proposing scalable
solutions for the future Gen2-OM. Key independent contributions include the develop-
ment of gel pad geometries and casting procedures (which established the thermoforming
process now used for IceCube Upgrade LOM production) alongside PMT placement op-
timization. In addition, substantial independent R&D focused on mechanical support
structures, internal module layouts and reliable pushing mechanisms to couple the gel
pads to the pressure vessel.

7.1.1 Gel Pad Casting

The optical gel coupling the PMTs to the pressure vessel is a transparent Shin-Etsu
silicone elastomer created by mixing two components (A and B). While a standard 1:1
ratio is typical, stiffer gel pads can be produced using a 1:1.25 ratio (as used for the
LOM18; 1:1.2 for the LOM16). However, ratios exceeding 1:1.5 alter the cured gel’s optical
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properties [166 (p. 33)] (samples provided by the author). The liquid mixture is degassed
at 5mbar to eliminate entrapped air bubbles from mixing. Reducing the pressure below
this value must be avoided, as it evaporates the hardening agent contained in component
B and prevents complete curing. After pouring the gel into molds to form the gel pads
(which inevitably entraps air), a secondary, geometry-specific degassing profile is applied.
While mDOM mass production utilizes automated metering and mixing machinery1, these
localized prototyping procedures were executed manually.

Gel Pad Designs

Early iterations explored in situ casting, constraining the gel directly against the PMT
using transparent acrylic shells. This aimed to eliminate the need for secondary optical
coupling during assembly. While the material’s refractive index does not alter the total
internal reflection (TIR) angle, the shell walls needed to be thin to prevent photon loss
at the photocathode edge. Although optical clarity at room temperature looks promis-
ing, environmental testing (500mbar internal underpressure and temperatures down to
−40 ◦C) revealed a mismatch in the coefficients of thermal expansion. Upon cooling, sig-
nificant delamination formed between the acrylic shell and the gel, creating an additional
optical air boundary that negated the gel’s purpose. In combination with difficult de-
gassing procedures during assembly, this ultimately led to the method’s rejection, as no
suitable transparent material could be sourced.

Alternatively, a solid acrylic lens was also considered. However, this still necessitated
thin optical gel layers at both the PMT and pressure vessel interfaces to ensure genuine
optical as well as mechanical coupling. Beyond the high manufacturing costs, rigid lenses
lack the mechanical flexibility of cured silicone to safely compensate for the pressure ves-
sel’s inward deformation under refreezing ice (Section 7.2.1) or internal holding structure
shrinkage. Both discarded designs are shown in Figure 7.1.

Following these attempts, trials utilizing a removable two-part mold inside the pressure
vessel, where the gel pad was partially cast before being subsequently coupled to the glass
pressure vessel using a liquid gel “puddle” during assembly, showed promising results. To
further optimize for mass production, this concept evolved into the pre-casting method,

Figure 7.1: (left) Acrylic shell concept for in situ casting using an overflow basin, with
arrows indicating gel flow. (center) Thermal delamination in the acrylic shell (shown for an
opaque material for visibility) after 4 days at temperatures of −40 ◦C. (right) Solid acrylic
lens requiring interface gel layers (coupled to a pressure vessel).

1MeterMix PAR 30
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Figure 7.2: (left) Early pre-cast gel pad showing surface roughness from a 3D-printed
mold used in a mechanical prototype utilizing springs to press the gel pads towards the inner
pressure vessel surface. (right) Refined gel pad cast using a smooth thermoformed sheet
overlay, enabling efficient TIR on and transmission through the side walls. Picture courtesy
of the IceCube collaboration.

where the gel pads are fully cast and rotationally locked onto the PMTs in modular
subassemblies outside the module prior to integration (see Section 7.1.2).

These two-part molds ensure consistency by constraining the PMT height and lock-
ing the gel pad rotation to the PMT’s symmetry axis. Initial 3D-printed molds yielded
insufficient surface finishes. A smooth side wall is critical to enable TIR, acting as a
reflector for forward-going light and a clean transmission boundary for light incident from
the sides.2 To achieve this, the optimized 3D-printed molds were overlaid with thermo-
formed sheets, ensuring an optically smooth surface finish and mold reusability.3 This
thermoforming method was adopted for official LOM production. Figure 7.2 compares an
early 3D-printed prototype with a refined thermoformed pad.

Material Selection

To identify mold materials that release cleanly while maintaining an optically smooth sur-
face finish, dedicated adhesion tests were conducted on various polymers. Test samples
were machined into smooth disks (30 mm in diameter and 10mm thick, tapped with an M6
thread) and submerged 3 mm into freshly degassed optical gel contained in a petri dish.
Following a secondary degassing step to remove any placement-induced air bubbles, the
gel was allowed to fully cure. Adhesion properties were quantified using a custom testing
assembly established in [73 (pp. 156–159)], which was utilized and adapted by the author
to systematically evaluate the newly proposed mold materials. The petri dish containing
the cured gel is secured within a rigid aluminum frame and the sample disk is attached to
a force gauge mounted on a linear stepper motor. The motor extracted the sample at a
constant velocity of 0.1mm/s, continuously recording the vertical pulling force against dis-
placement until complete detachment occurred. The resulting force-displacement curves
provide insight into the demolding mechanics. Ideal mold materials exhibit a low peak

2While the PMT interface is always clear and the bottom of the gel pad receives an additional liquid
layer during assembly, the surface finish on the side wall significantly impacts photon collection efficiency.

3Achieved using a Mayku FormBox vacuum forming machine with Clear Sheets.
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Figure 7.3: (left) Force-displacement curves for PVC, illustrating the extraction of peak
adhesion force, separation distance and detachment snap speed from a representative mea-
surement, highlighting one out of four samples. (right) Adhesion performance summary.
Mean peak force is plotted against separation distance, with the logarithmic bubble size rep-
resenting the detachment speed for each material.

adhesion force, a short separation distance (indicating little elastic stretching of the gel
before detachment) and a steep force decay slope, corresponding to a clean release rather
than gradual peeling. Figure 7.3 (left) illustrates the extraction of these three distinct
metrics using PVC measurements as a representative example.

A performance summary of all tested candidates is presented in the right panel. Ac-
cording to these measurements, the most suitable mold materials are polyethylene (PE),
high-density polyethylene (HDPE) and polystone (PS), which populate the bottom-left
quadrant of the plot. They are plotted with noticeably smaller bubble sizes, represent-
ing a fast detachment snap speed, alongside a good balance of low separation force and
minimal stretching distance. Conversely, aluminum and glass were included as baseline
references because it was known beforehand that the gel strongly adheres to them. As
expected, these materials yielded high resistance and appear in the top-right of the plot,
demonstrating exceptionally strong mechanical coupling to the pressure vessel. Overall,
the results show that the majority of the tested bare polymers perform comparably well
and serve as suitable mold materials. This finding was further confirmed during later
thermoforming trials, where sheet materials such as polyethylene terephthalate glycol
(PETG), PE and polypropylene (PP) consistently yielded clean releases. Additionally,
various demolding agents (including powders, sprays and soapy water) were evaluated.
However, the results provided no empirical evidence that these agents significantly im-
proved the release process compared with the bare thermoformed polymers like PP or
PETG. To maintain a streamlined assembly procedure, demolding agents were omitted
in all subsequent prototyping and the final IceCube Upgrade LOM assembly.

7.1.2 Mechanical Prototype for Gen2-OM

While the LOM16 and LOM18 successfully demonstrated the viability of the multi-PMT
and gel pad concepts, their current manual assembly techniques (particularly the com-
plex integration process involving the backfilling of partially pre-cast gel pads inside the
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pressure vessel) are not readily scalable to IceCube-Gen2 production requirements. The
time constraints of large-scale production therefore necessitate a streamlined assembly
process. As a result, the mechanical architecture of the LOM16 was selected as the pri-
mary baseline to optimize the final Gen2-OM for high-throughput mass production. To
ease internal space restrictions and relax mechanical tolerances, the Gen2-OM pressure
vessel dimensions are slightly enlarged from this baseline (outer diameter from 312mm to
318mm, height from 444mm to 486mm).

This subsection presents a mechanical prototype tested within the tighter constraints
of the existing LOM16 pressure vessel, designed specifically with mass production in mind.
It revives the use of fully pre-cast gel pads to eliminate internal liquid backfilling, reducing
the integration time. Precision component positioning and controllable contact forces
are achieved using an integrated pneumatic pushing mechanism. Driven via pneumatic
tubing, scissor lifts uniformly press the PMT subassemblies against the inner surface of
the pressure vessel and remain operable under simultaneous vacuum and low-temperature
conditions. To ensure scalability, the lifts are reusable across assemblies and the holding
structure is optimized for injection molding. The prototype evaluates two optical coupling
configurations: dry-fitting bare pre-cast pads directly against the glass as well as applying
a thin interface layer of liquid gel.

Assembly

This setup represents the third mechanical prototype iteration designed, assembled and
tested entirely by the author, replacing an earlier lever-activated spring design (see Fig-
ure 7.2, left) that lacked fine force control. In the current iteration, 3D-printed mounting
brackets featuring guide grooves are glued to the PMT necks, locking the fully pre-cast gel
pad’s rotation to the PMT’s symmetry axis during casting. Drawing on previous designs,
this assembly utilizes a central vertical shaft for precise internal alignment. However,
rather than anchoring the shaft (and thus all internal components) to the curved poles of
the pressure vessel, it is temporarily referenced to the flat sealing surface of the pressure
vessel via a metal cross during integration. The 3D-printed holding structure is loaded
with four opposing PMT subassemblies (two polar, two equatorial). Each connects to a
pneumatic scissor lift operated via a shared 2.5mm inner diameter pneumatic tubing loop,
which distributes 4 bar of compressed air to activate all lifts simultaneously. Crucially,
this shared pneumatic line acts as an auto-balancing system. Unlike rigid mechanical
springs, which would exert uneven forces if the PMT subassemblies or gel pads exhibit
slight manufacturing tolerances, the interconnected pneumatic loop inherently equalizes
the applied force across all PMTs, ensuring uniform optical coupling. When retracted,
the lifts provide > 5mm of horizontal clearance per PMT, accommodating mechanical
tolerances even within the narrow LOM16 vessel. The entire structure, mounted to the
metal cross, is lowered via guide rods into the pressure vessel hemisphere secured inside
a vacuum-capable rig. Once seated, the guide rods are removed, the vacuum lid may be
placed and the scissor lifts are pneumatically engaged to push the PMTs outward against
the glass. The assembly rig and pushing mechanism are shown in Figure 7.4.

To evaluate coupling strategies, the two polar PMTs were prepared differently: one
was dry-fitted directly to the glass to assess whether a liquid interface could be entirely
omitted to accelerate assembly, while the other received a manually applied (partially
cured) liquid gel layer to ensure conformal coupling. Applying a thin surface coating of
liquid gel differs from and is significantly faster than the backfilling method used during
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Figure 7.4: (left) CAD rendering of the assembly rig. (center) Photograph of the loaded
internal assembly. (right) Photograph of the scissor lift pushing mechanism in the retracted
state before assembly. Gel pads are protected by cling film or thermoformed PETG sheets.

LOM production. For future mass production, this manual application could be replaced
by the motorized dip-coating method developed for the WOM [167], where withdrawal
speed from a gel reservoir precisely dictates the resulting layer thickness. Once coupled,
the assembly undergoes a degassing profile, which also proved to be viable during LOM
production: the internal pressure is slowly ramped down to 5mbar, held for one hour to
evacuate entrapped air bubbles and then slowly returned to atmospheric pressure. The
module cures for a minimum of two days, with the pneumatic lifts actively maintaining
constant pressure on the gel interfaces. While the setup can utilize a heating cabinet
for consistent environmental conditions, tests demonstrated that maintaining a vacuum
during the extended curing phase severely compromises the gel’s structural integrity.

Following the curing phase, the pneumatic pushing mechanism and the temporary
metal cross can be fully detached and immediately cycled into the next assembly. While
the internal vertical shafts of the upper and lower hemispheres can be structurally linked
during final module integration, the PMT subassemblies themselves are securely anchored
to the glass solely by the cured gel pads. The mechanical adhesion and structural integrity
of this silicone interface are exceptionally robust, as reversible tests show that a vertically
applied shear load of 10 kg on a coupled PMT induces no permanent deformation or
delamination, demonstrating that the cured gel bond alone is sufficient to maintain the
internal positioning without additional mechanical clamping.

In-Module environmental Testing

To verify the long-term stability of the optical coupling, the fully loaded assembly was
subjected to in-module environmental conditions: an internal pressure of 500 mbar and
an ambient temperature of −40 ◦C. For continuous visual monitoring, four strategically
placed webcams4 recorded time-lapses of the gel-glass interfaces. The initial test subjected
the assembly to combined vacuum and freezing conditions for three days, as shown in
Figure 7.5.

For the dry-fitted polar PMT, small air pockets emerged at the interface immediately
upon the application of the vacuum. However, these bubbles were strictly confined to
the boundary between the solid gel pad and the glass pressure vessel (not trapped within
the gel pad) and their size and distribution remained entirely static over the three-day
duration. Future studies should quantify any optical performance penalty associated with

4Logitech C270 (V-U0018), capturing 480 × 640 resolution images at defined intervals.
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Figure 7.5: (left) Start of the test after evacuation and activation of the freezer. (right)
After 3 days at −40 ◦C and 500mbar internal pressure. The top row shows the dry-fit coupling
and the bottom row shows the liquid-layer coupling, with red circles highlighting bubbles on
the outer side walls rather than at the glass interface.

these boundary bubbles and weigh it against the assembly time saved by omitting the
liquid interface. Furthermore, as this represents a single, first-time trial of dry-fitting fully
pre-cast pads, these bubbles may simply be an artifact of the initial manual procedure.
Consequently, optimizing the dry-fit method remains a promising approach worth pursu-
ing further. For the PMT utilizing the liquid gel interface, the bubbles visible near the
pad’s rim in the initial frame resulted solely from manually applying excess liquid gel (a
handling artifact of spreading gel onto the side walls) rather than an interface failure. No-
tably, no significant bubble formation or delamination occurred at the optical boundary
during the test. Due to equipment limitations preventing prolonged simultaneous vacuum
and cooling, a subsequent long-term test was conducted solely at −40 ◦C for more than
seven months. As shown in Figure 7.6, the long-term observations are consistent with
the short-term findings. Both the dry-fit and liquid-layer interfaces remained structurally
and optically stable, with no new defects or delaminations emerging over the seven-month
period.

While a single-person prototyping iteration naturally exhibits handling imperfections
compared with the heavily refined IceCube Upgrade LOMs developed over years by ded-
icated teams, these results are promising as the initial bubble formations parallel the
challenges faced during early LOM R&D. More importantly, the controllable pneumatic
pushing mechanism proved effective, removable and reusable without damaging the cured
assembly. With further refinement, such as implementing automated dip-coating for a
consistent layer thickness of liquid gel, this fully pre-cast coupling strategy represents a
potential scalable assembly approach for the Gen2-OM, eliminating the labor-intensive
backfilling procedure currently required for LOM production.
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Figure 7.6: (left) Start of the test reaching −40 ◦C. (right) After seven months at −40 ◦C.
The top row shows the dry-fit coupling, with red circles highlighting stagnant air pockets
observed during monitoring. The bottom row shows the liquid-layer coupling, with red circles
highlighting bubbles on the outer side walls rather than at the glass interface.

7.2 Component Testing
In addition to validating the integrated module assembly, several individual components
require independent characterization. The structural integrity of the pressure vessel must
be verified against the external hydrostatic pressure induced during the borehole freeze-
in phase (see Section 3.4). Additionally, the optical efficiency of the gel pads must be
quantified and the internal metallic holding structure used in the LOMs must be proven
not to induce anomalous PMT dark rates. While the optical shadowing effects caused by
the external deployment harness are addressed separately via simulation in Chapter 8,
this section focuses exclusively on the mechanical and localized empirical performance of
the internal components.

7.2.1 Pressure Vessel

Two viable manufacturers supply the borosilicate glass pressure vessels: Nautilus Marine
Service GmbH (utilized for the LOM16) and Okamoto Glass Co., Ltd. (utilized for the
LOM18). While differences in the radiopurity of these glasses inherently impact the optical
background rates of the modules (detailed in Chapter 9), this section focuses exclusively
on their mechanical deformation under pressure.

To withstand the deep-ice refreezing process, the pressure vessels require a fully re-
versible pressure rating of 700 bar. Mechanical testing of the LOM16 pressure vessel was
conducted at the Nautilus pressure-testing facility. To actively monitor the pressure ves-
sel’s horizontal (radial) and vertical compression, a custom deformation logger (adapted
and modified from earlier design iterations [116]) was developed and installed inside the
pressure vessel, as shown in Figure 7.7. The logger utilizes linear motion potentiometers
(LMPs) read out via a Phidgets InterfaceKit, providing an analog voltage (0V to 5V)
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Figure 7.7: (left) Photograph of the deformation logger placed inside a LOM16 pressure
vessel. (right) Close-up of the internal mounting structure and the LMPs.

corresponding to a 12.5mm travel distance with micrometer precision. Multiple sensors
were mounted along each axis to measure average deformations, mitigating alignment
errors. The USB readout was routed entirely through the module’s PCA to an external
laptop.

The pressure vessel was subjected to a ramp-driven pressure profile, shown in Fig-
ure 7.8 (left). The right panel of Figure 7.8 demonstrates that the structural compression
is a fully reversible linear process up to the 700 bar target. Linear fits to the data yield
a horizontal deformation rate of 5.67 × 10−3 mm/bar and a vertical deformation rate of
3.53× 10−3 mm/bar.

These measurements were compared against a finite-element (FE) simulation provided
by the manufacturer, shown in Figure 7.9. For the horizontal axis, the simulation predicts
a compression of 1.78mm per side, equating to a total diameter reduction of 3.56 mm.
This is consistent (within ∼10%) with the measured 3.93mm total horizontal deforma-
tion, with the minor discrepancy likely attributable to a slight tilt in the internal sensor
assembly. Conversely, the vertical axis exhibited a more pronounced deviation. The sim-
ulation predicts a total vertical compression of 1.73mm (0.87mm per hemisphere), while
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Figure 7.8: (left) Results of the pressure test showing the total structural deformation as a
function of time across two subsequent pressure ramps. (right) Measured deformation as a
function of applied pressure, with measurement points from all ramps overlaid.
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Figure 7.9: Finite-element simulation of the LOM16 pressure vessel under an external hy-
drostatic pressure of 700 bar, provided by the manufacturer [168].

the empirical measurement recorded 2.42mm. According to the manufacturer, this un-
derestimation in the idealized FE model likely arises from the glass hemispheres’ ground
equatorial sealing surfaces; during their first deep pressurization cycle, these microscopic
surface irregularities are pressed more firmly together than the continuous material model
predicts [168].

Finally, it should be noted that these 700 bar pressure tests were conducted at ambient
room temperature, where the temperature in the chamber continuously decreased from
17.5 ◦C to 15.5 ◦C over the duration of the test, as measured by temperature sensors inside
the pressure vessel. In situ, the optical module faces this hydrostatic load simultaneously
with temperatures down to −40◦C. While the borosilicate glass exhibits negligible thermal
contraction (< 0.1mm diameter reduction for ∆T = −60K), the internal components and
silicone gel possess significantly higher thermal expansion coefficients. The true in situ
stress environment is thus a combination of external pressure driving the pressure vessel
∼ 4mm inward, while thermal contraction simultaneously pulls the internal components
away from the glass. Because simultaneous deep-freeze and 700 bar testing of integrated
modules is experimentally infeasible, thorough validation relies on combining isolated
long-term thermal-vacuum tests (Section 7.1.2) and compression studies, as presented
here. Ultimately, the integrity of the optical bond entirely depends on the compliance of
the gel pads to elastically absorb these conflicting dimensional shifts.

7.2.2 Gel Pad Efficiency

Beyond verifying the structural integrity and optical clarity of the gel pads, their quan-
titative impact on the photon detection efficiency must be evaluated. To measure this
performance gain, PMTs equipped with pre-cast gel pads (provided by Chiba University
from the LOM18 production) are mounted on a custom, high-precision, stepper-motor-
controlled rotation table. The central axis of the rotation table is aligned with the center-
point of the PMT photocathode. The PMTs are illuminated by a diffuse light source
emitting ∼ 10PE at nominal gain and the signal is read out in current mode utilizing a
picoammeter. This experimental setup is shown in Figure 7.10 (left), where the method-
ology is adapted from angular acceptance measurements previously performed for the
mDOM reflectors [116 (pp. 166–174)].
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Figure 7.10: (left) Experimental setup for measuring the angular acceptance of a PMT
with attached gel pads. (right) Photograph of a PMT with the asymmetric polar LOM18
gel pad attached in the upright position within the measurement setup.

Measurements are recorded from −180◦ to 180◦ in 0.5◦ increments, where 0◦ is defined
as the PMT symmetry axis oriented parallel to the incident light. To mitigate systematic
errors, the rotation is performed twice per measurement sweep and background dark
currents are recorded immediately before and after illumination for baseline subtraction.
Each gel pad configuration is characterized three times with identical supply voltage:
coupled to the gel pad in both upright and sideways orientations, and finally as a bare
PMT after the gel pad’s removal. Both partially pre-cast gel pads from the LOM18
assembly feature high-quality TIR surfaces but lack a backfilled center, leaving a slight
internal cavity.

The resulting data, plotted as dark-current-corrected relative angular acceptance nor-
malized to the 0◦ response of the respective bare PMT, is shown in Figure 7.11. A
photograph showcasing the asymmetric polar gel pad in the measurement setup is shown
in Figure 7.10 (right). The gel pads enhance forward acceptance, achieving nearly iden-
tical maximum relative values of 1.42 (sideways) and 1.41 (upright) at 0◦ compared with
the bare PMT baseline for the polar configuration, as well as 1.34 (sideways) and 1.39
(upright) for the equatorial configuration. However, as the incident angle diverges from
the central axis, the two orientations exhibit distinct acceptances towards higher angles.
Because the LOM18 pressure vessel is elongated rather than perfectly spherical and the
PMTs are tilted with respect to the pressure vessel’s nominal surface, the gel pads are
mechanically asymmetric to match the varying curvature of the glass. This asymmetry
is further compounded by the relative tilt of the PMT axis for the equatorial gel pads.
Sweeping across the pad’s distinct major and minor axes thus yields differing boundaries
for refraction and TIR.

This geometric asymmetry causes the sideways orientation to maintain a broader
acceptance profile at wider off-axis angles than the upright orientation, which mathe-
matically accounts for the discrepancy in their integrated overall photon capture rates
(increasing by a factor of approximately 1.82 versus 1.67, respectively, for polar and 1.74
versus 1.70 for equatorial). This divergence is attributed to the orientation of the asym-
metric pad: the wider, thicker portion of the gel pad (visible at the top in Figure 7.10,
right) points towards positive rotation angles during the sideways sweep. As a result,
rotation in the negative direction moves the bulk of the gel pad into the incident illumi-
nation. This asymmetry culminates in a distinct secondary peak at approximately −110◦
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Figure 7.11: Relative angular acceptance of the tested gel pad configurations, normalized
to the 0◦ dark-current-corrected response of the bare PMT. (left) Polar LOM18 PMT with
gel pad. (right) Equatorial LOM18 PMT with gel pad. Uncertainties too small to visualize.

and induces an angular shift of the central maximum towards ∼ 25◦. Conversely, the
upright orientation maintains a more symmetric profile, exhibiting less pronounced sec-
ondary peaks at approximately ±150◦ for the polar gel pads. Noticeably, the response
does not reach zero towards ±180◦ despite the light-tight black enclosure. For the gel pad
configurations, this is expected: the projected outer edge of the pad is not completely
shadowed by the PMT body, allowing back-incident photons to strike the side of the gel
pad and reflect internally onto the photosensitive area (converging at a relative response
plateau of ∼ 0.18 for all four orientations). Conversely, the bare PMT response drops to
0.045 instead of zero, representing a minor baseline offset attributable to a combination
of slightly tilted manual alignment, weak stray reflections or an underestimated dark cur-
rent. Finally, the underside of the PMT is partially obstructed by the mounting structure,
slightly decreasing the response with gel pads for incident angles ≳ |130◦|.

When interpreting these results, a geometric caveat must be considered: this exper-
imental setup evaluates the acceptance in air, effectively representing the optics inside
the module. In a fully assembled, deployed module, however, gel pads are coupled to the
curved glass pressure vessel. This glass refracts incoming photons, fundamentally alter-
ing the incident angles at which they strike the gel pad and modifying the transmission
probabilities due to a closer refractive index match between the glass and the gel. Thus,
while this measurement isolates the gel pad’s intrinsic performance and TIR capabilities,
the overall effective area of the complete module (accounting for pressure vessel optics
and in-ice scattering) is evaluated via dedicated Geant4 simulation studies in Chapter 8.
As a point of reference for this scaling, prior independent full-module simulations in [10
(p. 114)] have demonstrated that the inclusion of optical gel pads increases the overall
photon detection efficiency by a factor of approximately two compared with a baseline
with no gel pads.

7.2.3 Influence of metallic Holding Structure on PMT Noise

The proximity of metallic components at different electrical potentials near a PMT pho-
tocathode can induce external electric fields that severely increase dark rates [135]. This
effect is particularly pronounced when operating PMTs under negative high voltage (HV),
necessitating mitigations such as the external conductive coating applied around the PMT
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Figure 7.12: PMT dark rate as a function of temperature for a bare 4-inch NNVT PMT and
the same PMT mounted within the sheet metal holding structure (HS), measured for both
positive and negative HV polarities.

stems. In mDOMs, the surrounding metallic reflectors must be actively maintained at
the photocathode potential to prevent additional noise inflation [73 (pp. 163–168)]. The
internal support structure of the LOM16 is constructed from simple sheet metal. While it
is situated behind the photocathode edge rather than protruding directly into the forward
optical plane, its electrical proximity still warrants empirical verification to ensure it does
not contribute to the overall module noise.

To quantify this electrical proximity effect, dedicated dark rate measurements were
conducted on 4-inch NNVT PMTs (the experimental setup and procedures are detailed
in Section 6.2.3). The PMT is operated in pulse mode utilizing a passive base at nominal
gain and is evaluated under both positive and negative HV polarities. Measurements are
conducted inside a climate chamber across a temperature range of −50◦C to +20◦C in
10◦C increments. The PMT is tested in two configurations: completely bare and mounted
within the metallic LOM16 holding structure.

The resulting temperature-dependent dark rates are presented in Figure 7.12. The
data reveals no statistically significant or systematic increase in dark rate when the PMT is
mounted in the metallic holding structure compared with its bare baseline. While minute
deviations (on the order of ≲ 15 s−1) are observable, particularly for the bare PMT with
negative polarity at low temperatures, these do not indicate field-emission scaling. In-
stead, they are attributable to minor systematic measurement tolerances: triggering the
data acquisition at a fixed 2mV threshold translates to a slightly different fractional pho-
toelectron threshold, even while the gain is kept at a calibrated nominal value between the
distinct setup configurations and temperatures. These measurements therefore demon-
strate that the sheet metal holding structure used in LOM16 has no impact on PMT dark
rates.

7.3 Summary and current Status
The preceding prototyping and development phase for the Gen2-OM has concluded with
the LOMs. A final design review (FDR) of all components, together with design verifica-
tion testing (DVT) of fully assembled modules, demonstrated the structural and optical
integrity of both module designs. Ultimately, five LOM16 and four LOM18 modules were
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successfully deployed into the ice as part of IceCube Upgrade. At the time of writing,
the integration of these novel multi-PMT modules into the existing IceCube software
framework and data processing pipelines is actively ongoing.

Looking toward the future IceCube-Gen2 array, the LOM16 architecture has been es-
tablished as the baseline design. However, to ensure the feasibility of mass-producing 9600
units, the tight internal space constraints of the LOM16 are relaxed slightly to accommo-
date scalable assembly methods. Building upon this foundation, the finalized Gen2-OM
will therefore adopt the moderately enlarged pressure vessel geometry introduced in Sec-
tion 7.1.2. Given the years of close collaboration with both glass manufacturers and the
consistent success of prior pressure testing campaigns (Section 7.2.1), the procurement
and validation of this revised pressure vessel design are considered low-risk.

This modified pressure vessel geometry, however, necessitates a redesign of the internal
layout, including the gel pad configuration. This upcoming development phase provides
an ideal opportunity to further investigate the scalable assembly concepts developed and
tested in this work. To transition from manual prototyping to mass production, future
assembly protocols may build on the strategies outlined in Section 7.1.2:

• Fully pre-cast Gel Pads: Utilizing scalable thermoforming techniques to cast
complete gel pads that are rotationally locked to the PMT symmetry axis. This
step offers the greatest reduction in assembly complexity, as it has the potential
to completely eliminate the time-consuming liquid backfilling process used during
LOM production.

• Controllable pneumatic Integration: Employing reusable, pneumatically driven
scissor-lift mechanisms to rapidly, precisely and evenly couple the PMT subassem-
blies to the inner glass surface under simultaneous vacuum conditions.

• Scalable internal mechanics: Transitioning from 3D-printed mechanical holding
structures to finalized designs optimized for rapid injection molding.

Ultimately, adopting a fully pre-cast optical coupling strategy, supported by dedicated me-
chanical assembly tooling, provides a practical route toward reproducible, high-throughput
assembly required for the unprecedented scale of IceCube-Gen2.



92

8 Optical Module Performance
Simulations
Following the development and mechanical realization of the Gen2-OM precursor modules,
the next step is to quantify their expected performance within the detector environment.
For accurate event reconstruction, the wavelength- and direction-dependent sensitivity
of each optical module must be precisely understood. A central performance metric de-
scribing this acceptance is the effective area, which provides a quantitative measure of
the photon detection capability and serves as the primary benchmark for comparing the
acceptance of the Gen2-OM precursor modules. The underlying Geant4 simulation frame-
work and optical module implementations required to model this response are introduced
in Section 8.1, followed by the evaluation of the effective area results in Section 8.2.

8.1 Geant4 Simulation Framework
Geant4 is a C++-based Monte Carlo simulation toolkit designed to model the passage of
particles through matter [169, 170]. Its applications span various fields of particle physics,
including high-energy, nuclear and accelerator physics. Throughout the years, a special-
ized framework OMSim [171] has been developed primarily for the characterization of
IceCube’s optical modules. This framework builds upon a simulation originally developed
for two PhD theses [116, 172], which was later generalized for any optical module. Follow-
ing contributions from [73], it now incorporates a detailed PMT simulation. Previously,
only the mDOM was fully (and the DOM partially) implemented within this framework.
In this work, the complete geometries and the necessary parameters for background esti-
mation (see Chapter 9) have been extended to include the D-Egg, LOM16 (building on
initial implementations in [173, 174]) and LOM18.

In Geant4, geometries are constructed following a definite hierarchy. First, basic
shapes such as cylinders, spheres and cones are defined as solids. Each solid is then as-
sociated with a logical volume, which dictates its material properties and environmental
characteristics. Finally, to position the object, the logical volume is instantiated as a
physical volume within a larger parent volume (e.g., the surrounding ice environment).
For effective area simulations, only optical processes governing photon interactions, specif-
ically absorption, boundary processes (refraction and reflection) and Mie scattering, are
simulated. These interactions are governed by the assigned material properties derived
from empirical measurements.

Optical Module Geometries

For basic estimates, only the glass pressure vessel, optical gel and PMTs are required.
However, the deployed modules contain additional geometries, such as harnesses, holding
structures and electronics, which can physically shadow the photocathodes. Because these
components are complex and difficult to implement natively in Geant4, they are imported
from CAD files based on the method described in [175]. These CAD geometries are
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Figure 8.1: Visual comparison between real-world optical modules (top, pictures courtesy of
the IceCube collaboration) and their counterparts as implemented within OMSim (bottom).

slightly optimized prior to import1, assigned realistic material properties and placed into
their respective logical volumes. A drawback of CAD-imported geometries is that they are
rendered as tessellated objects, which can introduce unwanted boundary effects between
volumes. Thus, this import method is restricted strictly to passive (opaque) components.
An overview of the implemented module geometries, as introduced in Chapters 3 and 5,
is presented in Figure 8.1.

PMT Response Simulation

Once photons reach the PMT geometry, their detection must be modeled as realistically
as possible. The key implementations include:

• The PMT glass bulb geometry is generated by fitting lines, circles and ellipses
to the manufacturer’s technical drawings. Based on these outer dimensions, the
borosilicate bulb glass is modeled with a uniform 2mm thickness.2

• The photocathode is modeled as a distinct entity from the PMT glass, possess-
ing unique optical properties. It incorporates thin-layer optics [176], as its phys-
ical thickness (≈ 20 nm) is smaller than the wavelengths of the incident photons
(270 nm− 750 nm).

1Potentially overlapping geometries, such as the inner surface of the harness waistband, are thinned
out, and complex details such as mounting holes or threads are removed to reduce compilation time.
These modifications do not alter the optical module’s response beyond statistical uncertainties. The
inclusion and routing of the PCA depend on available CAD files. In total, 19 such CAD geometries are
utilized across all optical module implementations.

2Although the CT scan of an mDOM reveals slight inhomogeneities in glass thickness, any resulting
discrepancies in optical sensitivity are compensated for by the subsequent PMT matching.
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• Internal components, such as the front plate3, can reflect photons that initially pass
through the photocathode onto different photocathode locations, as discussed in
Section 6.3.

• Each location on the photocathode is assigned a position-dependent detection proba-
bility weight based on the empirical measurements from Chapter 6. This calibration
process is referred to as PMT matching.

For a comprehensive explanation of this methodology, the reader is referred to [73 (pp. 128–
143)], where PMT matching was pioneered for the mDOM PMT. In this work, the PMT
geometries and accompanying measurement matching procedures have been finalized and
extended to all IceCube PMT models. The respective PMT matching encompasses the
following steps:

1. The QE measurement from Section 6.3 is recreated within Geant4 to yield the
fraction of absorbed photons per simulated wavelength.4 This establishes a baseline,
simulation-native “QE” derived from initial material properties.

2. Weights are then calculated within the simulation to map the simulated absorption
fractions directly to the empirical QE measurements for each wavelength. This
calibrates the simulated PMT to reproduce the measured QE curve (Figure 6.10).
At this stage, the overall QE is accurate, but the simulated photocathode remains
uniformly sensitive across its entire surface.

3. To account for local variations in sensitivity across the photocathode, as observed
in Figure 6.22, the 2D scan measurement setup is also recreated in the simulation.
The relative change in DE for each spatial coordinate is assigned by mapping the
simulated absorbed fraction to the measurement values (based on [73 (pp. 88–90)]).5
Therefore, the simulated PMT accurately reflects empirical, position-dependent ef-
ficiency.

4. Finally, the 2D scan results for relative TT, TTS, gain and SPE-resolution (e.g.,
Figure 6.19) are mapped to their corresponding photocathode coordinates. For dedi-
cated temporal studies utilizing these parameters, the specific rotational orientation
of the simulated PMT within the optical module becomes relevant at this point.
While the mDOM PMT was mapped across multiple wavelengths (from 460 nm to
640 nm), all other PMTs were scanned exclusively at 459 nm. Although parameters
such as TTS and gain exhibit slight non-trivial wavelength dependence [73 (pp. 96–
102)], the 459 nm scans serve as the baseline parameterization for these modules in
the present simulation.

The optical properties of the internal components (reflective side walls, front plate, metal-
lic strips and the first dynode) were recently remeasured in [177] under the author’s su-
pervision. While the updated optical properties are generally consistent with the initial
results presented in [73], the slight differences observed are attributed to inter-sample
variations between the tested PMTs. After rematching the mDOM PMTs using the

3The internal component geometries were obtained via CT scan of a 3-inch mDOM PMT. For larger
PMT models, this baseline geometry is scaled accordingly. While not perfectly exact for every model,
simulating these internal reflections and weighting them against measurements provides a more accurate
model than artificially stopping transmission at the photocathode.

4Because the empirical QE values for the D-Egg and the DOM were provided by Chiba University
and the University of Wisconsin–Madison respectively, their specific experimental beam geometries are
recreated separately in the simulation.

5These measurements were conducted at high intensities (∼ 50PE) to avoid cutting out SPE pulses,
as IceTray parametrizes SPE behavior downstream.
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Figure 8.2: (left) Geant4 visualization of a 4-inch Hamamatsu LOM PMT, illustrating
possible photon interactions beyond the initial photocathode boundary. The HA-coating
and the reflective inner surface at the PMT neck are omitted for visual clarity. (right)
Geant4 visualization of the effective area simulation for the LOM16 (with harness) for a
specific incident direction defined by zenith θ and azimuth ϕ. Orange lines represent photon
trajectories; yellow dots indicate interaction vertices.

updated material properties, the effective area exhibited wavelength-dependent devia-
tions compared with the initial baseline results, bounded between (−1.613±0.044)% and
(2.266± 0.047)% across the simulated spectrum.

Figure 8.2 (left) illustrates the various potential photon trajectories after passing
through the PMT bulb glass. These paths can result in reflection, transmission or imme-
diate detection at the photocathode, as well as reflection or absorption by internal PMT
components. Upon absorption within the photocathode, a photon is assigned a detection
probability dictated by the position-dependent empirical mappings.

8.2 Effective Area
The effective area Aeff(θ, ϕ) is conceptually defined as the equivalent cross section of an
optical module operating with 100 % detection efficiency. It is calculated for a specific
direction as:

Aeff(θ, ϕ) =
Ndet(θ, ϕ)

N
· Aplane. (8.1)

In this simulation setup, a virtual generation disk with an area of Aplane (sized strictly
larger than the module’s maximum projected area) uniformly emits N mono-energetic
photons. Photons are emitted perpendicular to the plane at an incidence angle defined
by zenith θ and azimuth ϕ relative to the module center, as visualized in Figure 8.2
(right). The angular directions are distributed using Healpy [178], which divides a sphere
into equal-area pixels. When a photon strikes the photocathode, it is evaluated against
its assigned detection probability, contributing to the total detected sum Ndet for that
specific direction.
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To evaluate the overall performance of a module independently of photon arrival
direction, the directionally dependent effective area is averaged over the full solid angle.
Because the Healpy angular distribution utilizes pixels of equal area, the mean effective
area ⟨Aeff⟩ of Equation (8.1) is the arithmetic mean of all simulated directions:

⟨Aeff⟩ =
1

4π

∫
4π

Aeff(θ, ϕ) dΩ ≈ 1

Ndir

Ndir∑
i=1

Aeff(θi, ϕi), (8.2)

where Ndir is the number of pixels. This mean effective area serves as the primary baseline
metric for evaluating shadowing losses and overall spectral performance.

Because optical properties are wavelength-dependent (primarily driven by the PMT
QE and the absorption spectrum of the glass pressure vessel), simulations are run from
270 nm to 700 nm in 10 nm increments. Each optical module is simulated within an en-
vironment matching the refractive index of ice, both with and without its mechanical
harness. The parameter space covers 3,072 angular pairs, injecting 250 000 photons per
angle across the specified wavelength range. For the LOMs, the measured differences in
QE between NNVT and Hamamatsu PMTs (see Figure 6.10) necessitate separate per-
formance evaluations. Unless otherwise indicated, figures in this section display optical
modules including the mechanical harness and LOMs employing NNVT PMTs to align
with the IceCube-Gen2 technical design report [10].

8.2.1 Angular Acceptance

To understand the overall directional response of optical modules, it is necessary to first
evaluate the acceptance of individual PMTs. For the DOM, the acceptance is entirely gov-
erned by its single, downward-facing 10-inch PMT, which predominantly observes light
from below. In contrast, multi-PMT optical modules exhibit complex directional accep-
tance profiles built from the superimposed responses of several smaller PMTs pointing in
various directions. As shown by the Mollweide projection in Figure 8.3, an individual po-
lar 4-inch PMT of the LOM16 contributes a much smaller individual effective area than
the DOM’s PMT (23.5% in ⟨Aeff⟩), whereas the strategic placement of 16 such PMTs
within the optical module covers distinct spatial regions. By summing the acceptance of
these individual PMTs, the overall 3D directional response of the entire module is formed.

Figure 8.3: Mollweide projection of the directionally dependent individual PMT effective
area at 400 nm for the single DOM PMT (left) and an exemplary polar PMT of the LOM16
(right). Red indicates higher sensitivity. Note the different colorbar scales.
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Figure 8.4: Mollweide projection of the direction-dependent effective area across all angle
pairs at 400 nm, comparing the D-Egg (left) and the LOM16 equipped with NNVT PMTs
(right), including mechanical harnesses. Red indicates larger effective area. Note the different
colorbar scales.

Figure 8.4 contrasts the effective area (with mechanical harnesses) of the D-Egg with
that of the LOM16 using NNVT PMTs at 400 nm. To quantify directional uniformity, the
mean absolute relative difference (MARD), defined as the average spatial deviation from
the global mean effective area, is evaluated. Multi-PMT architectures largely eliminate
the directional bias of the DOM, which exhibits a MARD of 72.9%, while the mDOM and
D-Egg improve this to 5.3% and 4.4%, respectively. This uniform, nearly omnidirectional
response fundamentally enhances IceCube’s sensitivity, as Cherenkov photons originating
from high-energy, through-going neutrinos scatter in the ice and arrive at the modules from
all directions. Furthermore, segmenting the photosensitive area into numerous smaller
PMTs mitigates local saturation and provides intrinsic directional information, enabling
superior event reconstruction. The LOM architecture synthesizes the best aspects of these
recent designs: it pairs the PMT segmentation of the mDOM with the narrow borehole
geometry of the D-Egg. The LOM16 achieves a MARD of 5.0%, maintaining tighter
spatial uniformity than the LOM18 (10.2%), while simultaneously exceeding the D-Egg’s
mean effective area (∼ 116.3 cm2 vs. ∼ 89.0 cm2 at 400 nm).

To investigate the directional acceptance of the individual PMTs within the different
optical modules, their effective area Aeff(θ, ϕ) is evaluated as a function of the local photon
incidence angle α. Rather than averaging over the global azimuth, the effective area for
each individually simulated direction pair (θ, ϕ) is plotted as a discrete point. The local
incidence angle α for each incoming wave is derived from the dot product between the
normalized incidence vector of the simulated photon plane wave v⃗plane and the orientation
normal vector of the respective PMT face n⃗PMT, such that cos(α) = v⃗plane · n⃗PMT. Plotting
the effective area of a specific PMT against this dot product reveals its intrinsic angular
acceptance profile. The vertical spread of the points at a given angle exposes asymmetries
introduced by the curved pressure vessel, transitions at the gel boundaries and shadowing
from internal structural components (the influence of the external deployment harness is
discussed separately in Section 8.2.2). This visualization reflects the non-axisymmetric
geometry of the module as a whole, where different incident photon trajectories result in
different optical paths.

The results are shown in Figure 8.5, highlighting the wavelength dependence for the
baseline DOM, alongside exemplary polar (θ = 36◦) and equatorial (θ = 62◦) PMTs of
the LOM16. For the DOM, which contains a single 10-inch PMT designed primarily to
capture up-going photons, the effective area remains relatively constant up to an off-axis



98 8 OPTICAL MODULE PERFORMANCE SIMULATIONS

Figure 8.5: Effective area as a function of the incidence angle between the PMT axis and
the incident photon plane wave. Different wavelengths are color-coded (e.g., 380 nm in dark
blue, 550 nm in green, 650 nm in red) for the DOM (left), a polar PMT (center) and an
equatorial PMT of the LOM16 (right). Each plot contains 3,072 simulated arrival angle
pairs per wavelength. The perceived binning in x-direction results solely from the dot product
calculation. Only wavelengths from 380 nm to 690 nm are shown for clarity.

incidence angle of roughly 20◦. Beyond this point, it monotonically declines until reaching
zero near 130◦.

As noted earlier, when analyzing the multi-PMT modules at the individual PMT level,
their absolute effective areas are inherently lower due to their smaller photocathode sur-
face areas. The polar PMT of the LOM16 does not peak directly on-axis (0◦), but rather
exhibits a local maximum in acceptance around 15◦ off-axis. While the PMT itself and
its gel pad (which has an opening angle of 22◦) are symmetric around the PMT’s central
axis, they are mounted on the curved surface of the pressure vessel. Rather than decreas-
ing monotonically with incidence angle, the acceptance curve exhibits distinct structural
transitions around 30◦ and 90◦. These features emerge from a complex combination of the
pressure vessel curvature, transitions between transmission and total internal reflection
(TIR) at the gel pad boundaries and the tilt of the PMT. Notably, photons with incidence
angles above 130◦ can still result in detection. This effect occurs when photons (from the
enlarged emission disk) directed toward the module’s pole strike the curved pressure vessel
at grazing angles; the light is refracted around the curvature of the pressure vessel and
effectively guided by the gel pads onto the photocathode.

Similarly, for the equatorial PMTs, the acceptance profile exhibits an off-axis peak
between incidence angles of ∼ 18◦ and 37◦. This shifted acceptance is mainly driven by
the 15◦ structural tilt of the PMT axis relative to the normal of the glass pressure vessel.
Conversely, light incident parallel to the PMT axis strikes the pressure vessel at a slant,
suffering higher Fresnel reflection losses. In contrast, light that strikes the pressure vessel
normally (maximizing optical transmission) reaches the PMT from an off-axis angle. This
tilt also systematically shifts the transition point between direct transmission and total
internal reflection at the module’s periphery. This optical shift is further compounded
by the 22◦ gel pad opening angle, which preferentially alters the direct on-axis line of
sight. Beyond this off-axis peak region, the effective area drops steeply until roughly 100◦,
after which a secondary acceptance peak is visible around 130◦. This local maximum is
predominantly caused by photons traversing the internal volume through the gaps between
polar PMTs on the same hemisphere and striking the equatorial PMT from behind or the
side, similar to the conclusion in Section 7.2.2. An equivalent internal traversal effect
is present for the polar PMTs at 150◦, though it is significantly less pronounced due to
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increased shadowing from internal structural components.
For the remaining optical modules, the angular acceptance profiles of their individual

PMTs are largely governed by the specific internal geometries of the modules. For instance,
the individual PMTs within the D-Egg exhibit an angular response profile that is nearly
identical in shape to the single PMT of the DOM. The mDOM demonstrates a highly
homogeneous internal optical environment, resulting in minimal variation between the
individual acceptance profiles of its polar (33◦) and equatorial (72◦) PMTs, especially
when compared with the distinct positional differences seen in the LOM16. While the
individual PMTs of the LOM18 share a similar overall acceptance profile with those of the
LOM16, they present a sharper TIR cutoff. This more pronounced TIR edge is a direct
consequence of the LOM18’s elongated gel pad design, which extends further from the
equator and systematically alters the photon incidence angle at the glass-gel boundary,
reaching the critical angle for total internal reflection more abruptly for light arriving at
grazing angles.

Furthermore, this angular acceptance exhibits a wavelength dependence visualized by
the color separation in Figure 8.5, where intermediate wavelengths near 400 nm dominate
the overall acceptance. Longer wavelengths are suppressed by the PMT’s intrinsic quan-
tum efficiency, while the shortest UV wavelengths are suppressed by the glass pressure
vessel’s absorption.

8.2.2 Shadowing Losses

While the angular acceptance is defined by the PMT layout and the glass pressure vessel,
deployed modules are obscured by various mechanical structures. It is crucial to evaluate
the impact of this mechanical shadowing on the module’s baseline sensitivity. To quantify
these losses across different viewing angles, the 3D directional data from Figure 8.4 is
reduced to a zenith-dependent profile, as the detector’s response is mostly symmetric in
the azimuthal direction.

Figure 8.6: Mean effective area (averaged across azimuth angles ϕ) as a function of zenith
angle θ for all optical modules, comparing configurations with (dashed lines) and without
(solid lines) harnesses. Shown as an example for 340 nm (left) and 400 nm (right) with NNVT
PMTs for LOMs.
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Figure 8.6 presents two representative wavelength profiles showcasing the zenith ac-
ceptance for all five optical module designs. Here, the mDOM and LOM16 maintain
the most uniform overall angular response among all modules, reflecting their distributed
PMT architectures. In contrast, the D-Egg exhibits its peak sensitivity directly at the
poles, whereas the LOM18 shows a maximum when illuminated from the side, attributed
to the pronounced elongation of the pressure vessel.

However, introducing the deployment harness into the simulation (represented by
the dashed lines) reveals distinct directional losses. Multi-PMT optical modules such
as the mDOM and LOM16 experience equatorial shadowing, predominantly caused by
the black protective tape and structural waistbands partially obscuring the horizontally
facing equatorial PMTs. This creates a visible dip in effective area around the equator for
angles where the harness blocks more light, which is referred to as shadowing. The mean
shadowing loss caused by the harness is 8.5% for the mDOM and 5.8% for the LOM16.
While the LOM18 also features equatorial PMTs that suffer from this obstruction, its
elongated design positions the remaining PMTs further away from the equatorial plane,
resulting in a lower overall harness impact of 2.8%. The purely polar-focused modules,
the D-Egg and the DOM, experience the lowest losses at roughly 2%.

Moreover, deployment challenges introduce deviations from baseline CAD geometries.
For example, during the preparation for IceCube Upgrade, the harness of the LOM18
required a late-stage manual rotational adjustment because the structural bridges partially
blocked the internal calibration flashers. The exact rotation angle of this adjustment was
not precisely constrained, which increased the shadowing of the equatorial PMTs more
than originally designed, thereby slightly reducing the effective area values presented for
the deployed LOM18.

In addition to the module’s immediate harness, the infrastructure of the detector
string itself introduces further losses. During this study, the optical shadowing impact
of the inter-module harness load cables was tested and found to be negligible (< 0.15%
loss in mean effective area). However, a more important aspect is the main data cable
routing (though not applicable to modules in the deep region below the main data cable).
A preliminary simulation suggests that the main cable, running vertically alongside the
modules, can induce an additional 6.2% to 21.5% directional shadowing depending on
the optical module type (least impactful for the DOM, most impactful for the LOM18),
consistent with earlier mDOM studies from [179]. Because the exact geometry in the ice
(such as the cable’s distance from the pressure vessel, its azimuthal position relative to
the module and the module’s tilt) is difficult to control, a future systematic parameter
space study alongside in situ measurements will be required to account for this within
detector systematics.

8.2.3 In-ice spectral Performance

To evaluate the overall sensitivity of the modules across the relevant Cherenkov spectrum,
the mean effective area ⟨Aeff⟩ integrated over all angles is plotted against wavelength in
Figure 8.7. When assuming the QE of the NNVT PMTs (which exhibit a higher but
narrower central peak), a clear hierarchy emerges where both LOM variants noticeably
outperform IceCube Upgrade’s main modules across all wavelengths below 460 nm. If
the Hamamatsu QE is applied, the LOMs exhibit performance roughly on par with the
mDOMs. As previously discussed in Section 6.3, the true averaged response of deployed
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Figure 8.7: Mean effective area (averaged over all angle pairs) plotted against wavelength
for all optical modules, with (dashed lines) and without (solid lines) harnesses. The left panel
assumes Hamamatsu PMTs for the LOMs, while the right panel assumes NNVT PMTs.

LOMs will likely fall between these two bounds, as the measured NNVT PMTs were
high-performers, while the Hamamatsu PMTs fall into the lower end of their respective
manufacturing batch.

In a physical detector environment, incident photon wavelengths are not uniformly
distributed. While the initial Cherenkov emission spectrum is proportional to ∼ 1/λ2 (see
Equation (3.6)), this spectrum is valid only for interaction vertices in close proximity to
the optical module. As photons traverse the ice, wavelength-dependent absorption and
scattering heavily distort the spectrum arriving at the detector. Figure 8.8 (left) displays
the expected PDFs for surviving wavelengths at various propagation distances, assuming
typical deep-glacial ice properties.6 In the proposed IceCube-Gen2 optical array, strings
will be spaced roughly 240m apart, meaning the straight-line geometric distance between
an emission vertex and the nearest optical module will routinely exceed 100m. Further-
more, because photons undergo multiple scattering events in the bulk ice (with a typical
scattering length of ∼ 50m at 400 nm in the physics region [96]), the actual traversed
optical path length is longer than the geometric line of sight. Thus, true photon prop-
agation distances of several hundred meters are entirely expected, filtering the surviving
Cherenkov spectrum.

Weighting the raw effective areas by these distance-dependent spectra and integrating
over all wavelengths yields the true physical performance ratios relative to the standard
DOM, as shown in Figure 8.8 (right). All multi-PMT modules demonstrate at least a
three-fold improvement over the baseline DOM. Notably, all LOM configurations out-
perform both IceCube Upgrade’s main optical modules across all propagation distances.
As discussed in Chapter 6, a high quantum efficiency (HQE) variant of the Hamamatsu

6Ice properties vary with deployment depth, primarily dictated by the varying concentrations of
included dust. The spectral distributions presented here are calculated using the specific optical scat-
tering and absorption lengths evaluated at a depth of 1698m, as defined by the South Pole ice (SPICE)
model [180]. As introduced in Section 3.6, the deepest physics region features highly transparent ice.
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Figure 8.8: (left) Expected spectral PDFs of photons reaching optical modules at varying
propagation distances, calculated using the average optical ice properties at a depth of 1698m
in IceCube’s bulk ice. (right) Relative improvement in spectrum-weighted effective area
(including harnesses) compared with the DOM as a function of photon propagation distance.
Dashed lines indicate NNVT QE for LOMs.

PMTs was also characterized. If maximizing the effective area becomes the primary de-
sign driver, integrating these HQE PMTs would yield an expected improvement factor of
5.1 for the LOM16 and 5.5 for the LOM18 at a photon propagation distance of 100m.
However, this performance gain must be weighed against system-level trade-offs, includ-
ing increased unit costs (which could necessitate deploying fewer modules overall) and
elevated background noise rates (see Chapter 9).

Looking forward, the future Gen2-OM, utilizing a slightly larger pressure vessel than
the baseline LOM16, provides additional internal volume for geometrical optimization.
Consequently, the final Gen2-OM is expected to exceed the geometric baseline perfor-
mance established here by the LOM16. Ultimately, achieving the optimal detector con-
figuration will require balancing this optical sensitivity with the ongoing engineering
challenges detailed in Chapters 5 and 7, such as spatial constraints, minimizing power
consumption and optimizing mass production costs.

It should be noted that the effective area values derived in this chapter exhibit
slight discrepancies from those presented in the IceCube-Gen2 technical design report [10
(pp. 119–120)]. Those specific values were calculated using DOUMEKI [181], a similar
Geant4-based framework developed by the Chiba working group. The primary difference
between the simulations is that OMSim includes the fully integrated mechanical geometry
(e.g., holding structures and harness ropes), PMT measurement matching native to the
simulation and empirically derived optical properties for all individual materials. Despite
these methodological differences, the two frameworks demonstrate reasonable agreement,
with maximum deviations below 12% for a given optical module. Collaborative efforts to
fully align these simulation frameworks are currently ongoing. Furthermore, discussions
are underway regarding whether the direction-and-wavelength coupled results generated
by OMSim, with the help of machine learning [182], should replace the current simplified,
decoupled parameter tables utilized in IceTray.
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8.3 Summary and Outlook
In this work, the complete mechanical geometries (integrating both native Geant4 vol-
umes and CAD-imported internals) and empirical PMT matching procedures have been
implemented for all IceCube optical modules, enabling a standardized performance com-
parison. The simulations incorporate detailed evaluations of mechanical shadowing, in-
dividual PMT angular acceptance and spectrum-weighted signal propagation in ice. The
results validate the LOM16 as a strong baseline for the Gen2-OM. Depending on photon
propagation distance and utilized PMT manufacturer, the LOM16 achieves an improve-
ment in effective area by a factor of 3.8 to 4.3 relative to the DOM, thereby outperforming
both main optical modules of the current IceCube Upgrade.

Beyond final performance benchmarking, these simulations played a crucial role dur-
ing the R&D phase of the LOMs. They directly informed design decisions, including PMT
orientation and positioning, as well as the geometric shaping of the gel pads to increase
optical yield. Simulating the interplay of these components allowed for maximizing the
effective area while accommodating realistic mechanical assembly tolerances. Looking
forward, once the physical Gen2-OM mechanical prototype is completed, its geometry
must be implemented into OMSim. As large-scale Gen2-OM PMT characterization pro-
ceeds, the resulting averaged QE curves and complementary 2D temporal scans must be
fed back into the PMT matching pipeline to refine the effective areas. This final R&D
cycle will provide an opportunity to leverage this simulation framework for fine-tuning
PMT viewing angles, gel pad geometries and internal component layouts prior to mass
production.
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9 Optical Module Background
Estimation
Having established the expected performance of the module designs, a complete character-
ization also requires an accurate understanding of their intrinsic background contributions.
The borosilicate pressure vessels contain trace amounts of radioactive isotopes, primarily
40K and elements within the uranium and thorium decay chains. Energy deposited from
these radioactive decays produces Cherenkov and scintillation light, constituting the main
intrinsic background for IceCube’s optical modules, as detailed in Section 9.1.

The scintillation properties underlying this background are highly material-specific.
While previous studies [73, 91, 183], including the author’s master’s thesis, have exten-
sively characterized the mDOM pressure vessel glass, this thesis refines the scintillation
emission spectrum and investigates isotope concentrations in greater detail to improve
the accuracy of the background model. Moreover, this study expands the analysis beyond
the mDOM to encompass the D-Egg, LOM16 and LOM18.

Section 9.2.1 measures the isotope concentrations across multiple mDOM glass ves-
sels to assess sample-to-sample variance and ensure manufacturing consistency. Subse-
quently, Section 9.2.2 explores the composition of borosilicate glass by quantifying its
raw constituent ingredients (such as quartz sand) to understand the origins of this back-
ground contribution. Section 9.3 presents a measurement of the scintillation spectrum as
a function of temperature, extending previous room-temperature limited measurements
from [183]. In Section 9.4, the scintillation yield is calibrated based on recent production
mDOM measurements. Finally, Section 9.5 integrates these updated parameters into a
full simulation to determine the expected in-ice background rates for the different optical
module designs.

9.1 Underlying Principle
The mechanisms of scintillation are briefly outlined here. A more comprehensive descrip-
tion can be found in [183 (Section 4.3)] as well as in standard literature [184, 185].

Unlike crystalline scintillators, borosilicate glass is an amorphous solid. It lacks a
periodic crystal lattice but exhibits short-range atomic order, allowing the application
of modified energy band models [186]. It functions as an insulator, featuring a valence
band (VB) and a conduction band (CB) separated by a band gap. When radioactive
isotopes decay within the glass, the emitted particles (specifically α-particles and sec-
ondary electrons) deposit energy into the surrounding material. This deposited energy
promotes electrons from the VB to the CB [187]. Upon de-excitation, electrons transition
back to the VB. Because direct band-to-band recombination in wide-bandgap amorphous
materials is inefficient, luminescence is primarily mediated by localized defect states (lu-
minescence centers) within the band gap [188, 189]. These intermediate energy levels
determine the transition energy and, consequently, the wavelength of the emitted photons.
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Alternatively, non-radiative de-excitation occurs through interactions with phonons
(network vibrations). This competing process leads to thermal quenching [190]. The
probability of non-radiative decay increases with temperature T , following an Arrhenius-
like temperature dependence proportional to exp(−Ea/kBT ), where Ea is the activation
energy and kB is the Boltzmann constant. Consequently, the overall scintillation efficiency
exhibits an inverse relationship with temperature. To empirically model the background
induced by these processes in the pressure vessel, the scintillation is characterized by four
primary properties:
Isotope Concentrations: The specific radionuclide concentration in the material, typ-

ically measured in Bqkg−1 and reported separately for 40K and the 235U, 238U and
232Th decay chains (see Section 9.2).

Scintillation Spectrum: The distribution of emitted photon energies which dictates
the wavelength profile of the expected optical background (see Section 9.3).

Scintillation Yield: The number of photons emitted per MeV of deposited energy. This
yield depends on the type of interacting particle, as heavy, densely ionizing parti-
cles (α particles) and lightly ionizing particles (such as electrons from β decays
or γ-interactions) transfer energy to the amorphous network with distinct efficien-
cies [184, 191] (see Section 9.4).

Scintillation Lifetime: The temporal profile of photon emission following excitation,
usually described by a multi-exponential decay function. This parameter defines
the timing characteristics of the intrinsic optical noise (see [73 (pp. 174–182)]).

9.2 Isotope Concentrations in the Vessel Glass
In this section, the specific activities for multiple mDOM pressure vessels and raw borosil-
icate glass components are measured via γ-spectroscopy. This technique relies on the
interaction of incident γ-rays with a semiconductor crystal via the photoelectric effect,
Compton scattering and pair production. These interactions generate electron-hole pairs
in direct proportion to the deposited energy, allowing for the reconstruction of emission
spectra to identify and quantify specific radionuclides [192, 193].

The common measurement setup is illustrated in Figure 9.1. Samples are placed inside

Figure 9.1: Schematic of the γ-spectroscopy measurement setup, shown for a pressure vessel
sample.
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a lead bunker with a cutout for a high-purity germanium (HPGe) detector1. A bias voltage
of 3000V is applied to the detector and its signal is guided into a spectroscopy preamplifier
equipped with a pulse shaper2 before being routed into a multichannel analyzer3 (MCA).
The MCA output is continuously recorded as a histogram with 8192 channels. To obtain
sufficient statistics, measurements for each sample are conducted for a minimum of one
week.

9.2.1 Concentration in mDOM Vessels

The long-term objective is to monitor the isotope concentrations throughout the Gen2-
OM production, as radioactive decays ultimately scale the PMT background rate via glass
scintillation. For this thesis, nine mDOM pressure vessels from subsequent production
deliveries (comprising top and bottom halves, with top vessels featuring a cylindrical
cutout for the PCA) are evaluated. To maximize detection efficiency, the vessels are
positioned with the bulk of their mass close to the active detector component. A 3D-
printed ramp matching the vessel curvature and featuring a stabilizing lip secures the
samples upright. Pressure vessels are referenced against the lead bunker wall and floor
to guarantee reproducible positioning across all measurements. For this evaluation, a
distinction is made between two backgrounds:

• Environmental Background: Constant ambient radiation originating from nat-
urally occurring radioactive materials in the surrounding environment and from
cosmic rays.
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Figure 9.2: (left) Measurement spectra of the overall background with only the empty
holder (red) and an exemplary mDOM pressure vessel (blue). The prominent 40K FEP is
highlighted in the inset. (right) Exemplary fitting procedure for the 185.72 keV FEP, showing
the dynamically modeled linear background (black dashed), the total fit including a Gaussian
(red) and the 4σ integration bounds (green shaded region) used for net count summation.

1Canberra GX3019 with a Cryostat Model 7905SL-30 and Model 2002CSL preamplifier, continuously
cooled via liquid nitrogen.

2CAEN Mod N968
3CAEN Mod N957
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• Signal-induced Background: Artifacts arising from the physical interactions of
the sample’s emitted radiation with the detector and surrounding shielding, gener-
ating partial-energy features such as the Compton continuum, annihilation peaks
and backscattering.

An overlaid comparison of a reference background measurement (with only the sample
holder present) and an exemplary mDOM pressure vessel is shown in Figure 9.2 (left).
This overall background spectrum inherently contains both environmental radiation (man-
ifesting as trace full-energy peaks (FEPs) from 40K and the natural decay chains) and
the associated signal-induced background continuum generated by these ambient γ-rays
interacting with the detector setup [194]. These constant background components must
be subtracted from the sample measurements. As shown, the introduction of the pressure
vessel creates an increase in count rates across most FEPs and further elevates the overall
continuum due to the sample’s intrinsic radioactivity. Channels are converted to energy
using a composite calibration source containing 60Co, 137Cs and 241Am. This energy cal-
ibration is verified for each measurement using prominent natural peaks, such as 40K
(1460.8 keV) and 212Pb (238.6 keV). Hardware limitations of the spectroscopy preampli-
fier constrain the dynamic range to a maximum of ∼ 2000 keV. As a result, high-energy
lines, such as the prominent 208Tl peak at 2614 keV (232Th chain) and the 214Bi peak at
2204 keV (238U chain), exceed the dynamic range. However, a sufficient number of lower-
energy transitions from each chain remain available to accurately quantify the activities
of the respective parent isotopes.

To extract net counts from the raw MCA spectra, a region of interest (ROI) sum-
mation is employed (see Figure 9.2, right), where the integration window is constrained
around the target FEP energy (4σ of a reference Gaussian). The local signal-induced
background beneath the peak is dynamically modeled and subtracted by anchoring a lin-
ear fit to the continuum immediately outside the defined ROI. It is emphasized that the
FEP itself is not fitted for integration; rather, the total counts are extracted via discrete
channel summation of the background-corrected signal within the ROI. Energy conversion
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Figure 9.3: (left) Geant4 visualization of the detection efficiency simulation with a longi-
tudinal cut plane. γ-rays (green) are emitted isotropically from the pressure vessel and the
deposited energy in the active detector component (blue) is recorded. (right) Simulated de-
tection efficiency ϵ(E) for the pressure vessel geometry (blue). Cubic interpolation (dashed) is
used to determine efficiencies at specific energies. The inclusion of the PCA cutout produces
no visible change in the simulated efficiency.
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is applied solely to map peaks to specific decays and for visualization, where this method
further allows for slight calibration drifts between samples. For each FEP, the specific
activity A is calculated as

A =
Nsample/tsample −Nbkg/tbkg

ϵ(E) · Iγ ·m
, (9.1)

where Ni are the net FEP counts, ti the respective measurement livetime, ϵ(E) the de-
tection efficiency, Iγ the absolute branching ratio and m the sample mass.

To determine ϵ(E), the detector setup and sample (parameterized with the exact el-
emental composition and density to model self-absorption) are reconstructed in Geant4
(see Figure 9.3, left). γ-rays with energies ranging from 10 keV to 5000 keV are simu-
lated (108 events per energy), emitted isotropically from the confined volume of the sam-
ple. The detection efficiency is calculated as the ratio of detected to simulated gammas,
ϵ(E) = Ndet/Nsim, where Ndet represents the number of simulated gammas that deposit
their full initial energy within the active detector volume. The resulting efficiency curve
is shown in Figure 9.3 (right). The overall detection efficiency is low (≲ 1%) primar-
ily because the large vessel covers a minimal solid angle relative to the detector crystal
and induces self-absorption of its own emitted γ-rays. The efficiency spectrum exhibits
a distinct peak near 90 keV for the pressure vessel. At lower energies, γ-rays are almost
entirely absorbed by the glass bulk and the detector’s dead layer via the photoelectric ef-
fect. Conversely, at higher energies, the total interaction cross section decreases, causing
a larger fraction of photons to traverse the HPGe crystal entirely undetected. Addition-
ally, for the photons that do interact, the probability of Compton scattering overtakes the
photoelectric effect, allowing them to escape the detector volume after depositing only a
partial amount of their initial energy [192]. Cubic interpolation is applied to determine
the efficiency for any specific emission energy.

To ensure the reliability of the calculated activities, Equation (9.1) is evaluated only

Table 9.1: Target isotopes, corresponding full-energy peaks and absolute branching ratios
used for the activity calculation [195, 196]. Peaks marked with an asterisk (*) are excluded
from the final weighted average calculations for the subsequent components (Section 9.2.2)
due to low signal-to-noise ratios or background subtraction artifacts.

Chain Daughter Energy (keV) Branching Ratio (Iγ) Uncertainty
40K 40K 1460.82 0.1066 ± 0.0017
232Th 228Ac 338.32 0.1127 ± 0.0019

228Ac 911.20 0.2580 ± 0.0040
228Ac 968.97* 0.1580 ± 0.0030
212Pb 238.63 0.4360 ± 0.0050
208Tl 583.19* 0.3055 ± 0.0012

238U 214Pb 295.22 0.1847 ± 0.0011
214Pb 351.93 0.3572 ± 0.0024
214Bi 609.32 0.4544 ± 0.0019
214Bi 1120.29 0.1490 ± 0.0008
214Bi 1764.49 0.1529 ± 0.0008

235U 235U 143.76* 0.1093 ± 0.0014
235U 185.72 0.5720 ± 0.0020
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for statistically significant transitions. FEPs suffering from low signal-to-noise ratios or
severe background-subtraction artifacts are omitted from the final analysis, leaving the
decays listed in Table 9.1. Calculating the activity for 40K is straightforward, as it decays
to produce a single 1460.82 keV γ-ray (Iγ = 10.66%). For the 232Th and 238U series, secu-
lar equilibrium is assumed, allowing the activity of the parent isotope to be inferred from
the measured FEPs of their respective daughter isotopes. In contrast, 235U is quantified
directly via its primary 185.72 keV transition (Iγ = 57.2%) [197]. Within the 232Th chain,
the absolute branching ratios Iγ provided in Table 9.1 account for branching probabilities
(such as the 35.94% branch of 212Bi leading to 208Tl), avoiding the need for additional
branching-factor corrections. If the activity of a chain is calculated using multiple daugh-
ter isotopes or energy lines, an inverse-variance weighted mean is taken to determine
the final value. Finally, the half-vessel mass of m = (6.4 ± 0.2) kg is applied to convert
the absolute activity into specific activity. The corresponding results are summarized in
Table 9.2.

Comparing these recent production deliveries to previous measurements of older, cylin-
drical samples from [91] (which were later found to be consistent with a pre-production
pressure vessel) reveals an altered overall composition. Variations in the radiopurity of
borosilicate glass over long timescales are a known phenomenon. For instance, measure-
ments of Vitrovex vessels produced in the early 2000s exhibited different activity levels
compared with contemporary batches [198]. This precedent aligns with the shifts in rel-
ative isotope ratios observed in this study, indicating genuine physical changes in the
glass formulation over the intervening years. Specifically, compared with the older pre-
production samples from [91], the 40K specific activity in the current vessels exhibits
a (23.6 ± 1.5)% decrease, and the 238U and 235U activities drop by (34.7 ± 3.8)% and
(40.7±6.1)%, respectively. In contrast, the 232Th activity shows a (39.8±6.3)% increase.

As discussed subsequently in Section 9.2.2, variations in the raw material flux or
the specific melting furnace used can impact trace-isotope contamination. While the

Table 9.2: Specific activities (Bqkg−1) of the evaluated mDOM pressure vessels. Details
include whether a vessel has a PCA cutout (top) or not (bottom), alongside the respective
production delivery batch. The mean values are compared with the results from [91] of smaller
cylindrical pre-production samples for reference.

Vessel sample 40K 232Th 238U 235U
1 (bottom, delivery 1) 46.89 ± 1.49 1.81 ± 0.04 3.17 ± 0.05 0.37 ± 0.02
2 (bottom, delivery 1) 46.70 ± 1.48 1.80 ± 0.04 3.18 ± 0.05 0.36 ± 0.02
3 (top, delivery 1) 47.18 ± 1.49 1.84 ± 0.03 3.25 ± 0.05 0.36 ± 0.02
4 (top, delivery 1) 46.63 ± 1.48 1.76 ± 0.03 2.91 ± 0.05 0.34 ± 0.02
Mean (delivery 1) 46.85 ± 0.25 1.80 ± 0.03 3.13 ± 0.15 0.36 ± 0.01
5 (top, delivery 2) 46.36 ± 1.48 1.74 ± 0.03 2.77 ± 0.04 0.32 ± 0.02
6 (bottom, delivery 2) 45.16 ± 1.44 1.74 ± 0.03 2.79 ± 0.04 0.32 ± 0.01
7 (bottom, delivery 2) 47.39 ± 1.52 1.84 ± 0.04 2.93 ± 0.05 0.33 ± 0.02
8 (bottom, delivery 2) 46.06 ± 1.47 1.73 ± 0.03 2.90 ± 0.05 0.35 ± 0.02
9 (top, delivery 2) 46.67 ± 1.48 1.81 ± 0.04 3.17 ± 0.05 0.35 ± 0.02
Mean (delivery 2) 46.33 ± 0.82 1.77 ± 0.05 2.91 ± 0.16 0.33 ± 0.02
Mean 46.56 ± 0.62 1.79 ± 0.04 3.01 ± 0.17 0.35 ± 0.02
Results from [91] 60.98 ± 0.86 1.28 ± 0.05 4.61 ± 0.07 0.59 ± 0.05
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sequential deliveries measured for this thesis exhibit consistent activity levels with one
another, long-term variations in scintillation yield across different manufacturing years
have been measured previously in [183]. This variability is also reflected in the PMT dark
rates observed during mass production for mDOMs [155], highlighting the importance of
continuous radiopurity monitoring.

9.2.2 Components of borosilicate Glass

As discussed later in Section 9.5, the previously determined pressure vessel activities
stem from Vitrovex®, a product line by Nautilus Marine Service GmbH utilized for the
mDOM and LOM16. In contrast, the LOM18 and D-Egg modules employ Okamoto glass,
which exhibits significantly lower trace-isotope contamination [10 (p. 116)]. To investigate
the origin of the elevated radioactive contamination in the Vitrovex vessels, Nautilus
provided samples of the raw borosilicate glass ingredients in powder form. The goal is
to determine whether a specific constituent acts as the primary source of contamination
or if the radioactive contaminants are introduced later in the production chain. Each
evaluated component serves a specific structural or thermal purpose in the final glass
matrix [199, 200]:

• Quartz Sand (SiO2): The primary glass former and backbone of the silica net-
work.

• Boric Acid (H3BO3) and Borax Pentahydrate (Na2B4O7 ·5H2O): These
compounds are the sources of boron trioxide (B2O3), the secondary glass former
that defines the material as borosilicate. The inclusion of boron lowers the melting
point of the silica network and is responsible for the characteristic low coefficient of
thermal expansion.

• Aluminum Hydroxide (Al(OH)3): Provides aluminum oxide (Al2O3), which
acts as a stabilizer. It enhances the macroscopic hardness, durability and chemical
resistance of the glass.

• Sodium Chloride (NaCl): Evaluated as a potential sodium-bearing additive.
Sodium-containing compounds act as fluxes that lower the melting temperature
and viscosity of the melt and also serve as fining agents that assist in the removal
of gas bubbles.

• Potassium Nitrate (KNO3): When added to the glass batch, it acts as a flux to
lower the melting point and enhance the glass’s chemical and thermal shock resis-
tance.

The (background) measurement, simulation and fitting procedures described in Section 9.2.1
are repeated for these raw powder samples. Sample volumes of ≈ 810 cm3 are packed into
a custom 3D-printed container, with masses between 0.43 kg to 0.67 kg, and positioned
facing the detector endcap (see Figure 9.4, left). The mass composition, along with spe-
cific densities, is simulated as before4, resulting in ϵ(E) as shown in Figure 9.4 (right). The
evaluated specific activities as per Equation (9.1) for each component across all significant
decay channels are summarized in Table 9.3.

4Because the samples are loose powders, utilizing standard macroscopic crystal densities in the Geant4
simulation would overestimate the self-absorption of emitted γ-rays by ∼ 20%. To accurately model the
detection efficiency ϵ(E), the effective bulk density for each component was determined by dividing the
respective measured sample mass by the simulated (filled) container volume.
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Figure 9.4: (left) Photograph of the raw powder components packed in a custom container
positioned in front of the HPGe detector. (right) Simulated detection efficiency ϵ(E) for
the respective components. Cubic interpolation (dashed) is used to determine efficiencies at
specific energies.

Given the low intrinsic radioactivity of most raw materials, a decision threshold LC

is applied to the net signal to differentiate between significant sample activity and back-
ground fluctuations. Assuming that the background counting statistics dominate the net
signal fluctuations, the net counting rate for an empty sample is modeled as following
a Gaussian distribution centered at zero. According to the ISO 11929 standard [201],
the threshold is defined as LC = k · σ0, where σ0 is the standard uncertainty of the
net signal at zero true activity. Using k = 1.645 sets a 95% confidence level, limiting
the probability of a false-positive detection to 5%. For measurements where the eval-
uated activity A falls below LC , results are reported as a 95% confidence level upper
limit LW = max(0, A) + k · σA, where non-physical negative net counts resulting from
background subtraction are floored at zero.

Table 9.3: Specific activity (Bqkg−1) of the raw components and the resulting theoretical
glass composite calculated via stoichiometric mass fractions. Activities for individual com-
ponents are determined using an inverse-variance weighted average of characteristic gamma
peaks, with background subtraction and powder-density efficiency corrections applied. For
FEPs where the activity was below the 95% confidence level decision threshold, results are
reported as upper detection limits.

Component 40K 232Th 238U 235U
Quartz sand < 1.57 2.32 ± 0.06 2.70 ± 0.06 0.35 ± 0.04
Sodium chloride 12.71 ± 0.62 < 0.05 < 0.05 < 0.04
Aluminum hydroxide < 1.42 0.10 ± 0.04 0.11 ± 0.04 < 0.10
Borax pentahydrate < 1.62 < 0.11 < 0.08 < 0.06
Boric acid < 1.47 < 0.07 < 0.07 < 0.05
Potassium nitrate 11788 ± 104 < 0.15 0.22 ± 0.08 < 0.10
Theoretical composite 50.64 ± 0.45 1.87 ± 0.05 2.18 ± 0.05 0.28 ± 0.03
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The dominant 40K peak of potassium nitrate provides an excellent opportunity to
verify the specific activity calculations via the theoretical relationship:

A =
ln(2)

T1/2

·
(

1000

MKNO3

)
·NA · h · p. (9.2)

In this equation, A is the specific total activity of the potassium nitrate sample (Bq/kg),
T1/2 is the physical half-life of 40K in seconds, MKNO3 is the molar mass of potassium
nitrate (101.1 g/mol), NA is the Avogadro constant, h defines the natural isotopic abun-
dance of 40K (0.0117% [202]) and p stands for the chemical purity of the powder (0.99±
0.01 [203]). Equation (9.2) predicts a theoretical specific activity of (12.11±0.13) kBq kg−1,
where the measured value of (11.79±0.10) kBq kg−1 deviates by only (2.65±1.33)% from
this prediction. This close agreement between the measured and predicted activities
provides an independent validation that the Geant4 efficiency calibration (including the
internal γ-ray self-absorption of the sample) and the overall signal-extraction methodology
within this section are modeled accurately.

To contextualize these validated results, a baseline Vitrovex formulation is consid-
ered. Although the exact batch composition is proprietary, the manufacturer specifies
the final glass network composition as 80.6% SiO2, 12.5% B2O3, 4.2% Na2O/K2O, 2.2%
Al2O3 and 0.5% trace elements [168]. Based on the supplied raw-material powders, a
stoichiometric5 pre-melt powder composition is reconstructed to reproduce these final ox-
ide fractions and estimate the radioactive contributions of the individual raw materials.
Because the bulk of the required Na2O is supplied by the borax pentahydrate, sodium
chloride is assumed to act only as a trace fining agent. A trace 0.2% K2O contribution
is assumed within the manufacturer’s combined Na2O/K2O specification, together with
a 0.2% NaCl fining addition, thereby defining the pre-melt salt allocation. This stoichio-
metric approximation yields an estimated pre-melt composition of 73.5% quartz sand,
17.1% borax pentahydrate, 5.7% boric acid, 3.1% aluminum hydroxide, 0.4% potassium
nitrate and 0.2% sodium chloride.6

By weighting the measured specific activities of the raw powders by these calculated
pre-melt mass fractions, a theoretical activity baseline for the finished glass network is
approximated. Comparing this theoretical composition (Table 9.3) to the measured mean
activity of the finished vessels (Table 9.2) highlights the complex dynamics of the vitrifi-
cation process. The experimental data suggests that while the boron-bearing compounds
and stabilizers are radiopure (often falling below the decision threshold), the intrinsic
activities are distinctly split: the heavy decay chains are predominantly introduced via
the quartz sand, while the 40K activity is driven by the potassium nitrate flux. For potas-
sium, the theoretical composite predicts a 40K activity of (50.64 ± 0.45)Bq kg−1, which
is close to the (46.56± 0.62)Bq kg−1 average measured in the pressure vessels solely due
to the assumed trace amount of 0.2% K2O. As explicitly noted by the manufacturer,

5Stoichiometry is the calculation of the amounts of chemical substances involved in a reaction, enabling
the determination of reactant consumption and product formation.

6Because raw powders lose mass via outgassing (e.g., water vapor) during thermal decomposition,
this calculation predicts that producing 1 kg of finished glass requires approximately 1.1 kg of raw powder,
which is consistent with literature [199]. For example, forming one mole of Al2O3 within the glass requires
two moles of Al(OH)3 raw powder. In this model, the borax pentahydrate mass is determined from the
required Na2O content, which simultaneously fixes its contribution to the B2O3 fraction. The remaining
B2O3 requirement is then supplied by boric acid. The theoretical composite activities are weighted by
these estimated pre-melt powder mass fractions rather than the provided final oxide percentages.
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several glass constituents (including potassium) are volatile at melting temperatures and
partially vaporize [168]. The manufacturer typically over-provisions KNO3 in the initial
batch mixture to ensure the final glass network meets the required thermal and structural
specifications [168]. The actual raw powder batch utilized in the manufacturing process
likely contained less potassium than the idealized baseline considered here.

For the heavy decay chains, comparing the theoretical composite to the pressure
vessels reveals distinct behavior. The 232Th activity aligns well ((1.87±0.05)Bq kg−1 pre-
dicted compared with (1.79 ± 0.04)Bq kg−1 measured), indicating that the quartz sand
serves as the source of thorium contamination. Conversely, the predicted 238U amount
of (2.18 ± 0.05)Bq kg−1 underestimates the (3.01 ± 0.17)Bq kg−1 measured in the final
production vessels. This excess in the 238U chain suggests that the manufacturing envi-
ronment may introduce additional contamination. This hypothesis is further supported
by the isotopic ratio 238U/232Th, which increases from approximately 1.17 in the evaluated
quartz sand to 1.68 in the final pressure vessels. A primary suspect for this shift is the
leaching of trace isotopes from the refractory firebricks used to line the continuous melt-
ing furnaces [204, 205]. These bricks, often composed of zirconia-silica or high-alumina
materials, contain elevated intrinsic levels of uranium (frequently exceeding thorium due
to zircon crystal preferences) that are incorporated into the glass as the corrosive molten
silicate slowly erodes the furnace lining [199]. This leaching phenomenon aligns with
previously observed jumps in PMT dark rates when manufacturers transitioned between
different melting furnaces for mass production [155 (p. 147)].

While 40K exhibits the highest absolute activity in the glass, full simulations (see
Section 9.5) show that it accounts for approximately 35% of the vessel-induced PMT
background. In contrast, the 238U and 232Th series generate background rates of 38% and
21%, respectively, despite lower absolute activity levels due to their more complex decay
physics. Unlike the single-transition decay of 40K, these full decay series involve multiple
sequential α and β decays with higher total energy deposition and particle multiplicity,
leading to a much higher probability of producing scintillation photons. Modifying the
recipe to minimize 40K to improve the overall radiopurity is possible [168], but the heavy
chains remain the dominant background driver.

Ultimately, quartz sand and potassium nitrate are identified as the primary sources
of thorium/uranium-chain and 40K contamination in Vitrovex pressure vessels. However,
the required volatile over-provisioning and potential furnace leaching underscore the com-
plexity of achieving absolute radiopurity in industrial borosilicate glass.

9.3 Scintillation Spectrum
This section details the measurement of the emission spectrum of the scintillation light
induced by radioactive decays. A dedicated experimental setup is designed to isolate the
scintillation spectrum using narrow-bandpass filters. Subsequent corrections for optical
transmission and detector efficiency are applied to extract the final wavelength distribution
across various temperatures.

9.3.1 Experimental Setup

To measure the scintillation spectrum, a radioactive source irradiates the sample to induce
a photon emission rate higher than the intrinsic low-intensity scintillation of the glass. An
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open 241Am α-source (A = 15MBq) is utilized for this purpose. The Cherenkov threshold
(see Equation (3.4)) for α-particles in borosilicate glass is approximately 1.3GeV, which
is orders of magnitude above the 5.49MeV decay energy of 241Am. This ensures that
the observed light is predominantly produced by scintillation. Because α-particles have
a range of only a few centimeters in air, the source and sample are housed in a custom
vacuum chamber7 to ensure sufficient energy deposition into the glass sample. The high
activity source provides sufficient decays to overcome the low signal-to-noise ratio ob-
served in the previous measurement [183] while maintaining temperature stability and
safe vacuum handling. The α-source irradiates the sample face oriented toward the PMT.
The source housing is positioned slightly off-axis to minimize shadowing of the optical
path. To minimize spectral distortions arising from self-absorption during internal reflec-
tions, the sides and back of the glass sample are wrapped in absorptive black tape. The
custom holders and vacuum chamber are illustrated in Figure 9.5.

Once scintillation light is produced at the sample surface, it exits the chamber through
a UV-transmitting sapphire viewport8. The light is then detected by a UV-capable, low-
dark-noise PMT9 positioned as close as possible to the viewport to maximize geometric
efficiency. To isolate specific emission wavelengths, a custom filter wheel is deployed
containing five 50mm UV-bandpass filters10. These filters possess a FWHM of 10 nm
with central wavelengths (CWL) at 280 nm, 310 nm, 337 nm, 365 nm and 405 nm. This
selection is based on the preliminary scintillation spectrum recorded in [183 (p. 32)]. A
solid, blocked position is maintained to measure the background and verify baseline rates.
The filter wheel utilizes a Geneva drive to precisely align each filter between the flat PMT

Figure 9.5: Experimental setup to measure the scintillation spectrum inside a climate cham-
ber. Cabling for the PMT high voltage and signal, analog sensor lines and vacuum hoses
routed through the chamber entrance port to the measurement equipment (listed on the left)
are omitted for visual clarity.

7using a Leybold ECODRY 25 plus vacuum pump.
8VAB Sapphire CF63
9Hamamatsu R11410-20

10LC-HBP series, LASER COMPONENTS Germany GmbH
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photocathode entry window and the viewport. It is actuated by a stepper motor11, housed
outside the climate chamber. To determine the absolute wheel position, reference ramps
trigger linear motion potentiometers (LMPs, as utilized in Section 7.2.1), instructing the
motor to stop when the corresponding LMP voltage drops. Two sets of LMPs provide
redundancy for each filter position, alongside a dedicated pair exclusively for the blocked
reference position.

The PMT is read out analogously to the methodology in Section 6.2.3 using pulse-
mode MP-readout, calibrated to a nominal gain of 5 × 106 using positive high voltage.
The nominal voltage scales between 1557V and 1549V across the temperature range of
20 ◦C to −50 ◦C, consistent with the trend seen in Section 6.2.1. Measurements are con-
ducted at four distinct temperatures (20 ◦C, 10 ◦C, −10 ◦C, −20 ◦C)12 across all six filter
wheel positions. PMT pulses are recorded continuously for three days per configuration.
A 2.5mV trigger amplitude and a 0.2PE post-cleaning charge cut are applied to isolate
genuine PMT pulses from electronic noise. Wavelength-specific rates are subsequently
extracted by subtracting the blocked reference position rate, which encompasses the in-
trinsic PMT noise as well as any scintillation light generated in the PMT glass by incident
γ-rays following the 241Am decays.

9.3.2 Corrections

The measured pulse rates require wavelength-dependent corrections. While the geometric
efficiency remains constant across all configurations, the optical transmission of the com-
ponents and the intrinsic PMT characteristics vary significantly with wavelength and, to
some extent, with temperature. Tracing the scintillation light from emission to detection
requires corrections for the viewport transmission, bandpass filter transmission, PMT
QE and PMT afterpulsing probability. Because the vacuum inside the housing cham-
ber is maintained at O(10−6 bar), variable atmospheric absorption of the α-particles is
eliminated, ensuring a stable relative spectrum.

Transmission

The viewport transmission was previously characterized by the author in [183 (p. 31)] and
the bandpass filters were measured in [177 (pp. 16–19)] under the author’s supervision.
Both components were evaluated using collimated light from a xenon lamp13 emitting
200 nm to 1200 nm. The viewport was analyzed using a monochromator14 coupled to
a reference diode15 read out via a picoammeter16. Measurements were recorded both
with the viewport in the beam path and when removed for background normalization.
The filters were evaluated using an integrating sphere17, optically coupled via a fiber18

11Phidgets 3329_0 driven by Bipolar HC 1067_0B
12The bandpass filters are the only components not rated for operation below −20 ◦C. Tests following

the main measurement with a single filter at lower temperatures resulted in mechanical cracking, as the
metal housing contracts faster than the glass filter substrate.

13LOT LSE140 / 160.25C
14LOT-QuantumDesign MSH-300
15Newport 818-UV
16KEITHLEY 6482
17Newport 819C-IS-5.3
18Thorlabs M114L01
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Figure 9.6: Transmission profiles of the optical components. (left) Viewport transmission
adapted from [183 (p. 31)]. (right) Bandpass filter transmission adapted from [177 (pp. 16–
19)].

to a spectrograph19 equipped with a CCD20, allowing simultaneous intensity recording
across all wavelengths. The optical transmission is defined as the ratio of the sample
measurement to the unobstructed reference beam. Minor deviations arising from multiple
internal Fresnel reflections within the thin filters are negligible [206]. The results for both
components are presented in Figure 9.6.

The measured transmission profiles generally agree with the manufacturer’s specifi-
cations. The 280 nm filter exhibits slightly higher transmission than specified, whereas
the 310 nm filter falls below expectations. The measured FWHM values remain consis-
tent throughout. While temperature-dependent transmission could not be measured with
the available hardware, literature suggests that spectral shifts in the CWL for bandpass
filters over a ∆T = 40 ◦C range are restricted to less than 0.1 nm [207], which is negli-
gible compared with the 10 nm FWHM. Manufacturer studies of similar filters confirm
no measurable degradation in transmission efficiency across this temperature span [208].
Furthermore, the optical properties of sapphire viewports remain stable over moderate
temperature variations, as the refractive index of sapphire exhibits only small temperature
dependence in the visible wavelength range [209]. Environmental humidity is controlled
to prevent moisture accumulation during the thermal cycles. The system is rapidly cooled
from room temperature to −20 ◦C and subsequently stepped upwards, deliberately by-
passing 0 ◦C to avert condensation. Additionally, the hard-coated optical components
mitigate moisture-related degradation.

PMT Quantum Efficiency

The PMT QE is measured analogously to the procedures detailed in Section 6.3 and is
shown in Figure 9.7. The experimental setup is only viable for wavelengths above ap-
proximately 280 nm due to atmospheric absorption of UV photons by oxygen [210]. Man-
ufacturer data for this specific PMT is only available between 165 nm and 200 nm, where
the provided measurement was conducted under vacuum conditions [211]. To construct

19Andor Solis Kymera 193i-B1
20Andor Solis Newton DU920P-OE
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Figure 9.7: Quantum efficiency of the Hamamatsu R11410-20. A data gap (red region)
exists between the laboratory measurements (blue) and the manufacturer’s vacuum-UV data
for this specific PMT (orange). The typical generic response curve [211] (black) is scaled to
match both datasets, yielding the continuous QE profile (green).

a continuous profile across the entire emission spectrum, a scaling procedure is applied.
The generic spectral response curve provided by the manufacturer for this PMT model
is scaled (1.16511 ± 0.00097) to match both the experimental and the manufacturer’s
vacuum-UV data, generating a response curve across the full spectrum.

The quantum efficiency is also slightly temperature-dependent. Because direct low-
temperature vacuum-UV measurements are unfeasible with the current setup, assump-
tions are derived from literature. A uniform slope of −0.03% ◦C−1 is reported for the
similar R11410-10 PMT between 250 nm and 400 nm [212]. This aligns with findings for
the mDOM PMTs, which exhibit a −0.03% ◦C−1 shift in detection efficiency between
350 nm and 420 nm [157] (co-supervised by the author). Thus, cooling the PMT from
20 ◦C to −20 ◦C enhances the quantum efficiency by approximately 1.2%, a correction
applied uniformly during the analysis.

PMT Triggering and Afterpulsing

When applying an amplitude-based trigger, recorded rates can be artificially skewed if
the PMT gain fluctuates across temperatures. Analytical modeling of the secondary elec-
tron distribution demonstrates that signal loss from the hardware trigger threshold is
strictly below 1% at nominal gain [183 (pp. 37–39)]. Thus, complex threshold-loss cor-
rections are deemed unnecessary. Instead, the 2.5mV hardware threshold (see Figure 9.8,
left) is mapped to a consistent 0.4PE amplitude cut in software (alongside the 0.2PE
charge cut). While this slightly reduces the total accepted signal population, it guar-
antees threshold consistency across all temperature profiles (with an average SPE pulse
height of ∼ 7.5mV).

The measured rates must also be corrected for afterpulsing, which artificially inflates
the hit count. The raw rates are multiplied by a factor of 1 − PAPI+II(T ), based on the
probabilities shown in Figure 9.8 (right). Unlike the timing parameters discussed in Sec-
tion 6.2.2, the afterpulsing probability increases below −30 ◦C. However, the probability
remains stable within the primary measurement interval of 20 ◦C to −20 ◦C. Ultimately,
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Figure 9.8: (left) Amplitude trigger threshold converted to PE equivalent. Shown for the
20 ◦C background measurement, where the 2.5mV trigger corresponds to 0.38PE. (right)
Total afterpulsing probability (AP1 + AP2) for the Hamamatsu R11410-20 as a function of
temperature.

these combined signal corrections are minor across temperatures and do not induce de-
formations in the relative spectral shape.

The wavelength- and temperature-dependent corrections for viewport and bandpass filter
transmission, PMT QE and PMT afterpulsing are applied to the measured PMT rates to
extract the true emission intensity Icorr(λ, t) as per

Icorr(λ, t) =
(Rraw(λ, t)−Rbkg(λ, t)) · (1− PAPI+II(t))

Tview(λ) · Tfilter(λ) ·QE(λ, t)
, (9.3)

where Rraw and Rbkg denote the measured signal and reference background rates, re-
spectively, and T denotes the optical transmission of the specific hardware component
alongside the previously introduced QE and PAPI+II.

9.3.3 Corrected Spectrum

Before normalizing the spectra, the impact of the applied corrections and the thermal
environment on the data is shown in Figure 9.9 (left). The decline in PMT QE towards
the UV regime, combined with lower filter transmission, suppresses the raw signals. Ad-
ditionally, Figure 9.9 (right) highlights the temperature and wavelength dependence of
the signal-to-noise ratio (SNR). Because intrinsic PMT dark noise drops while the scin-
tillation yield simultaneously increases towards lower temperatures, the SNR improves
significantly for colder measurements.

Normalizing the corrected spectra from Figure 9.9 (left) across all temperatures yields
the reconstructed spectra shown in Figure 9.10 (left). The normalized spectral shape
remains largely unchanged across all measured temperatures. This temperature indepen-
dence supports the applicability of the previous room-temperature spectral parameter-
izations within the simulation framework (see Section 9.5). The emission spectrum of
borosilicate glass is inherently broadened by its amorphous structure. Unlike a crystal,
where all luminescent centers experience an identical environment, the glass network con-
tains local variations in atomic arrangement and defect configurations. These variations
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Figure 9.9: (left) Background corrected PMT rates before (transparent) and after (solid)
applying wavelength-dependent corrections from Equation (9.3). (right) SNR of the corrected
signal rates for different temperatures.

lead to a distribution of emission energies and dominate the observed spectral width [213].
Within the investigated temperature range, this static structural disorder is expected to
be much larger than any temperature-dependent changes of the emission linewidth. Tem-
perature variations mainly affect non-radiative relaxation processes and interactions with
trapping centers, thereby changing the scintillation yield [184]. However, the local envi-
ronment of the luminescent centers remains sufficiently stable that the relative emission
spectrum is preserved. This provides a physically consistent explanation for the invariant
spectral shape observed here.

Figure 9.10 (right) reveals a broader spectral profile than previously mapped, with
the normalized intensity remaining notably high at 405 nm (∼ 0.7 compared with ∼ 0.25
from the measurement in [183]). Because this extended red tail diverges from the prior
baseline, its physical validity requires verification. The previous measurement was limited
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Figure 9.10: (left) Corrected and normalized scintillation spectra for all evaluated temper-
atures, with residuals relative to the −20 ◦C spectrum. (right) The −20 ◦C spectrum (blue
points) fitted with a split Gaussian model (solid line). The shaded region represents the 1σ
fit uncertainty. The previous measurement (red dashed) from [183] is overlaid for reference.
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by a very low SNR (<1.1 compared to O(100) in this work). The current high-statistics
evaluation uses the same Vitrovex glass sample and confirms this broadened profile across
multiple independent measurement runs and varied temperatures. To exclude sample-
specific anomalies or localized instrumental artifacts, a subsequent validation measure-
ment was conducted using a different Vitrovex sample. Despite operating with a reduced
four-filter configuration (necessitated by the thermal fracture of one filter during low-
temperature testing), this independent run reproduced the broadened spectral shape.
Thus, this higher-statistics measurement suggests that the extended visible emission is a
genuine material property rather than an experimental artifact, establishing a new base-
line for the background simulation.

To parameterize the asymmetric emission profile for the simulation framework, a
split Gaussian21 is fitted to the data using orthogonal distance regression, accounting for
uncertainties in both wavelength and measured rate:

f(λ) = A · exp
(
−(λ− µ)2

2σ2

)
where σ =

{
σL λ < µ

σR λ ≥ µ
. (9.4)

The fit yields a peak at µ = (345.8±13.9) nm with width parameters σL = (43.5±12.0) nm
and σR = (70.5± 23.5) nm. This distinct width asymmetry (> 50%) invalidates symmet-
ric standard Gaussian models and suggests a rapid UV onset followed by a slower decay
extending into the visible spectrum.

While the core emission peak is well-resolved, the exact boundary conditions of the UV
and visible tails carry higher uncertainty due to the sparse sampling of the five bandpass
filters. To mathematically constrain these spectral tails and quantify the uncertainty, a
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Figure 9.11: Bayesian optimization for filter recommendation. (left) Iteration 1 identifies
the global uncertainty maxima at the spectral edges (240 nm and 560 nm). The error band
represents the predictive model uncertainty σ. (right) Iteration 2 sequentially targets the
right tail (488 nm) after theoretically constraining the red-tail endpoint.

21Although luminescence bands are often approximately symmetric in energy space, the nonlinear
Jacobian transformation to wavelength space (I(λ) = I(E)hcλ2 ) introduces an asymmetry that typically
broadens the red side of the emission band [214]. The split Gaussian model accurately parameterizes this
wavelength-dependent asymmetry.
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Gaussian process regression (GPR) is applied. A radial basis function kernel (ℓ ≈ 40 nm)
models the spectral smoothness, anchored by absolute physical cutoffs at I(200 nm) = 0
and I(700 nm) = 0. By evaluating the model’s posterior standard deviation, this Bayesian
framework identifies the highest remaining uncertainties at 240 nm, 488 nm and 560 nm
(see Figure 9.11). These wavelengths define the regions where additional narrow-band
measurements would provide the highest information gain for the reconstructed emission
spectrum.

The temperature independence should also be experimentally confirmed for Okamoto
glass. Since this study demonstrated the thermal stability of the Vitrovex emission spec-
trum, the previous measurement setup from [183] could be repurposed, as utilizing the
higher-activity 241Am source from this work would overcome the prior SNR limitations.
Using this setup, a monochromator would replace the discrete wavelength sampling of
the filter wheel assembly. Prior to this, its UV transmission range would need to be
verified to ensure that the relevant spectral region, including the UV cutoff, remains ac-
cessible. Although this investigation fell outside the timeframe of this thesis, it remains
a recommendation for future characterization.

9.4 Scintillation Yield
With the specific isotope concentrations (Section 9.2) and the emission spectrum (Sec-
tion 9.3) of the Vitrovex glass established, the final parameter required for the optical
model is the absolute scintillation yield (photons per MeV). Historically, the temperature-
dependent scintillation yield of Vitrovex glass was determined using small cylindrical sam-
ples in [91] and the author’s master’s thesis [183], establishing a linear temperature pa-
rameterization (detailed for reproducibility in Appendix D). While these measurements
capture the intrinsic material scintillation yield, translating this yield to predict back-
ground rates in a massive optical module would require precise modeling of the specific
sample surface finishes and necessitate identical material properties between the measured
sample and the complete pressure vessels.

To avoid these systematic uncertainties and streamline the simulation for background
predictions, this work extracts the effective scintillation yield directly from integrated
module-level background data. In the simulation framework (detailed subsequently in
Section 9.5), the absolute scintillation yield acts as a direct linear scalar for the number of
scintillation photons generated per radioactive decay. By matching the simulated hit rates
to empirical mDOM target rates from [215], module-specific optical boundary conditions
are inherently accounted for. This provides a systematically corrected baseline that max-
imizes the predictive accuracy for unmeasured or upcoming optical module architectures
utilizing the same glass.

Because the measurements from [215] encompass the total integrated module back-
ground, the specific simulation target rate stemming solely from pressure vessel scintilla-
tion Rtarget,vessel must be isolated. This is achieved by subtracting the intrinsic PMT dark
noise Rdark and afterpulsing probability PAPI+II:

Rtarget,vessel(T ) =
Rtotal(T )−Rdark(T )/fgel

1 + PAPI+II(T )
, (9.5)
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Figure 9.12: (left) Calibration of the scintillation yield. The black error bars represent
the simulated PMT hit rates, averaged across the three evaluated temperatures for visual
clarity, which are intersected with the empirical target bands for −20 ◦C, −30 ◦C and −40 ◦C
derived from [215]. (right) Resulting parameterization of the absolute scintillation yields,
incorporating the temperature-dependent e−/α scaling established in [183].

where PAPI+II(T ) is the afterpulsing probability (see Section 6.2.2), Rdark(−20◦C) = (340±
15) s−1 is the intrinsic PMT dark rate measured in air at −20 ◦C [155 (pp. 147–148)] and
fgel = 1.725±0.021 is a correction factor to account for the decrease in internal reflections
when a PMT is optically coupled via gel, as determined in [73 (p. 191)]. Moreover, an
artificial dead time of 10 ns is applied between individual simulated PMT detections to
replicate the data acquisition of the measurement.

When modeling scintillation photon generation, a distinction must be made based
on the excitation mechanism, as densely ionizing α-particles and lightly ionizing electrons
(particularly from γ-interactions) exhibit distinct scintillation efficiencies (see Section 9.1).
To account for this, an electron-to-alpha yield ratio, as previously determined for Vitrovex
glass in the author’s master’s thesis [183], incorporating a slight temperature dependence,
is maintained.

As shown in Figure 9.12 (left), complete module background simulations of radioactive
decays within the pressure vessel are conducted across a grid of scintillation yields. The
scintillation yield for each particle type is obtained by matching the empirical target rate at
each specific temperature and then extracted via a linear intersection. Because the target
measurements encompass a relatively narrow thermal window (−40 ◦C to −20 ◦C), a first-
order (linear) parameterization is applied to these discrete calibration points to establish
a continuous baseline down to −50 ◦C, as presented in Figure 9.12 (right). By anchoring
this parameterization to module-integrated data, the scintillation model is calibrated to
forecast in situ background rates for Vitrovex vessels.
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9.5 Simulation for expected in-ice Background Rates

Figure 9.13: Geant4 visualiza-
tion of an exemplary 40K decay
within the LOM16 pressure vessel.
Orange lines represent photon tra-
jectories and yellow markers indi-
cate interaction vertices.

The Geant4 framework, as introduced in Section 8.1, is
utilized to simulate the expected PMT background rates
in optical modules following deployment. Rather than
generating optical photons directly, the simulation initial-
izes full radioactive decay kinematics for 40K as well as
the 232Th, 235U and 238U series isotropically within the
pressure vessels. These simulations are executed for both
air and ice environments across a temperature range from
−10 ◦C to −50 ◦C for the various multi-PMT optical mod-
ules (see Figure 8.1). Ten minutes of real time are simu-
lated per configuration, which corresponds to a set number
of isotopes derived from their specific activities within the
vessel, as determined in Section 9.2.1.

The ensuing α- and γ-emissions, along with sub-
sequent secondary electrons, deposit energy into the
glass. This energy transfer induces both scintillation and
Cherenkov radiation, as shown in Figure 9.13, with elec-
trons producing Cherenkov photons at kinetic energies ex-
ceeding the ≈ 160 keV threshold in borosilicate glass, as
per Equation (3.4). For each photon detection at the PMT
photocathode, spatial and temporal information, as well
as the decay origin and isotope, is recorded for analysis.
The complete optical and particle physics processes implemented within this simulation
are summarized in Table 9.4.

The rigorous modeling of scintillation properties (isotope concentrations from Sec-
tion 9.2, lifetimes from [73 (pp. 174–182)], emission spectrum from Section 9.3 and yield
from Section 9.4) isolates the background signal originating exclusively from the pressure
vessel. However, for a realistic comparison against measurements of integrated optical
modules, intrinsic PMT dark noise and afterpulsing are accounted for by analytically
increasing the simulated pressure vessel scintillation rate Rsim,vessel(T ):

Rtotal(T ) = Rsim,vessel(T ) · (1 + PAPI+II(T )) +Rdark(T )/fgel. (9.6)

While it is technically possible to incorporate intrinsic PMT dark noise dynamically on
an event-by-event basis in the simulation, the required scintillation properties of the glass
of the PMT bulb (including proprietary glass bulb weight and isotope concentrations)
are currently validated only for the mDOM PMT [73 (pp. 183–191)]. To establish an
equivalent methodological baseline across all optical module architectures, the analytical
scaling from Equation (9.6) is consistently applied.

Average PMT background rates from vessel scintillation Rsim,vessel(T ) are derived by
calculating the ratio of all detected photons from a given PMT to the total simulation
time. These rates are then translated to measurable hit rates by applying an artificial time
window that replicates the specific dead time or triggered event logic of the respective
module’s electronics. The following subsections evaluate the expected total background
rates for each optical module design, providing an essential tool for estimating the in-ice
noise background. Because in-ice measurements are unfeasible, validation is performed
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Table 9.4: Physics processes and corresponding object classes implemented in the simulation
framework to model scintillation and Cherenkov emission. The custom OMSimScintillation-
Process and OMSimRadioactiveDecayProcess classes are adapted from the standard Geant4
G4Scintillation and G4RadioactiveDecayBase modules.

Particle Process Class

Optical photon Absorption G4OpAbsorption
Optical processes at
medium interfaces

G4OpBoundaryProcess

Mie scattering G4OpMieHG

Ions Scattering G4hMultipleScattering
Ionisation G4ionIonisation
Radioactive decay OMSimRadioactiveDecayProcess

Alpha Scattering G4hMultipleScattering
Ionisation G4ionIonisation

Electron / Positron Scattering G4eMultipleScattering
Ionisation G4LivermoreIonisationModel
Bremsstrahlung G4eBremsstrahlung
Cherenkov radiation G4Cerenkov
Positron annihilation G4eplusAnnihilation

Gamma Pair production G4LivermoreGammaConversionModel
Compton effect G4LivermoreComptonModel
Photoelectric effect G4LivermorePhotoElectricModel

All particles above
except photons

Material scintillation OMSimScintillationProcess

by comparing the simulations to optical modules measured in air and wrapped entirely in
absorptive black tape. The tape absorbs photons that would otherwise be transmitted into
the surrounding ice at the nearly index-matched glass-ice interface, thereby approximating
the optical boundary conditions of an in-ice deployment.

To highlight geometric dependencies, rates are grouped by PMT layer (equatorial and
polar for the mDOM and LOM16, plus a vertical layer for the LOM18). D-Egg PMTs
remain ungrouped due to their symmetry. DOMs are omitted entirely from this eval-
uation, as their background rates are already documented and well understood, having
operated in situ for over a decade. Thus, the predictive framework developed here is
tailored to establish operational baselines for the novel, upcoming IceCube-Gen2 optical
module architectures prior to their deployment. In all subsequent plots, error bands rep-
resent statistical simulation fluctuations and all plotted values reflect the total integrated
background rate as per Equation (9.6), unless explicitly stated otherwise.
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mDOM

The temporal distribution of consecutive PMT hits stemming exclusively from Cherenkov
and scintillation photons from the pressure vessel is analyzed via ∆t histograms (see Sec-
tion 6.2.3), as shown in Figure 9.14 (left). The pure vessel simulation resolves three dis-
tinct kinematic regions: a prompt Cherenkov peak around ∆t ≈ 10−11 s, a broad delayed
scintillation peak between ∆t ≈ 10−8 s and ∆t ≈ 10−4 s and an uncorrelated background
peak around ∆t ≈ 10−2 s representing temporally overlapping decays. Adjacent to the
prompt Cherenkov signal, a minor secondary peak emerges at ∆t ≈ 2× 10−10 s. This fea-
ture originates from coincident Cherenkov photons undergoing internal PMT reflections
(see Figure 8.2, left) before detection. As expected from the varied photon path lengths,
the temporal position of this reflection peak shifts proportionally with the PMT size across
the different module architectures. Note that both of these prompt kinematic features are
typically obscured by hardware dead times of O(10 ns) in measurements. Furthermore,
while the simulation framework is capable of accurately smearing these signals by apply-
ing the empirically matched PMT transit time spread scans (detailed in Section 8.1), this
temporal convolution was deliberately omitted in these specific histograms to explicitly
resolve the underlying photon kinematics.

A deviation in the shape of the uncorrelated peak is observed when compared with
the empirical data (Figure 9.14, right). Since PMT dark noise is partially uncorrelated,
its presence in the empirical data naturally shifts the peak to the left and increases its
amplitude. Moreover, the overall distribution is governed by the scintillation lifetime dis-
tribution. The observed discrepancy is an expected consequence of analytically adding
the intrinsic PMT dark noise during post-processing, rather than simulating it dynam-
ically as in [215 (p. 85)], as well as neglecting PMT afterpulsing around ∆t ≈ 10−5.5 s.
This deviation does not impact the integrated average rates and is only highlighted for
completeness. In [215 (p. 87)], it is shown that the ∆t ratios between in-ice (taped) and
in-air mDOMs are consistent between simulation and measurement when dynamically
simulating mDOM PMT noise.

To determine the total background rates, an afterpulsing probability of PAPI+II =
(5.65±0.03)% from PMT acceptance testing is taken [155 (p. 143)]. For the intrinsic PMT
dark rates of mDOMs, one must distinguish between low-noise (LN: Rdark = (100±10) s−1)

Figure 9.14: Average time difference ∆t histograms for mDOM PMT background rates in
an ice environment at various temperatures. (left) Simulation of only vessel scintillation,
without artificial dead time. (right) Measurements from a taped mDOM mimicking the in-
ice response (data adapted from [215 (p. 89)]).
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Figure 9.15: Average total mDOM PMT background rates at different temperatures. (left)
In-ice simulation compared with measurements from a taped DVT-04 prototype (dot marker,
low-noise PMTs, 80 ns dead time) [73] and a taped production mDOM (cross marker, high-
noise PMTs, 10 ns dead time) [215]. (right) In-air simulation compared with measurements
from an untaped production mDOM (10 ns dead time, high-noise PMTs) [215].

and high-noise (HN: Rdark = (340±15) s−1, representing ∼ 90% of all production mDOMs)
PMTs [155 (pp. 147–148)] as previously introduced. Because the simulation yield was an-
chored to the high-noise production mDOM rates in ice, the alignment with this specific
dataset is expected by design. The true validation of the simulation is demonstrated by
its extrapolation to fundamentally different environments and hardware configurations.
As illustrated in Figure 9.15, the simulation successfully tracks the design verification
testing (DVT) mDOMs equipped with low-noise PMTs, confirming that the analytical
decoupling of the PMT dark noise is accurate. Furthermore, the available in-air mea-
surements of untaped modules exhibit strong consistency with the simulated rates. This
validation demonstrates that the model accurately captures the complex geometric optics
and internal reflections of the module.

While experimental results often limit reported measurements to a module-wide av-
erage, the simulation predicts slight geometric variations in the background rate between
PMT layers. For example, at −20 ◦C in ice with a 10 ns dead time, high-noise equatorial
PMTs exhibit an average rate of (624±10) s−1, whereas polar PMTs register (609±10) s−1.
Additionally, the simulation predicts an air-to-ice rate reduction factor for mDOMs of
1.43 ± 0.03 at −20 ◦C, which aligns with the empirically measured ratio of 1.38 ± 0.13
reported in [215].

D-Egg

As established in Section 9.2.2, the pressure vessels for the D-Egg and LOM18 are manu-
factured using Okamoto glass rather than Vitrovex glass. Although both are borosilicate
glasses, differences in their production processes, raw material compositions and radiop-
urities lead to distinct scintillation properties. Consequently, the scintillation properties
of Okamoto glass must be parameterized independently. While the scintillation yield and
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lifetime for Okamoto glass have been constrained recently [216], a suitable glass sample
for measuring the emission spectrum was not available for this thesis, necessitating the
use of the Vitrovex spectrum as a functional proxy. If the intrinsic scintillation spectrum
of Okamoto glass extends further into the UV regime, the yield would require remeasure-
ment using a UV-sensitive PMT to bypass the 280 nm sensitivity cutoff of the utilized
mDOM PMTs. Furthermore, the isotope concentrations were provided by an external
company rather than measured in the setup from Section 9.2 due to the lack of suitable
samples.

Empirical background rates at operational temperatures or detailed afterpulsing mea-
surements for D-Egg PMTs are sparse. The intrinsic PMT dark rate at −40 ◦C in air is
estimated to be Rdark ≈ (400 ± 60) s−1 [217]. In [118], an air-to-ice reduction factor of
2.4 is applied to predict an overall in-ice average in-module PMT rate of (908 ± 87) s−1

with a dead time of 100 ns. Subtracting the intrinsic PMT noise isolates a target vessel-
scintillation-induced background Rsim,vessel of roughly (508± 106) s−1 per PMT.

Initial simulations utilizing the isotope concentrations supplied by the external com-
pany severely underestimated this target, producing only (31.17 ± 6.52)% of the target
vessel scintillation ((61.49 ± 8.86)% in terms of total background rates) of the expected
−40 ◦C value, as shown in Figure 9.16 (left). This discrepancy likely arises because the
external company reports the activities without a detailed correction for internal geo-
metric efficiency ϵ(E), as applied in Section 9.2. This implies that the true radionuclide
concentrations within Okamoto glass may be higher than the ones stated in [10 (p. 116)].

Given these combined material uncertainties (uncorrected isotope activities, an as-
sumed Vitrovex emission spectrum, imprecise PMT background and a lack of precise
geometric coupling factors fgel for the dark rate subtraction), the initial parameterization
provides an incomplete picture. To establish a functional baseline for Okamoto glass in the
simulation, the isotope concentrations are uniformly scaled by a factor of 3.16 to anchor
the simulation to the −40 ◦C measurement target, as demonstrated in Figure 9.16 (right).
It is important to note that this scaling serves as a necessary phenomenological proxy
to match the measurement target rather than a definitive claim regarding the absolute
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Figure 9.16: (left) Initial D-Egg in-ice average PMT background rates generated using
uncorrected external isotope concentrations, significantly underestimating the measurement
target from [118] (black cross). (right) Scaling of the provided isotope concentrations to
match the expected average PMT rate solely due to vessel scintillation (taped, at −40 ◦C,
100 ns dead time).
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Figure 9.17: (left) Finalized D-Egg average PMT background rates in air (green) and ice
(blue) compared with empirical values in [118]. The lower panel shows the resulting air-to-ice
reduction ratio at different temperatures. (right) Average time difference ∆t histograms for
D-Egg PMTs from vessel scintillation in an ice environment at various temperatures.

activity of the Okamoto glass.
The simulation using this scaled isotope profile is shown in Figure 9.17 (left) and

yields an air-to-ice reduction factor of 2.56 ± 0.18 at −40 ◦C. This aligns with the pre-
viously reported factor of ∼ 2.4 [118]. The complementary time distributions between
consecutive PMT hits stemming from vessel scintillation are shown in Figure 9.17 (right),
for which no measurements of integrated PMTs at low temperatures could be found for
comparison. As the intrinsic background from the large D-Egg PMTs is not included, the
uncorrelated peak is likely of higher amplitude than shown. Despite the phenomenologi-
cal assumptions required to bypass extensive laboratory characterization, these adjusted
Okamoto scintillation properties form the basis for subsequent LOM18 modeling.

LOM16

The LOM16 uses a 10.7 kg Vitrovex pressure vessel, sharing scintillation properties with
mDOM pressure vessels. This provides an excellent benchmark to evaluate the simu-
lation’s validity under a different geometry. Unlike the mDOM, the LOM employs the
wuBase data-acquisition architecture. During final acceptance testing (FAT) reported
in [127], module rates are stated as triggered active event windows rather than individual
PMT pulse counts. When a pulse exceeds the 0.2PE threshold, the 60MHz digitizer
(16.67 ns clock resolution) opens a pre- and post-trigger sampling window spanning 16
samples (266.72 ns) in each direction, establishing a minimum event length of 533.44 ns.
Any subsequent photon detection falling within this active window dynamically extends
the integration period and all enclosed pulses are cataloged as a single discrete event (see
Figure 9.18, left).

Explicitly simulating this dynamically extending acquisition window on an event-by-
event basis introduces computational complexity and prevents the extraction of standard
pulse rates comparable with those of the mDOM and D-Egg. Instead, an analytical
translation is applied to post-process the simulation output. The statistically averaged
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Figure 9.18: (left) Logic diagram of the wuBase DAQ triggering mechanism, demonstrat-
ing the dynamic extension of the active sampling window upon subsequent pulse detection.
(right) Simulated average PMT background pulse rate solely due to vessel scintillation as a
function of artificial dead time for the LOM16 in air at −40 ◦C. Red points indicate the clock
resolution (16.67 ns), the minimum base window (533.44 ns) and the statistically averaged
window duration (596.7 ns).

duration of these extending live-time windows is evaluated to be (596.7±1.2) ns at −40 ◦C
in air. By applying this mean duration as an artificial, non-extending dead time to the
simulated pulse timing distributions, the resulting simulation rates can be mapped to
the FAT triggered event rates. Figure 9.18 (right) illustrates a representative translation
curve used to correlate dead time with the resulting average PMT rate.

FAT measurements conducted in air at −40 ◦C provide the empirical baseline for the
LOM16, as shown in Figure 9.19. The simulation accounts for PMT dark rates and after-
pulsing as per Table 6.4. According to the FAT measurements, the average triggered event
rate across four tested optical modules per PMT variant is (1037±7) s−1 for Hamamatsu-
equipped modules and (995±11) s−1 for NNVT-equipped modules. The simulation shows
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Figure 9.19: Comparison of simulated average LOM16 PMT background trigger rates with
average FAT measurements in air at −40 ◦C. (left) Modules equipped with NNVT PMTs.
(right) Modules equipped with Hamamatsu PMTs. Equatorial PMTs correspond to channels
0–7 and polar PMTs to channels 8–15.
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good agreement, with total background rates of (1032.1 ± 1.2) s−1 (Hamamatsu) and
(1036.5 ± 2.1) s−1 (NNVT). However, differences between PMT variants and layers are
more pronounced according to the FAT measurements. This close agreement with empir-
ical values, together with the corresponding agreement observed for the mDOM, provides
an independent validation of the adopted scintillation parameterization for Vitrovex glass,
as both optical modules employ the same pressure vessel material. The remaining devia-
tions are largely dependent on the parameterization of the intrinsic PMT background.

The in-ice PMT rates for the LOM16 across the entire expected IceCube-Gen2 opera-
tional range (−45 ◦C to −10 ◦C) [10 (p. 89)] are presented in Figure 9.20 (left). To main-
tain consistency with mDOM and D-Egg parameterizations, these rates may be reported
as standard PMT pulses per second (using a 10 ns dead time) rather than wuBase trigger
event rates. This translates to an expected in-ice pulse background rate of (679.4±1.6) s−1

(Hamamatsu) and (694.0 ± 2.9) s−1 (NNVT) at −40 ◦C. This is comparable with the
mDOM’s (705.9 ± 9.9) s−1 average total background PMT rate, which is heavily skewed
due to the higher intrinsic PMT dark rate of (340 ± 15) s−1 compared with the LOMs’
(56.3±2.7) s−1 (Hamamatsu) and (94.0±4.8) s−1 (NNVT). The (28.1±1.1)% increase in
the background rate due to vessel scintillation in the LOM16 is driven mainly by the larger
4-inch PMT photocathode area and the geometry of the optical coupling. Specifically,
the larger, bulkier gel pads act as extended light guides, capturing more photons before
they can scatter or be absorbed by the internal holding structures. Because physically
taped LOM16s were not measured during FAT, the air-to-ice scaling relies entirely on the
simulated geometry, which has been demonstrated to be accurate for Vitrovex glass using
the mDOM previously. At −40 ◦C, the simulation models environmental suppression from
air to ice by a factor of 2.14 ± 0.02. The PMT pulse timing distributions (Figure 9.20,
right) stemming solely from vessel scintillation are similar to those of the mDOM, as the
Vitrovex scintillation lifetime parameterization is shared. However, the uncorrelated peak

0

250

500

750

1000

1250

A
ve

ra
ge

P
M

T
b

ac
k
gr

ou
n

d
tr

ig
ge

r
ra

te
(1

/s
)

Ice

FAT measurement average

Air

−50 −40 −30 −20 −10

Temperature (◦C)

2.05
2.10
2.15
2.20

ra
ti

o

10−1210−1010−8 10−6 10−4 10−2

∆t subsequent pulses (s)

0.00

0.01

0.02

0.03

0.04

N
or

m
a
li
ze

d
co

u
n
ts

−50

−40

−30

−20

−10

0

T
em

p
er

at
u

re
(°

C
)

Figure 9.20: (left) Predicted PMT background trigger rate (averaged across Hamamatsu
and NNVT variants) for the LOM16 over the anticipated operational temperature range in
both environments. Rates are shown as wuBase event rates, in contrast to true pulse rates
reported for mDOMs and D-Eggs. The lower panel shows the simulated air-to-ice reduction
ratio across temperatures. (right) Average time difference ∆t histograms for LOM16 PMTs
from vessel scintillation in an ice environment at various temperatures.
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around ∆t ≈ 10−2 s is slightly more pronounced. The wuBase event triggering logic will
suppress part of the scintillation peak of the timing distribution, as an effective dead time
of ≳ 5× 10−7 s is applied.

LOM18

The LOM18 features a 17 kg Okamoto glass vessel with the wuBase DAQ architecture
introduced with the LOM16. The simulation draws upon the previously derived scintil-
lation parameters, utilizing the 3.16 radionuclide concentration scaling factor established
for the D-Egg and a (568.6± 1.1) ns mean wuBase event window logic at −40 ◦C in air.

The simulation is in good overall agreement with the expected event rates when
compared with FAT measurements averaged across five Hamamatsu- and two NNVT-
equipped modules (Figure 9.21). However, it slightly overestimates the trigger rates by
(60±24) s−1 for the NNVT PMTs and (40±19) s−1 for the Hamamatsu PMTs on average.
These discrepancies may arise from uncertainties in the derived scintillation parameteri-
zation, differences between the PMTs characterized in this work (Section 6.2.3) and those
installed in the LOM18 modules, or the limited livetime of the FAT measurements. The
combined duration of all trigger windows amounts to less than one minute per PMT,
resulting in relatively large statistical uncertainties.

Because the LOM18 incorporates more distinct PMT layering, Table 9.5 dissects the
rates by specific PMT layers. Both the simulation and the empirical data exhibit a
decreased background rate for polar PMTs relative to the equatorial and vertical PMTs.
This spatial variance is attributable to the optical coupling geometry, as the polar PMTs
are situated behind smaller gel pads, reducing their solid-angle acceptance of photons
originating in the thicker equatorial sections of the pressure vessel.

Finally, the extrapolated in-ice rates for the LOM18 are presented in Figure 9.22
(left). A module-specific measurement is available for validation, wherein a single LOM18
was evaluated at −40 ◦C both bare and covered with absorptive tape. The simulation
demonstrates excellent agreement with this module across both environments, further
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Figure 9.21: Comparison of simulated average LOM18 PMT background trigger rates with
average FAT measurements in air at −40 ◦C. (left) NNVT PMT variant. (right) Hamamatsu
PMT variant. Equatorial PMTs correspond to channels 0–7, polar PMTs to channels to 8–15
and the vertical PMTs to channels 16 & 17.
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Table 9.5: Comparison of simulated average background rates with FAT measurements for
the LOM18 in air at −40 ◦C, categorized by PMT placement geometry.

PMT Type Source PMT Layer Rate (s−1)

Hamamatsu

FAT Measurement
Equatorial 202± 11
Polar 178± 10
Vertical 194± 15

Simulation
Equatorial 240.2± 1.4
Polar 223.0± 1.4
Vertical 245.8± 1.7

NNVT

FAT Measurement
Equatorial 202± 9
Polar 192± 8
Vertical 193± 20

Simulation
Equatorial 255.6± 2.4
Polar 238.6± 2.4
Vertical 261.1± 2.6

validating the underlying framework, whereas the average FAT rate in air at −40 ◦C is
slightly lower as discussed before. When translating the wuBase-triggered in-ice rates
of (114.6 ± 5.2) s−1 (Hamamatsu) and (131.4 ± 5.5) s−1 (NNVT) to standard pulse rates
with a 10 ns dead time, the simulation predicts rates of (142.6 ± 1.7) s−1 and (163.2 ±
2.8) s−1 at −40 ◦C in ice, respectively. Furthermore, the FAT measurement yields an air-
to-taped reduction ratio of 2.06±0.39, while the corresponding simulated reduction factor
is 1.96±0.08, demonstrating geometric agreement. The timing distributions (Figure 9.22,
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Figure 9.22: (left) Predicted average PMT background rate (averaged across Hamamatsu
and NNVT variants) for the LOM18, shown as wuBase event rates across temperatures and
environments. Results are validated against measurements from a single LOM18 which was
also taped (cross marker) and average FAT data (dot marker) from Figure 9.21, both measured
at −40 ◦C. The lower panel shows the simulated air-to-ice reduction ratio across temperatures.
(right) Average time difference ∆t histograms for LOM18 PMTs from vessel scintillation in
an ice environment at various temperatures.
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right) reveal an even larger uncorrelated component compared with LOM16s, which is
expected as fewer scintillation photons are produced in Okamoto glass, increasing the
relative probability of detecting coincident uncorrelated decays. Similar to D-Eggs, adding
intrinsic PMT dark noise will increase the relative amplitude of the uncorrelated peak even
further.

Comparing both LOM geometries directly, the expected background event rates in ice
at −40 ◦C, averaged over both PMT variants, are reduced by a factor of 3.93 ± 0.13 for
the LOM18. The corresponding reduction factor in air is 4.29± 0.12, or 5.25± 0.12 when
considering the FAT measurement averages. These results corroborate that Okamoto
glass yields lower background rates than current Vitrovex pressure vessels. As discussed
in Section 9.2.2, the elevated background in Vitrovex glass likely originates from higher
trace concentrations of radionuclides in the quartz sand and a higher potassium nitrate
content in the glass batch.

9.6 Summary and Outlook
This chapter establishes a comprehensive, simulation-derived optical background model
for both IceCube Upgrade LOMs, providing the baseline background modeling for the
Gen2-OM. The parameterization is rooted in empirical measurements, where the iso-
tope concentrations within the Vitrovex glass pressure vessels are consistently lower than
those previously reported. Notably, no significant vessel-to-vessel variations were ob-
served, a stability metric that will be continuously monitored across multiple batches
during IceCube-Gen2 mass production. Moreover, the analysis of individual Vitrovex
glass components identifies quartz sand as the primary source of heavy chain contam-
ination, challenging prior hypotheses that attributed this activity primarily to furnace
leaching. In addition, the scintillation spectrum measurement achieved an excellent SNR,
revealing a consistent spectral shape across different temperatures.

For the average expected total background rates, both the mDOM and LOM16 simu-
lations align closely with measurements, providing validation for the Vitrovex scintillation
properties. In contrast, modeling Okamoto glass based on the D-Egg proved more chal-
lenging due to a lack of detailed comparative measurements. Here, the isotope concentra-
tions were scaled using empirical D-Egg target rates to establish a functional baseline. The
subsequent LOM18 FAT measurement comparison confirms that this scaling approach is
accurate. Both the measurements and simulations exhibit parallel trends under parame-
ter variations. Discrepancies remain in the ∆t distributions, largely stemming from the
analytical treatment of dark noise and the absence of dynamic type II afterpulsing in
the event generation. These simulation-derived background rates constitute the baseline
noise model injected into the IceTray software architecture for IceCube-Gen2 forecasting,
pending further validation from in situ IceCube Upgrade data.

Future experimental efforts should focus on completing the characterization of Okamoto
glass scintillation properties, particularly its intrinsic radionuclide concentrations, as no
suitable glass samples or bare vessels were available for this study. Additionally, the
emission spectrum should be measured with the setup described in Section 9.3.1, ideally
extending to a broader range of bandpass filters. If the Okamoto spectrum extends deeper
into the UV range than that of Vitrovex, both scintillation yield and lifetimes need to be
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reassessed using UV-sensitive PMTs. Furthermore, bare D-Egg PMTs should be charac-
terized analogously to Chapter 6 to provide dark-rate and ∆t histogram targets for the
intrinsic PMT background simulation, while also supplying the measurements required
for a future implementation of PMT afterpulsing. In addition, the scintillation properties
of the 4-inch LOM and 8-inch D-Egg PMTs must be characterized to complete the overall
background model. Finally, while the total module background (including atmospheric
muons) for an mDOM submerged in a water tank has been successfully measured and
simulated in [218] under the author’s supervision, equivalent evaluations for the LOMs
remain an important objective for future studies.
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Part III

IceCube Upgrade Sensitivity Study on
Neutrino Emission from active Galaxy

NGC 1068
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10 NGC 1068: A Key to understanding
high-energy Astrophysics

Figure 10.1: NGC 1068 as imaged by the Hubble Space Telescope. The inset shows an
artistic interpretation of the AGN based on NuSTAR X-ray observations. Taken from [219].

NGC 1068 (Messier 77), as depicted in Figure 10.1, is a nearby barred spiral galaxy and
the archetype of a Seyfert II active galactic nucleus. Located in the constellation Cetus
at a commonly adopted distance of 14.4Mpc (∼47 million light-years), it serves as a
primary target object in AGN research. Its nucleus hosts a (1–2)× 107 M⊙ supermassive
black hole deeply embedded in a dense, Compton-thick circumnuclear torus [220]. From
Earth’s perspective, this geometry obscures the central engine in optical and soft X-ray
bands, producing the characteristic Seyfert II “hidden core” signature, as introduced in
Section 2.2.2. Additionally, NGC 1068 features intense starburst activity and multiphase
outflows, making it an important site for studying AGN-host galaxy feedback and cosmic
ray acceleration [221]. Historically, NGC 1068 has been central to the validation of the
unified AGN paradigm and remains a primary target in multi-wavelength and multi-
messenger astrophysics due to its rich emission spectrum.

10.1 Astrophysical Insights and high-energy Particle
Acceleration

Recent high-resolution radio [222] and X-ray [223] observations have provided evidence
for jet-disk interactions, identifying both relativistic jets and the accretion disk corona as
promising sites for cosmic ray acceleration via diffusive shock acceleration and magnetic
reconnection [45]. In this dense, photon-rich environment, cosmic rays undergo hadronic
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Figure 10.2: Multi-messenger spectral energy distribution of NGC 1068. The neutrino flux
measurement from IceCube (dark blue band) is compared with electromagnetic observations
(data points) and theoretical models (lines). Taken from [6].

(pp) and photohadronic (pγ) interactions, yielding charged and neutral pions and conse-
quently high-energy neutrinos and γ-rays (see Section 2.2.1).

A defining feature of NGC 1068 emerging from recent observations is its “hidden”
cosmic ray accelerator status. As illustrated in Figure 10.2, the neutrino flux observed
by IceCube exceeds the potential O(100GeV) γ-ray flux limits by at least one order of
magnitude [6]. While conventional hadronic models predict neutrino and γ-ray fluxes of
similar magnitude, observations reveal NGC 1068 to be “neutrino-bright but γ-ray-dim”
at higher energies [224]. This tension between the high neutrino flux and the γ-ray limits
suggests a high-opacity environment where γ-rays are absorbed and reprocessed to lower
energies [45, 224]. Indeed, γ-rays produced in the disk and corona are heavily suppressed
by e± pair production on X-ray and IR fields, cascading their energy down to MeV γ-rays
or hard X-rays before escaping [225]. Neutrinos, in contrast, interact predominantly via
the weak force and escape the AGN core region unperturbed, providing a unique probe
of the otherwise unobservable central environment.

Surveys searching for time-integrated emission from AGN populations [48] show that
γ-ray-loud blazars and radio-loud AGN, despite their γ-ray brightness, contribute only a
modest fraction of IceCube’s observed diffuse astrophysical neutrino flux. This motivates a
detailed investigation of obscured, starburst or hidden AGNs such as NGC 1068, allowing
for the revision of models describing cosmic ray acceleration, which are now considered
viable contributors to the high-energy astrophysical neutrino flux.

Despite intensive campaigns with Fermi-LAT [26], HAWC [28] and other γ-ray tele-
scopes, neither photon nor neutrino emission at the PeV scale has been firmly associated
with NGC 1068, suggesting it is not a PeVatron. The dominant acceleration and in-
teraction processes appear to cap at the sub-PeV scale, though true ratios depend on
local absorptive and geometric properties. The gap between observed neutrino and sup-
pressed γ-ray fluxes supports models with efficient γ-ray absorption and cascade repro-
cessing. Computational modeling incorporating detailed AGN structure, intense photon
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fields and environmental absorption [224] remains essential for interpreting observations
and for probing the differences in acceleration mechanisms between obscured AGN and
blazars.

10.2 The strategic Value of NGC 1068 in IceCube and
multi-Messenger Astrophysics

NGC 1068 occupies a central position in high-energy neutrino astronomy and the broader
multi-messenger landscape. In a landmark result in 2022 [6], the IceCube Neutrino Ob-
servatory identified a statistically significant (> 4σ) persistent flux of 79+22

−20 high-energy
neutrinos from the vicinity of NGC 1068’s core. Unlike earlier neutrino source candidates
based on single events or transient flaring activity, this excess is supported by a population
of events accumulated over many years of observation, enabling the study of NGC 1068
as a steady astrophysical emitter.

As shown in the high-resolution scan in Figure 10.3, the optical position of NGC 1068
lies within the 68% confidence region of the neutrino excess, located just 0.11◦ from the
best-fit hotspot. This spatial coincidence, combined with the high signal statistics, estab-
lished the first statistically significant association of a steady but obscured AGN with a
high-energy neutrino source. The measured best-fit spectrum from this initial discovery
is a power law with a spectral index of γ ≈ 3.2. While softer than canonical expectations,
this index is consistent with internal absorption and cascade models. More recently, a
follow-up study [226] utilizing expanded datasets suggests an even softer index of γ ≈ 3.4.

NGC 1068 stands out as the most significant and best-characterized time-independent
(steady-state) neutrino point source identified to date. It contrasts with earlier discoveries

Figure 10.3: Sky map of the point-source scan in the Northern Hemisphere. The color scale
indicates the logarithm of the local p-value obtained from the maximum likelihood analysis,
evaluated at each location in the sky with the spectral index as a free parameter. The map is
shown in equatorial coordinates using a Hammer-Aitoff projection. The black circles indicate
the three most significant objects from the source list search. The circle around NGC 1068
marks the most significant location in the Northern Hemisphere, enlarged in the right inset.
Taken from [6].
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of transient emission, such as the flare from blazar TXS 0506+056 [5, 227]. As such, it sig-
nal provides a “standard candle” for the cross-calibration of present and next-generation
neutrino detectors. The sample size permits detailed spectral analysis and model dis-
crimination (e.g., cascade versus direct emission, or gas and dust torus absorption), while
the high event statistics allow for the physical validation of detector performance metrics,
such as directional reconstruction and background suppression algorithms.

While the majority of IceCube’s measured diffuse astrophysical neutrino flux remains
unresolved into individual point sources [228], the ∼80 neutrino events linked to NGC 1068
underscore its strategic importance. Its persistent signal provides a benchmark for ex-
tracting astrophysical events from heavy atmospheric backgrounds and testing improved
analytic approaches. The combination of X-ray obscuration and strong neutrino emission
motivates coordinated multi-wavelength studies involving observations from CTA [229],
ULTRASAT [230] and future X-ray missions. These efforts will refine spectral models
and help resolve the physical mechanisms driving the observed emissions.

The recently deployed IceCube Upgrade and the planned IceCube-Gen2 extension
promise significantly improved sensitivity, energy range and angular resolution. These
enhancements will deepen our view into AGN cores, constrain low-energy spectral cut-
offs and improve searches for time-dependent emission. NGC 1068’s flux and spectral
characteristics ensure that it will remain central to IceCube’s science goals and the evolv-
ing multi-messenger landscape, enabling ongoing advances in both AGN physics and the
search for the origins of high-energy cosmic neutrinos.

IceCube Upgrade provides the first opportunity to study astrophysical neutrino sources
with a detector configuration that includes newly developed optical module technologies.
While the complete IceCube-Gen2 detector will require dedicated simulations beyond the
scope of this thesis, IceCube Upgrade serves as an essential intermediate step for evalu-
ating the expected performance of these detector concepts. NGC 1068, with its steady
neutrino emission and soft spectral index, provides a well-suited benchmark for this pur-
pose.
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11 Point Source Analysis Method
The detection of astrophysical neutrino sources requires distinguishing a small popula-
tion of cosmic neutrino events from the overwhelming background of atmospheric muons
and neutrinos. This challenge is addressed through statistical methods that exploit the
characteristic spatial and energy distributions of signal and background events. This
chapter introduces the unbinned maximum likelihood method used for neutrino point
source searches in IceCube, which is based on [231] unless stated otherwise. A point
source analysis evaluates the significance of potential sources by testing for spatial and
energy-dependent excesses of events relative to the expected atmospheric background.
By leveraging individual event-level observables (specifically the reconstructed direction,
angular uncertainty estimate and energy proxy), this statistical framework provides im-
proved separation between signal and background compared with binned approaches. In
this thesis, the method is implemented using the csky analysis package [232], a standard-
ized software framework for IceCube point source searches.

11.1 The unbinned Likelihood Function
The core of the analysis is the likelihood function L, which quantifies the compatibility
of the observed data with a composite hypothesis consisting of a localized astrophysical
signal flux and a continuous background. The physical composition of this background
is energy-dependent: while it is dominated by atmospheric muons and atmospheric neu-
trinos at lower and intermediate energies, the isotropic diffuse astrophysical neutrino
flux itself becomes the primary background component at the highest energies (typically
≳ O(100TeV) for tracks [228]). The method is unbinned because it utilizes individual
event observables directly rather than relying on histogrammed data, thereby maximizing
the spatial and kinematic information retained from the detector.

Single-Dataset Likelihood

For a dataset containing N observed events, the standard likelihood is defined as the
product of the probabilities for each individual event i:

L(ns, γ) =
N∏
i=1

[ns

N
Si(x⃗s, γ) +

(
1− ns

N

)
Bi

]
. (11.1)

Here, ns is the number of signal events (the primary free parameter) and γ is the spectral
index of the source (also a potential free parameter). Si and Bi represent the signal and
background probability density functions (PDFs) for the i-th event, respectively.

Multi-Dataset Likelihood

Since the analysis described in Chapter 12 combines data from different detector configu-
rations (namely IceCube + DeepCore and IceCube Upgrade), the likelihood is generalized
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to combine M independent datasets. The joint likelihood is the product of the individual
dataset likelihoods:

L(ns, γ) =
M∏
j=1

Nj∏
i=1

[
nj
s

Nj

Sj
i (x⃗s, γ) +

(
1− nj

s

Nj

)
Bj
i

]
.

Here, Nj is the total number of events in dataset j. The expected signal count in a
specific dataset nj

s is not a free parameter but is derived from the total fitted signal flux
Φ0 (equivalently, the total fitted ns) weighted by the relative acceptance (effective area
and livetime) of the corresponding dataset.

Time-Dependent Likelihood Extension

For transient analyses where emission is confined to a short time window (see Section 13.3),
the extended likelihood formulation is employed [233]. Unlike the standard likelihood,
which fixes the total number of events N , this approach accounts for Poisson fluctuations
in the event counts, which become statistically significant over short durations:

L(ns, γ) =
(ns + nb)

N

N !
e−(ns+nb)

N∏
i=1

(
nsSi(γ) + nbBi

ns + nb

)
.

Mathematically, this formulation allows the total number of observed events to fluc-
tuate according to Poisson statistics, enabling the analysis to evaluate the significance of
observing N events when the expected background count nb is small.

Probability Density Functions (PDFs)

The ability to distinguish astrophysical neutrinos from atmospheric background relies on
accurate PDFs. These are factorized into spatial and energy-dependent terms to capture
the distinct signatures of signal events.

Signal PDF (Si)

The signal PDF describes the probability of observing an event with reconstructed prop-
erties (x⃗i, Ei) from a neutrino originating from a source at x⃗s with a power law spectrum
E−γ:

Si(x⃗s, γ) = Sspace(x⃗i|x⃗s, σi)× Senergy(Ei, δi|γ).
The spatial term Sspace quantifies directional clustering. It is modeled analytically,

typically as a 2D Gaussian centered at the source coordinates x⃗s:

Sspace(x⃗i|x⃗s, σi) =
1

2πσ2
i

exp

(
−|x⃗i − x⃗s|2

2σ2
i

)
. (11.2)

Here, x⃗i is the reconstructed event direction and σi is the event-by-event angular uncer-
tainty estimator. For high-energy tracks, this is often approximated as a 2D Gaussian.
However, for analyses dominated by lower-energy events associated with larger angular
uncertainties, a Kent distribution is employed [233]. The Kent distribution accounts for
the curvature of the celestial sphere, providing a more accurate description of the point
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spread function (PSF) tails than a planar Gaussian approximation. For extended sources,
the uncertainty σi is combined with the source extension width σsrc.

Unlike the spatial term, the energy term Senergy does not have a closed analytic
form. It represents the probability of reconstructing an energy Ei given a true power law
source spectrum Φ ∝ E−γ and is constructed numerically using Monte Carlo simulations.
In csky, this is implemented by weighting the simulation according to the trial spectral
index γ and fitting a multidimensional spline to the resulting energy distribution.

Background PDF (Bi)

The background PDF characterizes the total background observed by the detector, which
is dominated by atmospheric muons and atmospheric neutrinos over most of the energy
range. As these are characterized by detector effects that are difficult to model analyti-
cally, the background model is derived entirely from experimental data:

Bi = Bspace(δi)×Benergy(Ei, δi).

For the spatial term Bspace, the background is assumed to be uniform in right
ascension (RA). Over long observation periods, the Earth’s rotation averages out local
detector asymmetries, while the detector acceptance depends primarily on declination δ.
The declination dependence of the acceptance is modeled numerically as:

Bspace(δi) =
1

2π
Pdata(δi),

where Pdata(δi) is determined by a spline fit to the declination distribution of the full
experimental dataset.

The energy term Benergy captures the declination-dependent energy spectrum of the
atmospheric background as measured by the detector. It is constructed by binning the
experimental data in declination bands and generating a smoothed representation (spline
or kernel density estimate) of the reconstructed energy distribution within each band.

Numerical Implementation

For computational efficiency and numerical stability, the likelihood is often expressed
using the ratio of signal to background PDFs:

Wi(x⃗s, γ) =
Si(x⃗s, γ)

Bi

. (11.3)

Substituting this into the likelihood definition (Equation (11.1)) yields a simplified form
used in the maximization routines:

lnL(ns, γ) =
N∑
i=1

ln
[ns

N
(Wi − 1) + 1

]
+ const.

This formulation highlights that events with Wi ≫ 1 (signal-like) favor larger fitted values
of ns, while events with Wi < 1 (background-like) favor the null hypothesis.
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11.2 Hypothesis Testing and Test Statistic
To quantify the significance of an excess, a hypothesis test is performed comparing the
best-fit signal-plus-background hypothesis H1 against the background-only null hypothesis
H0.

• Null Hypothesis (H0): ns = 0. All observed events are consistent with atmo-
spheric background.

• Alternative Hypothesis (H1): ns > 0. An excess of events exists, best described
by a source with parameters n̂s and γ̂.

The compatibility of the data with these hypotheses is evaluated using a test statistic
(TS) based on the log-likelihood ratio:

TS = −2 ln

(L(ns = 0)

L(n̂s, γ̂)

)
, (11.4)

where n̂s and γ̂ maximize the likelihood under the signal-plus-background hypothesis.
As the ratio is taken, the numerical implementation from Equation (11.3) is naturally
justified. Larger TS values indicate that the signal hypothesis provides a better description
of the data than the null background hypothesis.

Statistical Interpretation

The significance of an observed TS is determined empirically. By performing thousands
of pseudo-experiments on randomized background data (see Section 11.3), a background-
only TS distribution is constructed. The p-value is defined as the probability of obtaining
a TS at least as large as the observed value under the null hypothesis [48]:

p = P (TSbkg ≥ TSobs | H0).

According to Wilks’ theorem, in the asymptotic limit, the positive tail of the back-
ground TS distribution follows a χ2 distribution, allowing the conversion of p-values into
standard deviations σ for reporting significance. The χ2 distribution has degrees of free-
dom equal to the number of free parameters (typically 2: ns and γ). However, because
ns is physically constrained to be non-negative, the full distribution is a mixture of a
Dirac delta function at TS = 0 (representing negative statistical fluctuations where the
best fit is ns = 0) and a χ2 tail for positive fluctuations. For finite background samples,
this behavior is approximated by fitting the distribution with a χ2 function scaled by a
non-zero fraction η. This framework allows for the characterization of type-I errors (false
positives, significance level α) and type-II errors (false negatives, β). The power of the
test (1− β) expresses the ability to discover a true source.

When testing multiple hypotheses (such as scanning the entire sky or evaluating a
catalog) the significance must be corrected for the look-elsewhere effect to obtain a global
p-value. Analytical adjustments like the Bonferroni correction are overly conservative
for sky scans because the fine grid of test locations is correlated due to the detector’s
angular resolution. Instead, IceCube analyses employ an empirical trials correction: the
analysis records the maximum TS obtained anywhere in a scrambled background map
and compares the unblinded TS against this distribution, inherently accounting for spatial
correlations.
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11.3 Source Injection, Sensitivity and Discovery Poten-
tial

To assess sensitivity and discovery potential as well as to set upper limits, the analysis
performance is quantified through large ensembles of pseudo-experiments referred to as
trials.

Background Trials

Background-only trials for the H0 hypothesis are constructed by randomly scrambling the
right ascension of real data events, which washes out any physical sources while preserving
the detector’s declination-dependent background rate and energy response. For each trial,
the full likelihood fit is performed to obtain a TS value. Repeating this thousands of
times builds the empirical background TS distribution, which incorporates true detector
characteristics and systematic effects.

Signal Injection

Signal injection is performed to test the H1 hypothesis. Simulated astrophysical neutrino
events are added to the scrambled background trials:

• Weighting: Each injected event is assigned a probability based on its OneWeight
(see Section 12.2), which accounts for the detector effective area, simulated livetime
and the assumed source flux spectrum (E−γ, see Equation (2.1)).

• Spatial Distribution: Injected events are distributed according to the source
profile (point-like or extended) and the detector’s PSF.

• Flux Scan: The mean number of injected signal events ninj is varied to scan different
flux levels.

For each ninj, the accumulated trials yield a signal-plus-background TS distribution.

Sensitivity and Discovery Potential Definition

The analysis performance is quantified using two primary metrics derived from these TS
distributions.

The first metric is the sensitivity, which represents the median1 90% confidence level
(C.L.) upper limit on the source flux. It is defined as the signal flux for which 90 % of the
signal-injected trials yield a TS value greater than the median of the background-only TS
distribution. This threshold characterizes the detector’s expected upper-limit performance
in the absence of a true signal. The second metric is the discovery potential, which
quantifies the signal strength required to claim a detection. It is defined as the flux
required for 50% of the signal-injected trials to exceed the 5σ significance threshold of the
background distribution. This threshold corresponds to a one-sided p-value of 2.87×10−7

and represents a much stricter requirement than the sensitivity, necessitating a significant
separation between the signal and background populations.

1While the foundational methodology for optimizing sensitivity (model rejection potential) was es-
tablished in [234] using the average limit, modern analyses typically utilize the median limit to provide
robustness against background fluctuations. The confidence intervals are constructed following the unified
approach of [235].
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Figure 11.1: Visual representation of the statistical definitions based on data from Chap-
ter 13. (black) Background-only TS distribution derived from scrambled data, overlaid with a
χ2 fit approximation (dashed) used to extrapolate the high-TS tail. (blue) Signal flux injection
used to determine the sensitivity, where 90 % of trials exceed the background median (dashed
vertical line). (orange) Signal flux injection used to determine the discovery potential, where
50 % of trials exceed the extrapolated background 5σ threshold (dashed vertical line).

As shown in Figure 11.1, the background TS distribution is modeled using the stan-
dard csky parameterization: a scaled χ2 distribution with floating degrees of freedom and
a normalization fraction η. While accurately describing the low-TS bulk, this analytic
fit overestimates the empirical background high-TS tail (TS ≳ 15). This deviation does
not affect the sensitivity calculation, as the densely populated background median is read
directly from empirical trials. However, identifying the 5σ threshold for the discovery
potential requires extrapolating far beyond the typical 1 × 105 pseudo-experiments. Be-
cause of this overestimated tail, the resulting 5σ threshold is conservative. Consequently, a
larger signal flux is required to claim a detection. Although this conservatism is a byprod-
uct of the analytic fit rather than a deliberate design choice, it increases the resilience
against statistical under-fluctuations in the background model.

Both quantities are defined by the physical neutrino flux Φ(E). Assuming a power
law spectrum with a normalization constant Φ0 at a pivot energy E0 (typically 1TeV),
the differential flux is:

Φ(E) =
dN

dE
= Φ0 ·

(
E

E0

)−γ

. (11.5)

The expected number of signal events ns in the detector is the integral of this flux
folded with the detector’s effective area Aeff (see Section 12.2) over the livetime Tlive. By
substituting the flux model into this integral, the normalization constant can be factored
out to define the acceptance A:

ns = Tlive

∫
dE ′ Aeff(E

′, δ) Φ(E ′) = Φ0 Tlive

[∫
dE ′ Aeff(E

′, δ)

(
E ′

E0

)−γ
]

︸ ︷︷ ︸
A

, (11.6)
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where δ is the declination of the source and E ′ is the neutrino energy. The acceptance
A acts as the conversion factor between the physical flux normalization and the expected
number of signal events, such that Φ0 = ns/A. Sensitivity and discovery potential are
often reported as a differential energy flux in units of TeV cm−2 s−1, with the particle
flux scaled by E2. This E2-scaling is a standard convention in high-energy astrophysics;
it visually flattens a theoretical E−2 reference spectrum, allowing the flux to be repre-
sented across multiple orders of magnitude without the power law behavior dominating
the visualization:

E2Φ(E) = E2 · ns

A ·
(

E

E0

)−γ

. (11.7)

However, when quoted as a single benchmark scalar value, the sensitivity is conven-
tionally evaluated at the pivot energy E0 (often 1TeV). At this point, the spectral shape
term becomes unity and drops out, simplifying the reported scalar value to:

Sensitivity(E0) = E2
0 · Φ(E0) = E2

0 · Φ0 = E2
0 ·

ns

A . (11.8)

This formulation provides a direct conversion between the required statistical event count
threshold ns obtained from the pseudo-experiments and the corresponding astrophysical
flux normalization at the source.
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12 Analysis Framework
The performance of a point source analysis depends on the quality of the event selection
and reconstruction used to suppress the dominant atmospheric backgrounds. In IceCube,
the detector is initially dominated by a flux of atmospheric muons, produced by cosmic
ray interactions in the Earth’s atmosphere (see Section 2.1.2), triggering the detector
at a rate of approximately 2.15 kHz1 (or O(1011) events per year) [236]. After applying
filtering techniques to remove these muons, the dominant remaining background consists
of atmospheric neutrinos, observed at rates of several millihertz (or O(105) events per
year) at analysis level [106, 237]. In contrast, the astrophysical neutrino signal is rare,
occurring at a rate of only O(10) events per year observed for high-energy starting events
(HESE) [238, 239]. Effective background mitigation strategies, such as using the Earth
as a shield to filter atmospheric muons as well as applying dedicated event selection and
reconstruction techniques, are therefore essential.

This work presents a time-integrated, unbinned likelihood point-source analysis (see
Chapter 11) targeting the active galactic nucleus NGC 1068, as motivated in Chapter 10.
Section 12.1 provides a brief overview of the data processing chain from raw detector
signals to analysis-level datasets and introduces the two complementary event samples
used in this study. Thereafter, Section 12.2 summarizes the relevant detector performance
metrics and Section 12.3 details the specific analysis configuration.

12.1 Event Samples
The analysis-level datasets used in IceCube analyses are the output of a processing pipeline
starting with the detection of photons (originating from direct Cherenkov radiation - Sec-
tion 3.3, stochastic losses - Section 3.5, or noise - Chapter 9) in the Antarctic ice. When a
photon is detected by a PMT, the PMT signal is digitized and time-stamped locally. This
raw data is transmitted to the surface for computing, where a data acquisition system
implements a series of triggers to identify hit patterns consistent with particle trajectories
(e.g., multiplicity triggers). If a global trigger condition is met, the full detector readout
within the corresponding time window is stored. Due to bandwidth limitations at the
South Pole, an online filtering system processes these events in real-time. Only events
passing specific filters are transmitted via satellite to data centers in the Northern Hemi-
sphere. Here, the data undergoes further offline processing (“levels”), where additional
algorithms reject background and reconstruct key event parameters such as direction and
deposited energy. The final analysis files are stored as lightweight .npy arrays containing
only the essential reconstructed observables required for the likelihood inference.

The analysis, as introduced in Section 12.3, relies on two distinct event samples: a
baseline dataset representing the legacy detector performance (GRECO) and a simulation
dataset incorporating IceCube Upgrade (IC93 ). The starting point for the following

1Although it does not represent a periodic signal, it is standard practice to state event rates in units
of Hz instead of 1/s.
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analysis is briefly outlined here, while the reader is referred to the provided sources for
additional information.

12.1.1 IceCube DeepCore-based Baseline Dataset (GRECO)

The detection of neutrinos in the energy range from a few GeV to tens of TeV is important
for studying atmospheric neutrino oscillations and searching for low-energy astrophysical
transients. IceCube addresses this regime with the GRECO (GeV reconstructed events
with containment for oscillations) dataset [240]. Originally developed for precision os-
cillation measurements, this sample was adapted in 2018 into the GRECO Astronomy
selection to facilitate searches for astrophysical transients in the GeV regime [241]. The
GRECO sample includes data from April 26, 2012 to October 28, 2023, corresponding to
a total livetime of 11.6 years.2

Particle Generation

To train the event selection algorithms, a Monte Carlo (MC) simulation chain is employed.
The neutrino signal is simulated using two complementary generators: GENIE (gener-
ates events for neutrino interaction experiments) [242] is utilized for the low-energy regime
(Eν ≲ 100GeV), providing a precise treatment of neutrino-nucleus interactions and res-
onances, while NuGen [243, 244] handles the higher energy spectrum and propagation
through the Earth. The dominant background of atmospheric muons is modeled using
both CORSIKA (cosmic ray simulations for kascade) [245] and MuonGun [246, 247],
specifically optimized for IceCube’s depth.

Event Selection and Vetoing

The GRECO selection leverages DeepCore, where the surrounding, sparsely instrumented
main optical array acts as an active veto used to reject atmospheric muons [240]. Events
are required to have their interaction vertex reconstructed within the DeepCore fiducial
volume while depositing minimal charge in PMTs in the outer veto region. This technique
reduces the background from penetrating atmospheric muons.

After initial geometric cuts, the final classification is performed using a boosted deci-
sion tree (BDT). The BDT is trained on approximately 13 variables characterizing event
topology, timing and charge distribution [248]. Events passing the BDT threshold form
the final sample, which has a rate of ∼ 4.6mHz and consists of roughly 60% atmospheric
neutrinos and 40% residual muons.

Reconstruction

Events are reconstructed using Pegleg [249], a hybrid likelihood-based algorithm. Unlike
high-energy reconstructions that assume infinite tracks, Pegleg fits a hypothesis combining
a short muon track escaping the vertex and a localized hadronic cascade. The angular
uncertainty is estimated per event using a random forest regressor trained on the fit
output.

2The version utilized in this analysis is version-002-p14.
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12.1.2 IceCube Upgrade Simulation (IC93)

To project the physics capabilities of the IceCube detector following the integration of the
new IceCube Upgrade strings, a dedicated simulation sample is required. This role is filled
by the IC93 dataset [250] (internally known as QUESO : quick upgrade event selection for
oscillations3) which was developed and utilized [106]. This dataset is based on a full
simulation of the combined detector array, incorporating multi-PMT optical modules
(such as mDOMs and D-Eggs; see Section 3.6). The IC93 selection is a methodological
shift from GRECO, replacing traditional likelihood-based methods with a full machine-
learning pipeline to handle the complex geometry of the new optical modules.

A caveat regarding the simulated detector geometry must be addressed. While Ice-
Cube Upgrade was originally designed to instrument seven new strings (bringing the total
array to 93 strings), the final physical deployment only comprises five strings due to tech-
nical difficulties. Since the IC93 dataset was generated prior to the final deployment, it
reflects the initially planned seven-string geometry. Thus, the projected performance im-
provements derived from this dataset should be regarded as a slightly optimistic estimate
compared with the actual five-string configuration that will be operated.

Simulation and Background Modeling

The dataset generation generally follows the procedure established in Section 12.1.1 but
utilizes an updated simulation chain to model IceCube Upgrade’s instrumentation.

• Neutrino Generation: Neutrino interactions are once again simulated using GE-
NIE, following an E−2.5 energy spectrum in the energy range 1GeV to 500GeV,
with vertices distributed in a cylindrical volume surrounding DeepCore, now incor-
porating the IceCube Upgrade strings.

• Particle & Photon Propagation: The propagation of outgoing particles is han-
dled by PROPOSAL (propagator with optimal precision and optimized speed for
all leptons) [251] for muons and GEANT4 [169] for hadrons and electromagnetic
showers. Subsequently, the Cherenkov photons are propagated through the ice using
CLSim [252], which models scattering and absorption in the bulk ice4 and converts
photons into PMT pulses.

• Trigger: The detector response simulation includes the intrinsic optical module
noise model as investigated in Chapter 9. An event is recorded if it satisfies the
trigger condition of eight or more local coincidence (LC) pulses within a 1.75 µs
time window.

• Background: Atmospheric muons are again modeled using MuonGun, while pure
noise events originating from optical modules (simulated as described in Chapter 9)
are mitigated using a graph neural network (GNN)-based noise cleaning algorithm.
This algorithm performs a binary classification to predict whether an individual
pulse is a physics-induced signal or thermal noise [250]. For IC93, the atmospheric
muon fraction is 12.3%, compared with 44.7% for GRECO. While the enhanced
detection capabilities of IceCube Upgrade’s new optical modules will aid event re-
construction, the primary performance gains are attributed to algorithmic advance-
ments. Specifically, the implementation of the GraphNeT architecture enables im-
proved background rejection compared with legacy methods [106, 250].

3The specific version utilized in this work is IC93 v29.
4The ice model used is spice_bfr-v21 and no hole ice is assumed.
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Reconstruction and Classification Pipeline

The processing chain transforms raw triggers into analysis-level events through a multi-
stage deep learning pipeline.

Event Filtering: Triggered events first undergo a cleaning stage to discard isolated
noise pulses. This is followed by a muon-veto algorithm that rejects events with causal
hits in the outer detector consistent with incoming tracks. A series of cuts on variables
such as the number of pulses in the fiducial volume is then applied to suppress pure noise
triggers before high-level processing.

GNN-based Reconstruction: Surviving events are reconstructed using DynEdge,
a dynamic GNN within the GraphNeT framework [253]. Treating optical module hits as
nodes in a graph, the network dynamically learns spatial and temporal correlations to si-
multaneously reconstruct energy, direction and event topology. This method significantly
outperforms traditional algorithms at low energies.

Final Event Selection: The extracted features are fed into two LightGBM classi-
fiers (gradient boosting decision trees) trained for strict rejection of atmospheric muons [254].
The resulting sample achieves a neutrino purity of > 98.5% with a rate of ∼ 6.6mHz [106].

Systematic Uncertainties

Systematic uncertainties are handled via dedicated MC sets with varied parameters, in-
cluding optical module efficiencies (treated separately for DOMs and IceCube Upgrade
modules) and bulk ice properties (scattering/absorption). Notably, the refrozen hole ice
for IceCube Upgrade strings is assumed to be clear (bubble-free) due to improved drilling
procedures, and thus no hole ice variations are currently simulated [250].

Dataset Limitations

While effective, the IC93 dataset has limitations. The 500GeV energy cutoff restricts sen-
sitivity to high-energy spectral tails compared with the GRECO selection, which extends
to ∼ 10TeV, thereby omitting higher-energy contributions in direct comparisons. In addi-
tion, the mock background sampled in Section 12.3.2 contains only atmospheric neutrinos,
as the available atmospheric muon and detector noise simulations lack sufficient statistics
to construct reliable background PDFs without introducing oversampling artifacts. Given
the high neutrino purity of the event selection, the residual atmospheric muon contam-
ination is treated as negligible. The estimated detector noise rate of 0.2mHz, together
with the atmospheric muon rate of 0.8mHz, amounts to approximately 15% of the atmo-
spheric neutrino rate (6.6mHz), implying a sensitivity degradation of

√
1.15 ≈ 1.07 in the

background-dominated regime. However, these preliminary rates require validation with
in situ data following detector deployment. Finally, the available simulation statistics
limit the maximum mock livetime that can be constructed without introducing sampling
artifacts to approximately five years.

12.2 Detector Performance Metrics
To evaluate the sensitivity of the likelihood analysis, it is essential to characterize the de-
tector response using metrics derived from Monte Carlo (MC) simulations. In particular,
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the effective area determines the signal acceptance, while the angular and energy recon-
struction performance directly influences the separation between signal and atmospheric
background PDFs (see Chapter 11).

Simulation Weighting

Since IceCube simulations are typically generated using artificial spectra (e.g., power
laws) to ensure sufficient statistics across a wide energy range, simulated events must
be weighted to reproduce the desired physical flux. This weighting scheme allows for
the re-normalization of simulated events to any physical flux model, where two primary
quantities are defined:

OneWeight (wone): This weight represents the normalization factor associated with
a single simulated event, accounting for the generated phase space and the neutrino inter-
action probability. It allows for the recovery of the geometric acceptance of the detector,
independent of the natural atmospheric flux. Conceptually, wone is proportional to the
product of the interaction probability Pint and the generation phase space:

wone ≈ Pint(Eν) · Agen · Ωgen ·∆Egen, (12.1)

where Agen is the injection area, Ωgen is the solid angle and ∆Egen is the energy range of
the simulation.

Atmospheric Weight (watmo): To compare simulation with physical expectations,
the expected event rate (in Hz) is calculated. The atmospheric weight for an event i is
derived by combining the normalized OneWeight with the physical total neutrino flux
Φtotal:

watmo,i =
wone,i

Ngen
× Φtotal(Ei, θi). (12.2)

Here, Ngen is the total number of generated events (normalized per dataset). The total
flux Φtotal schematically sums the contributions of electron and muon (anti)neutrinos,
weighted by their survival probabilities P (να → νfinal) due to oscillations:

Φtotal = Φatm
νe P (νe → νfinal) + Φatm

νµ P (νµ → νfinal).

Effective Area

The effective area quantifies the detector’s efficiency in detecting neutrinos. It can be
interpreted as the area of an ideal detector with 100% detection efficiency that would
observe the same event rate. Mathematically, it is calculated by summing the normalized
OneWeights of all events that pass the selection criteria within a specific bin (defined by
energy and declination here).

Figure 12.1 compares the effective area of the GRECO and IC93 datasets. The addi-
tion of the IceCube Upgrade strings noticeably increases the low-energy acceptance. Below
∼ 30GeV, the dense instrumentation of multi-PMT modules allows for the triggering of
faint events that remain unidentified in the standard GRECO selection, achieving a gain
of over an order of magnitude at O(1GeV). At energies Eν ≳ 100GeV, the IC93 accep-
tance decreases relative to GRECO. This is an expected consequence of the event selection
strategy, as the IC93 cuts are optimized specifically for the low-energy region relevant to
oscillation physics, deliberately rejecting higher-energy events that can be better analyzed
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Figure 12.1: Comparison of the effective area from the GRECO (solid) and IC93 (transpar-
ent) samples for different declinations (colors) and neutrino interactions (panels). Note that
IC93 is simulated only in the energy range 1–500 GeV.

with standard IceCube samples. Note that the values of the effective areas depend on the
processing level (see Section 12.1) and are at analysis level in this section.

Typically, detector performance metrics are separated by interaction channel ((νe +
ν̄e)

CC, (νµ+ ν̄µ)
CC, (ντ + ν̄τ )

CC and all neutral current interactions) as done in Figure 12.1.
However, in order to streamline this section, the following figures display performance for
the combined all-flavor, all-interaction combination (ν + ν̄)CC+NC.

Angular Resolution

Angular resolution is the primary metric driving point-source sensitivity besides effective
area, as it allows for more accurate source localization and background rejection. It is
defined as the median angular distance ∆Ψ between the reconstructed direction r⃗reco and
the true neutrino direction r⃗true:

∆Ψ = arccos (r⃗reco · r⃗true) = arccos (sin(δtrue) sin(δreco) + cos(δtrue) cos(δreco) cos(αreco − αtrue)) ,

where δ and α represent declination and right ascension, respectively. The IC93 dataset
provides improved angular resolution, as shown in Figure 12.2 (left). The GNN-based
reconstruction consistently outperforms the GRECO dataset across the valid energy range.
A crucial feature of low-energy reconstruction is the kinematic limit, indicated by the
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Figure 12.2: Angular resolution evaluated as the median (solid lines) and 68th percentile
(bands) of the angular distance between true and reconstructed directions, weighted by at-
mospheric weights. (left) Energy dependence. The hatched regions indicate the kinematic
limits evaluated from the retained events. (right) Declination dependence.

hatched regions. At energies below ∼ 5GeV, the physical scattering angle between the
incoming neutrino and the outgoing lepton becomes large and represents the main limit
to reconstruction accuracy. In this regime, even a perfect detector cannot reconstruct
the incoming neutrino direction more accurately than this intrinsic scattering angle. The
IC93 reconstruction approaches this fundamental limit near 1GeV, indicating that the
performance of IceCube Upgrade is constrained primarily by neutrino interaction physics
rather than instrumentation.

Figure 12.2 (right) illustrates the dependence on declination. Although IC93 generally
provides better angular resolution, GRECO exhibits a smaller median angular uncertainty
in the 5◦ to 40◦ range. This local minimum is an artifact of the differing energy spectra
rather than a geometric advantage. Because the GRECO sample includes events up
to approximately 10TeV, it contains a high-energy population of up-going muon tracks
from the Northern sky. These high-energy tracks possess excellent pointing resolution,
which reduces the median angular error in this specific declination band. When the
comparison is restricted to the shared < 500GeV energy range, IC93 consistently achieves
superior resolution across the entire sky. This spectral artifact is further amplified by the
differing flavor compositions, as muon (anti)neutrinos constitute approximately 77% of
the GRECO sample compared with 65% for IC93.
A pull plot is a diagnostic tool used to assess the calibration of a reconstruction algorithm,
typically defined for scalar observables as (xreco − xtrue)/σreco. For directional reconstruc-
tion, since the angular error is strictly positive, the relative angular error is evaluated via
the ratio ∆Ψ/σreco. A ratio greater than 1 indicates that the algorithm underestimates its
true error (σreco < ∆Ψ), while a ratio less than 1 indicates an overestimation. Figure 12.3
demonstrates the calibration stability of both algorithms. Below ∼ 100GeV, both recon-
structions systematically underestimate their directional error, with the ratio increasing
toward the lowest energies due to kinematic scattering limits. In the higher-energy regime
(> 100GeV), the medians closely track the ideal calibration line. Furthermore, the 1σ
quantile bands indicate that the GNN-based IC93 reconstruction maintains a narrower
envelope (spanning approximately 0.55 to 1.96 on average) than the GRECO baseline
(0.49 to 2.15), demonstrating improved event-by-event stability.
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Figure 12.3: Calibration of angular uncertainty estimates. The 2D histograms show the
distribution of the relative angular error (∆Ψ/σreco) as a function of reconstructed energy.
The solid red line indicates the median of the distribution, while the dashed lines represent
the 1σ quantile spread. (left) GRECO reconstruction. (right) IC93 reconstruction.

Energy Reconstruction

The accuracy with which the reconstruction estimates the neutrino energy from the ob-
served Cherenkov light pattern is visualized in Figure 12.4. Ideally, the median recon-
struction (solid red line) aligns with the diagonal (Ereco = Etrue).
The IC93 reconstruction follows the true energy closely, particularly in the region between
10GeV and 100GeV. In contrast, the GRECO algorithm exhibits a larger systematic
deviation at higher energies, where the median drops far below the diagonal, indicating a
tendency to underestimate the deposited energy. To quantify these effects, the fractional
energy bias and resolution are shown in Figure 12.5.

The energy bias quantifies whether the reconstruction systematically over- or under-
estimates the true energy. As shown in Figure 12.5 (left), IC93 maintains a bias close to
zero in the 10GeV to 100GeV range, whereas both datasets exhibit a negative bias at
high energies and a similar positive bias at low energies. The relative energy resolution

Figure 12.4: Energy reconstruction accuracy. The 2D histograms show the joint distribution
of reconstructed against true energy. The solid red line indicates the median reconstructed
energy, while the dashed lines represent the 1σ quantile spread. (left) IC93 reconstruction.
(right) GRECO reconstruction.
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Figure 12.5: Energy reconstruction performance metrics for IC93 (red) and GRECO (blue).
(left) Fractional energy bias, defined as the median of (Ereco −Etrue)/Etrue. (right) Energy
resolution, defined as half the 68% interquantile range of the fractional error distribution.

quantifies the precision as the spread of the reconstruction error, defined as:

σE/E =
1

2
(P84 − P16),

where P84 and P16 are the 84th and 16th percentiles of the fractional error distribution
(Ereco − Etrue)/Etrue. As seen in Figure 12.5 (right), IC93 offers better stability at low
energies (<100GeV), maintaining a resolution of around 50–70%, whereas GRECO’s res-
olution degrades in this regime. At higher energies (>100GeV), both algorithms achieve
comparable precision.

Event and Background Rates

For experimental data, the observed (background) event rate is determined from the
number of selected events passing the good run list (GRL)5 quality criteria divided by the
corresponding livetime. For the GRECO selection, this yields an experimentally observed
rate of ∼ 4.6mHz, as illustrated in Figure 12.6. This plot also illustrates seasonal varia-
tions in the atmospheric component of the background rate, as described in Section 2.1.2.

Since IceCube Upgrade data acquisition has not been integrated at the time of writing
this thesis, a direct GRL-based calculation is not possible for IC93. Instead, expected rates
are derived from simulation by summing the atmospheric weights. The resulting event
rates for both IC93 and GRECO are detailed in Table 12.1. The IC93 selection exhibits a
higher atmospheric neutrino event rate (6.6mHz) compared with GRECO (2.5mHz). In-
cluding atmospheric muons, the total expected background rates are 7.5mHz and 4.6mHz,
respectively. This increase is primarily driven by the enhanced sensitivity of the new in-
strumentation to lower energy events and the machine-learning-based algorithms (see
Section 12.1.2).

5For IceCube, data taking is usually split into 8-hour intervals and validated through a dedicated
monitoring procedure. The GRL is a curated catalog of such data taking intervals during which the
detector met the stability and quality requirements necessary for physics analysis. This list is specific to
each event selection: While a standard high-energy analysis might require the full 86-string array, the
GRECO selection utilizes a specialized GRL focused on the stability and noise conditions of the inner
DeepCore strings.
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Figure 12.6: Temporal stability of GRECO event rates. The mean rate is 4.57mHz, compris-
ing contributions from atmospheric neutrinos and the residual atmospheric muon background.

To explore this further, Figure 12.7 presents the distribution of expected events as a
function of true energy and declination. These histograms provide insight into the energy
reach of the detector and potential directional dependencies. The energy distribution
confirms that the IC93 selection extends deeper into the low-energy regime compared with
GRECO. IC93 retains a much higher overall rate at energies below 200GeV. Towards
the lower end, electron (anti)neutrinos, which are difficult to reconstruct, constitute a
large fraction. The rates for both selections converge for > 300GeV, indicating similar
performance in the regime where the standard IceCube strings dominate. Muon neutrinos
constitute the dominant component in both datasets, while tau neutrinos remain rare.

The zenith distribution shows a comparable trend: the angular profiles are morpho-
logically similar, while IC93 exhibits an elevated rate across all angles. Both datasets
show a slightly higher background rate for events originating from positive declinations,
which is expected because the main optical array is more sensitive to up-going events.

Table 12.1: Comparison of expected atmospheric neutrino rates (in mHz) for IC93 and
GRECO selections, broken down by neutrino flavor and interaction type.

IC93

Type ν (mHz) ν̄ (mHz) Total (mHz)

νe CC 1.325 0.534 1.859
νe NC 0.121 0.033 0.155
νµ CC 2.674 1.199 3.873
νµ NC 0.341 0.108 0.449
ντ CC 0.124 0.053 0.177
ντ NC 0.097 0.028 0.125

Total 4.683 1.955 6.638

Note: Expected background rate from MuonGun
simulation is 0.82mHz. Neutrinos thus account
for 89.0% of the total background rate.

GRECO

Type ν (mHz) ν̄ (mHz) Total (mHz)

νe CC 0.315 0.132 0.446
νe NC 0.028 0.008 0.036
νµ CC 1.232 0.536 1.768
νµ NC 0.151 0.047 0.198
ντ CC 0.051 0.020 0.072
ντ NC 0.019 0.005 0.023

Total 1.796 0.747 2.543

Note: The GRL average rate is 4.57mHz.
Neutrinos thus account for 55.6% of the total
rate, implying an atmospheric muon background
of ≈ 2.05mHz.
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Figure 12.7: Expected event distributions by neutrino flavor. Bold lines show GRECO,
while thin lines represent IC93. (left) Rate density as a function of true neutrino energy.
(right) Rate density as a function of true zenith angle (declination).

Probability Density Functions

The final components required for calculating the test statistic are the PDFs that describe
the expected distribution of events in spatial coordinates and energy, as introduced in
Section 11.1. The spatial PDFs and the energy-dependent signal-over-background (S/B)
ratio maps for both datasets are shown in Figure 12.8. The spatial background PDFs (top
row) reveal distinct differences in detector acceptance between the two selections. The

Figure 12.8: Likelihood PDFs for IC93 (left) and GRECO (right). (top) Spatial back-
ground probability density as a function of sin(δ). (bottom) 2D signal-over-background
(S/B) energy weights for different spectral indices γ. The heatmap axes represent declina-
tion (x-axis) and reconstructed energy (y-axis), with red indicating regions of higher signal
probability.
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GRECO selection exhibits a broad acceptance peak in the Southern sky (sin δ ≈ −0.5),
which is characteristic of DeepCore selections that utilize the surrounding IceCube strings
to veto down-going atmospheric muons. In contrast, the IC93 selection demonstrates
a flatter acceptance profile with a notable rise towards the Northern sky (sin δ → 1).
This indicates that the GNN-based selection maintains a more uniform event acceptance
across the sky and is particularly effective at retaining up-going events, which are less
contaminated by atmospheric backgrounds.

The S/B energy PDFs (bottom row) visualize the weight assigned to events in the
likelihood analysis as a function of reconstructed energy and declination. These maps
are dependent on the assumed source spectral index γ. For hard spectra (e.g., γ =
2.0), the high-weight regions are concentrated at higher energies, where the astrophysical
signal dominates over the softer atmospheric background. As the spectrum softens, the
weighting becomes more diffuse, reflecting the increased difficulty in distinguishing signal
from background at lower energies. For increasingly soft spectra (e.g., γ = 4.0), high
weights shift towards lower energies. Both datasets display distinct high-contrast regions,
suggesting effective signal discrimination power in specific areas of the energy-declination
phase space.

12.3 Analysis Setup
This section outlines the configuration of the analysis, detailing the construction of the
projected observation timelines, the background TS landscape and the final event selection
criteria applied to optimize sensitivity.

12.3.1 Overview

This analysis is the first to integrate the IC93 simulation into a csky analysis, the pri-
mary objective of which is to quantify the expected sensitivity improvement provided by
IceCube Upgrade for the active galactic nucleus NGC 1068 compared with the existing
detector capabilities. Furthermore, the aim is to develop a general-purpose event selection
and analysis strategy that is applicable across the entire sky, as well as adaptable for long
detector livetimes and a variety of studies. To achieve this, the detector performance is
projected forward in time to simulate a five-year observation window starting from the
assumed IceCube Upgrade commissioning date.

The baseline GRECO dataset contains historical data from 2012 through 2023. Ice-
Cube Upgrade deployment has been completed, with integration into the analysis frame-
work initially anticipated around May 2026.6 As csky is designed to utilize real data,
the temporal gap between the existing data and the future analysis period is bridged
by a continuous timeline that is constructed by extrapolating the GRECO background
rates. Since the dominant background components are approximately steady on these
timescales, future years are modeled by resampling the randomized (scrambled) event
distributions from the existing GRECO dataset. Two distinct scenarios are defined for
the five-year projection period (May 2026 – May 2031), as illustrated in Figure 12.9:

6Historically, season transitions have occurred around May. While recent IceCube Upgrade data is
saved for offline processing, the timeline for data integration of the various new instruments is currently
pending. As this analysis was initialized in 2024, it solely relies on simulation for modeling IceCube
Upgrade.
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Figure 12.9: Timeline of the sensitivity projection scenarios. Both scenarios use identical
historical GRECO data (blue) up to the expected commissioning date in May 2026. The
without Upgrade scenario (top) projects the continued operation of the legacy detector, while
the with Upgrade scenario (bottom) transitions to the IC93 simulation (red) for the subsequent
five-year observation period.

• without Upgrade: Represents the continued operation of the legacy detector con-
figuration. This scenario uses the extrapolated GRECO dataset for the entire future
window, resulting in a total livetime of roughly 19 years (2012 – 2031) of legacy de-
tector performance.

• with Upgrade: Represents the combined dataset of the legacy detector followed
by the inclusion of IceCube Upgrade. The timeline consists of the historical and ex-
trapolated GRECO dataset up to the commissioning cutoff (May 2026), after which
it transitions to the IC93 sample for the subsequent five years. This yields a hybrid
dataset combining ∼ 14 years of GRECO data with five years of IC93 predictions.
These datasets are combined into a single csky analysis object, allowing for seamless
likelihood maximization across the transition between detector configurations.

The two datasets exhibit complementary kinematic strengths. IC93 provides high purity
and angular resolution in the low-energy regime, but is restricted by a simulation ceiling
of ∼ 500GeV. While truncating the historical GRECO dataset to match this upper
bound might appear methodologically consistent for a direct comparison, doing so would
artificially restrict the physics reach of the analysis. Even soft spectrum sources such
as NGC 1068 exhibit emission spectra that extend well into the multi-TeV regime (see
Figure 10.2). Because the atmospheric background falls off steeply at higher energies, even
a sparse number of TeV-scale events carry substantial statistical weight in the likelihood
maximization. Therefore, the GRECO dataset is utilized in its entirety to preserve the
detector’s sensitivity to the high-energy tail of the astrophysical flux. It should be noted,
however, that extending the IC93 simulation beyond 500GeV would similarly enhance
the sensitivity of the “with Upgrade” scenario, as explored in Chapter 13.

12.3.2 Dataset Generation and statistical Framework

To construct the continuous background timelines described in Figure 12.9, a hybrid
statistical approach is employed for both the historical data and the future simulations.

The experimental GRECO dataset spans the period from April 2012 to October 2023.
To cover the remaining timeline until the defined start of IceCube Upgrade (May 1, 2026;
MJD 61161), the existing data is extrapolated. The missing livetime (∆T ≈ 2.5 years)
is populated by resampling events from the stable 2012–2023 configuration. A random
subset of events is drawn from the historical pool to fill the gap. This data-driven method
preserves the physical characteristics and correlations of the background but relies on a
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single statistical realization. A corresponding entry is appended to the GRL to ensure a
continuous timeline for csky.

For IceCube Upgrade (IC93), no experimental data exists at the time of writing.
Consequently, “mock data” is generated from Monte Carlo simulations to represent the
expected atmospheric neutrino background. The generation procedure employs Poisson
sampling of the simulation’s expected event counts, which are derived from the simula-
tion’s atmospheric weights, to introduce realistic statistical fluctuations:

1. The total livetime T is defined for the projection period (e.g., five years).
2. For each Monte Carlo event i with atmospheric weight watmo,i (as defined in Sec-

tion 12.2), the expected number of occurrences is calculated as λi = watmo,i · T .
3. The number of times ni the event appears in the pseudo-data is drawn from a

Poisson distribution: ni ∼ Poisson(λi).
4. The corresponding simulated event is included ni times in the pseudo-data sample.

This process yields a realization whose statistical properties reproduce the expected at-
mospheric background while accounting for Poisson variance. A synthetic GRL is created
to define this period as a single continuous run starting from MJD 61161, contrasting with
the typical segmentation of experimental data into 8-hour runs. The method developed
here is applied in [255], co-written by the author, which features two additional analyses
utilizing the IC93 dataset. Unless otherwise specified, the sensitivity projections in this
analysis assume detector livetimes extending to 2031 (five years after the expected Ice-
Cube Upgrade deployment), using 250 000 background trials and 50 000 signal-injection
trials.

12.3.3 Analysis Cuts

An event selection defines the balance between retaining astrophysical neutrino candidates
and suppressing the overwhelming atmospheric background. As this analysis spans a
projected livetime of 19 years (2012–2031), careful event selection is essential. Over such
long observation periods, the massive accumulation of background events populates the
non-Gaussian heavy tails inherent to low-energy PSFs. The random spatial coincidence of
these extreme outliers can mimic genuine astrophysical clustering, generating an excess of
high-TS values in the background-only distribution. Such deviations from the asymptotic
χ2 expectation increase the 5σ discovery threshold and reduce sensitivity. Therefore,
the selection criteria suppress these PSF tails to ensure the background TS follows the
asymptotic χ2 expectation while maximizing full-sky sensitivity.

For the IC93 dataset, which relies entirely on simulation, the selection is designed to
match the valid kinematic range of the underlying Monte Carlo production while rejecting
events with poor angular resolution that destabilize the likelihood fit. The following cuts
are applied:

• Angular Uncertainty: σreco < 13◦.
This quality cut is the primary driver of analysis stability. As illustrated in Fig-
ure 12.10, including events with large estimated angular uncertainties leads to in-
creased deviations from the asymptotic χ2 expectation in the background-only TS
distribution. Specifically, the inclusion of these poorly reconstructed events gener-
ates an artificially high-TS tail that mimics signal behavior. Applying the stricter
13◦ cut suppresses this contribution and restores the asymptotic χ2 expectation,
which is required for a valid statistical interpretation of the analysis. The right
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Figure 12.10: Impact of event selection on the statistical performance of the IC93 dataset.
(left) Evolution of the background-only TS distributions. The curves represent the χ2 fits for
angular uncertainty cuts between 5◦ to 20◦. Solid lines indicate the standard selection, while
dashed lines show the effect of the additional energy cut. (right) Sensitivity and 5σ discovery
potential for the source coordinates of NGC 1068, assuming a spectral index of γ = 3.4.

panel illustrates the trade-off between signal retention and background rejection as
a function of the σ cut, highlighting the optimal sensitivity range for this source.

• Reconstructed Energy: 0.30 < log10(Ereco/GeV) < 2.69.
This range (≈ 2GeV to 500GeV) corresponds approximately to the reconstructed-
energy range covered by the GENIE simulation. It removes outliers where the GNN
reconstruction (trained on this specific range) becomes unreliable and statistics are
limited, resulting in distinct hotspots in the signal-over-background energy PDFs
shown in Figure 12.8.

As mentioned before, to avoid oversampling artifacts during the generation of pseudo-
data, the sub-dominant atmospheric muon component (simulated via MuonGun [246]) is
excluded. The background model for IceCube Upgrade’s operation is thus constructed
solely from the high-purity neutrino set. This selection retains approximately 20.3% of
the nominal signal sample, corresponding to 8.6% when weighted according to an E−3.4

spectrum, while retaining 17.6% of the atmospheric background. The cuts are designed
to maintain sensitivity across the accessible energy range while avoiding contamination
and instability from poorly reconstructed or high-background events.

For the GRECO dataset, which spans a broader energy range, the same approach is
taken. While this study initially employed a loose angular uncertainty cut (σreco < 25◦)
producing reliable sensitivities, a stricter selection from [256] was adopted to improve the
stability of the background description across the sky. The final cuts are:

• Angular Uncertainty (σreco < 7◦): Serving the same primary stabilizing function
as in the IC93 dataset, this cut truncates the heavy tails of the point spread function.

• Topology Identification (pidDeltaLLH < −10): This parameter evaluates the
log-likelihood difference between the hybrid track-plus-cascade reconstruction (Pe-
gleg) and a reconstruction assuming a cascade-only hypothesis (Monopod). Enforc-
ing a negative value preferentially selects track-like events, which generally provide
better directional reconstruction than approximately spherical hadronic or electro-
magnetic cascades.

• Direct Light Charge (qdir > 2.5): This metric quantifies the total charge



12.3 ANALYSIS SETUP 163

recorded from “direct hits”: photons arriving at the optical modules with little to
no scattering. Requiring a high direct-charge fraction ensures the directional re-
construction is driven by prompt light, mitigating the degrading effects of photon
scattering in the bulk ice.

The angular uncertainty cut is the dominant selection criterion, rejecting approximately
90% of the initial sample while serving the same purpose as for the IC93 dataset. The
supplementary quality cuts provide additional topological and timing-based selection cri-
teria, removing a further ∼ 5% of the remaining events. While the total reduction is
large, it primarily removes events with little to no pointing information that contribute
negligible weight to the point-source likelihood. As demonstrated in [256], this selec-
tion achieves sensitivity comparable to looser selections while reducing the occurrence
of background-induced hotspots, particularly at southern declinations where atmospheric
muon contamination is highest. The final retention rates are 14.4% for signal (3.6% when
weighted to an E−3.4 spectrum) and 8.9% for background.

Figure 12.11 demonstrates that the optimized event selections produce a stable back-
ground landscape across all declinations. The TS distributions remain within the expected
range for background fluctuations, indicating that the transition between the two detector
configurations does not introduce systematic artifacts. This validates the setup for the
final sensitivity projections.

Figure 12.11: All-sky background TS distribution stability for the “with Upgrade” scenario
(19 years). Each panel shows the TS distribution obtained from background-only pseudo-
experiments for different declinations.
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Sample Verification

To ensure that the dataset generation from Section 12.3.2 introduces no statistical bias,
the sampling methods are validated by comparing the generated pseudo-data against their
unsampled dataset distributions. This verification is performed for both the extrapolated
GRECO baseline and the IC93 simulation.

IC93 Validation: The IC93 pseudo-data is generated by Poisson-sampling the at-
mospheric weights of the Monte Carlo simulation. Figure 12.12 (left) demonstrates that
the resulting energy distribution perfectly reproduces the shape of the weighted MC ex-
pectation. This confirms that the Poisson fluctuations are correctly implemented and that
the pseudo-data preserves the spectral features of the underlying physics model.

GRECO Validation: The GRECO extrapolation relies on resampling events from
the 2012–2023 period. As shown in Figure 12.12 (center), the resampled future dataset
extends the available historical sample while preserving its underlying distributions. This
demonstrates that the bootstrapping procedure successfully conserves the background
kinematics without introducing artificial distortions.

Scenario Comparison: The impact of IceCube Upgrade is visualized in Figure 12.12
(right). The “without Upgrade” scenario, relying solely on GRECO, exhibits a spectral
cutoff below ∼ 10GeV after applying the final cuts from Section 12.3.3. In contrast, the
“with Upgrade” scenario shows a significant increase in event rate in the 2GeV–20GeV
range. This explicitly visualizes the gain discussed in Section 12.2: IceCube Upgrade
opens a new observation window at low energies that is inaccessible to the current detector
configuration.

While Figure 12.12 displays the reconstructed energy, this validation was performed
for all primary analysis observables (e.g., declination or angular uncertainty). In all cases,
the sampled distributions were found to be consistent with their parent distributions,
validating the datasets for use in sensitivity projections.

Figure 12.12: Validation of dataset generation using the reconstructed energy distribution.
All distributions are shown before and after applying the final cuts (bold). (left) IC93:
Comparison between the weighted Monte Carlo expectation (solid) and the Poisson-sampled
pseudo-data (dotted). (center) GRECO: Comparison between the historical experimental
data (solid) and the bootstrapped extrapolation (dotted). (right) Scenario Comparison:
Combined energy spectra for the “without Upgrade” (blue) and “with Upgrade” (red) analysis
scenarios.
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Dataset Detector Performance Metrics after Analysis Cuts

The event selection described in Section 12.3.3 alters the statistical properties of the anal-
ysis samples. By prioritizing reconstruction quality and background stability, a significant
fraction of the initial event stream is discarded, favoring the density of high-confidence
signal candidates over raw event rates. Exemplary resulting performance metrics, which
represent the actual input to the likelihood analysis, are summarized in Figure 12.13.

The impact of the selection is most prominent in effective area (Figure 12.13, left),
for which the GRECO dataset shows suppressed sensitivity below ∼ 10GeV. In contrast,
the IC93 selection retains robust acceptance down to ∼ 2GeV. This reinforces that the
primary advantage of IceCube Upgrade in this analysis is the enhanced sensitivity in the
low-energy regime, where the baseline configuration has limited acceptance.

While the inherent distributions (Section 12.2) showed a significant resolution lead for
the IC93 GNN-based reconstruction, the post-selection angular resolution (Figure 12.13,
right) exhibits convergence between the two samples. Especially in the 10GeV to 500GeV
range, the resolutions are much closer than in the initial comparison. This is a direct
consequence of the selection process: by filtering out cascade-like topologies and poorly
reconstructed tracks, both datasets are reduced to samples dominated by well-pointing
events. Notably, the GRECO resolution appears marginally better in several energy bins.
This difference is partly attributed to the stricter angular cut (σ < 7◦ vs. 13◦ for IC93),
but it also reflects a composition bias, as the surviving GRECO sample maintains a higher
fraction of high-energy muon (anti)neutrinos, which possess inherently sharper pointing
signatures. However, the IC93 dataset remains the better choice for low-energy point-
source searches, as it maintains this resolution while providing an effective area over an
order of magnitude larger than the baseline in the overlapping regime.

The trade-off for such high-purity selections is a reduced total event rate. The ex-
pected atmospheric neutrino rates drop to 0.378mHz for IC93 and 0.124mHz for GRECO.
The final samples are dominated by νµ CC interactions (82.4% for IC93 and 99.1 % for
GRECO, comprising approximately 60% neutrinos and 40% antineutrinos in both cases),
ensuring that the likelihood maximization is driven by events with strong directional dis-
crimination.

Figure 12.13: Key performance metrics for the final analysis samples after applying cuts.
(left) Effective area. (right) Angular resolution as a function of energy.



166

13 Results
Building on the analysis methods and framework introduced in the previous chapters,
this chapter evaluates the expected impact of IceCube Upgrade on astrophysical neutrino
searches. The projected performance is quantified using point-source sensitivity as the pri-
mary performance metric. Unless stated otherwise, the reported sensitivities correspond
to the median 90% confidence level (C.L.) upper limit (per-flavor neutrino and anti-
neutrino averaged), assuming a terrestrial flavor equipartition (νe : νµ : ντ ≈ (1 : 1 : 1)⊕)
consistent with standard neutrino oscillations over cosmic distances (see Section 2.3.2).

The results presented here contribute to the publication [255], co-authored with
Y. Kobayashi and B. Schlüter. While the collaborative work also encompasses time-
dependent (transient) and Galactic Plane steady-state searches, this thesis focuses exclu-
sively on the author’s primary contributions: the full-sky steady-state analysis and the
targeted sensitivity study of NGC 1068.

For consistency, all figures follow a unified graphical scheme: blue lines denote the
baseline (without Upgrade) scenario, while red lines represent the detector performance
after the inclusion of IceCube Upgrade (with Upgrade). Unless stated otherwise, scenarios
are projected to May 2031, corresponding to a five-year observation period following the
assumed start of IceCube Upgrade operation in May 2026 (see Figure 12.9). While cur-
rent simulations rely on datasets incorporating solely IceCube and DeepCore, the future
integration of experimental IceCube Upgrade data, together with dedicated simulations,
is expected to further refine these performance estimates. The term legacy detector or
baseline strictly refers to the IceCube + DeepCore configuration for the 2012–2026 pe-
riod, noting that this terminology may evolve with the deployment of IceCube-Gen2 (see
Section 3.7).

13.1 Projected Upgrade Performance across the Sky
This work establishes the first point-source sensitivity benchmark for IceCube Upgrade.
By optimizing for stability across all declinations (Section 12.3.3), it provides a foun-
dation for future catalog searches once experimental Upgrade data becomes available to
complement the IC93 simulations.

To probe the impact of IceCube Upgrade, the sensitivity is evaluated across the entire
sky in declination bands of 10◦, ranging from −80◦ to 80◦. In each band, the background is
estimated using right ascension scrambling. Point source emission is modeled with power
law spectral indices of γ ∈ {2.0, 2.5, 3.0, 3.2, 3.4, 4.0}. A critical technical consideration
is the transition between the IceCube Upgrade simulation sample, which is limited to
Etrue < 500GeV, and the GRECO dataset, which extends to approximately 5TeV.1 To
assess the impact of the 500GeV energy cutoff inherent to the IC93 Monte Carlo, two
configurations are tested:

1In the context of this chapter, “high-energy” refers to the upper end of GRECO events, distinct from
the PeV scale typically associated with IceCube.
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1. A conservative configuration that respects the dataset boundaries (with IC93 being
truncated at 500GeV).

2. An extended configuration that additionally extrapolates the GRECO MC events
for Etrue > 500GeV to resolve the energy discrepancy.

The resulting sensitivities, calculated via the likelihood method described in Section 11.3,
are summarized in Figure 13.1. A clear difference in performance is observed depending
on the spectral hardness of the source:

Northern sky (sin δ > 0): In the Northern Hemisphere, the Earth acts as a natural
shield against atmospheric muons, allowing for a cleaner neutrino selection. Here, the
impact of IceCube Upgrade is most pronounced for soft spectra (γ ≳ 3.2). The decreased
energy threshold recovers the soft tail of the signal flux that would otherwise fall below
the legacy detector’s detection threshold.

Southern sky (sin δ < 0): In the Southern Hemisphere, the background is dominated
by down-going atmospheric muons. Despite this high-background environment, IceCube
Upgrade demonstrates sensitivity improvements even for harder spectra, which are driven
by three key factors:

• Denser Instrumentation: The reduced inter-string spacing allows for better resolu-
tion of low-energy events, together with enhanced transverse sampling.

• Multi-PMT Modules: The increased directional information from segmented optical
modules improves photon detection uniformity and reconstruction performance.

(a) Standard dataset cutoff (b) Extrapolated high-energy continuation

Figure 13.1: Projected 90% C.L. sensitivity (solid lines) and 5σ discovery potential (dashed
lines) as a function of source declination δ for different spectral indices γ, derived from 250 000
background and 50 000 signal trials. The black error bars indicate the best-fit flux reported
for NGC 1068 [6, 226]. (a) Sensitivity derived using the standard definition, where the IC93
dataset is truncated at 500 GeV. (b) Sensitivity derived by extrapolating the GRECO dataset
to extend the upper-energy threshold stemming from IC93 beyond 500 GeV after IceCube
Upgrade inclusion.
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• Advanced Reconstruction: By leveraging IceCube Upgrade’s denser instrumenta-
tion and multi-PMT optical modules, advanced reconstruction techniques (see Sec-
tion 12.1.2) can be applied to improve event resolution and atmospheric muon ve-
toing.

While the Southern sky enhancement is important for Galactic searches (e.g., the Galactic
Center at δ = −29◦), it is equally applicable for extragalactic sources located in the south,
such as the Circinus Galaxy or NGC 7582 [257]. For southern sources, improvements of
up to an order of magnitude are projected depending on declination and spectral index.
For a source near the celestial equator such as NGC 1068 (δ ≈ −0.01◦), the sensitivity
gain is evident for the observed spectral index of γ = 3.4 and becomes larger for any softer
flux component.

The importance of correctly modeling the dataset transition is highlighted in Figure 13.1.
In the left panel (500GeV with Upgrade cutoff), the Northern sky sensitivity for hard
spectra (γ = 2.0, 2.5) appears to degrade with IceCube Upgrade. This is an artifact of
the simulation constraints: the IC93 dataset limits injected neutrinos to E < 500GeV,
effectively removing the contribution of high-energy events that carry higher statistical
weight for hard spectra. Since the background remains constant while the signal is trun-
cated, the sensitivity worsens relative to the baseline scenario. While this conservative
approach was adopted for the published results in [255] to adhere to validation protocols,
it represents a lower bound on performance.

Conversely, the right panel illustrates a more accurate scenario where the GRECO
MC (using true neutrino energy information to avoid double counting) is extrapolated to
cover the energy range. With this, the unexpected degradation is no longer apparent and
the sensitivity curves for both scenarios at γ = 2.0 and 2.5 become consistent. Based on
this validation, the extrapolated methodology is applied to the remainder of this chapter
unless specified otherwise.

13.2 Sensitivity Improvements for NGC 1068
As outlined in Chapter 10, a central focus of this analysis is the active galactic nucleus
NGC 1068, the current benchmark source for extragalactic neutrino astronomy. While
initial studies characterized the source with a spectral index of γ = 3.2 [6], the most
recent follow-up analysis indicates a softer spectrum of γ = 3.4 [226]. Given IceCube
Upgrade’s enhanced effective area at low energies, this spectral softening makes the source
an increasingly favorable target. Thus, the results presented here utilize the current
γ = 3.4 best-fit spectral index.

13.2.1 Temporal Evolution and accumulated Gain

The projected sensitivity as a function of livetime is shown in Figure 13.2. The comparison
between the without Upgrade and with Upgrade scenarios exhibits a steeper slope for the
latter, indicating that IceCube Upgrade accumulates statistical significance at a faster
rate.

A consequence of this steeper slope is the reduction in observation time required to
probe the source flux. As illustrated, the with Upgrade sensitivity reaches below the
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Figure 13.2: Temporal evolution of the projected sensitivity for NGC 1068, assuming a
spectral index of γ = 3.4, derived from 250 000 background and 50 000 signal trials. The
sensitivity is compared with the best-fit flux reported in [226].

NGC 1068 best-fit flux faster than the without Upgrade scenario. While the legacy de-
tector configuration only approaches the upper bounds of the measured flux for most of
the projection time period, the detector crosses this threshold quickly after the inclu-
sion of IceCube Upgrade. It must be noted that this projection assumes the NGC 1068
flux follows a single, unbroken power law behavior down to the lower energies probed
by IceCube Upgrade, extending well below the O(TeV) to O(PeV) energy range where
the flux has been experimentally constrained by the legacy array. Under this assump-
tion, the improved sensitivity transitions the analysis from a borderline detection regime
into a high-statistics measurement regime, enabling earlier access to the signal regime
where spectral characterization becomes possible than what is achievable with the legacy
detector. Quantitatively, the inclusion of Upgrade data corresponds to an average an-
nual sensitivity improvement of approximately 12.2%. Over the five-year post-Upgrade
analysis period, this accumulates to a total relative improvement of roughly 58%.

This temporal behavior is driven by the increasing portion of IceCube Upgrade data
within the total sample. In the first year (2026–2027), the analysis is dominated by 14
years of historical data (2012–2026), restricting the impact of the new instrumentation.
As operations continue, the IceCube Upgrade dataset constitutes a progressively larger
fraction of the total livetime, causing the relative improvement to rise from ∼ 10.8% in
the first year to ∼ 57.8% after five years2. Even under the most conservative assumption
(truncating the dataset at 500GeV), the improvement remains consistent at ∼ 7.2%
per year, confirming that the gain is stable and not solely an artifact of high-energy
modeling. It should be noted that sensitivity projections become increasingly less accurate
the further a given dataset is extrapolated into the future, for which statistical fluctuations

2Essentially, IceCube Upgrade “dilutes” the limitations of the legacy dataset. While the absolute sen-
sitivity improves as ∝ 1/

√
T for both scenarios (background-limited regime), the with Upgrade scenario’s

prefactor is smaller. As T increases, the combined dataset converges closer to the pure performance
including IceCube Upgrade, widening the gap relative to the baseline.



170 13 RESULTS

are expected, especially in the discovery potential (requiring a p value of 2.87× 10−7).
It is important to clarify why IceCube Upgrade’s sensitivity limit involves detecting

more signal events (ns = 97.74) than the legacy detector (ns = 38.15). This is not an
artificial inflation of performance, but a consequence of the low-energy signal-to-noise
environment. Because IceCube Upgrade is sensitive to lower energies where the atmo-
spheric background rate is higher, a relaxed angular uncertainty cut (σ < 13◦) is utilized
to increase the effective area. As a result, a larger absolute number of signal events is
statistically required to reject the background hypothesis. However, due to this increase,
IceCube Upgrade accumulates these events at a lower physical source flux than the legacy
detector accumulates its ∼ 38 events. This illustrates a qualitative change in the analysis
regime at the sensitivity threshold: IceCube Upgrade balances a lower energy threshold
and larger effective area with a higher background environment, requiring the likelihood
framework to extract signal information from a larger event sample.

13.2.2 Sensitive Energy Range

To physically characterize these improvements, the kinematic regime driving the sensitiv-
ity is identified. This sensitive energy range is defined as the central 90% interval of the
expected signal distribution, derived from the Monte Carlo simulation by constructing
the cumulative distribution function (CDF) of the true neutrino energy. The expected
number of detector events (the absolute weight wi) contributed by a single simulated
neutrino over the analysis livetime Tlive is defined as:

wi = wone,i ·
Tlive

Ngen
· Φ0 ·

(
Etrue,i

E0

)−γ

,

where Ngen is the total number of generated simulation events. However, because con-
structing a CDF involves normalizing the distribution by the total sum of all weights,
constant scalar factors (namely Tlive, Ngen and the absolute flux normalization Φ0) cancel

Figure 13.3: Distribution of expected neutrino signal events as a function of true neutrino
energy for NGC 1068 (γ = 3.4). The shaded regions indicate the central 90% sensitive energy
range for each configuration.
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out entirely. Physically, this weighting procedure folds the intrinsic geometric acceptance
and interaction probability of the detector (captured by wone,i from Equation (12.1)) with
the assumed physical flux distribution of the astrophysical source, being a power law with
index γ. Consequently, when restricting to events that pass the final selection criteria
(see Section 12.3.3), the resulting CDF represents the true energy spectrum of the signal
events that the analysis is actually expected to observe.

Figure 13.3 compares the signal distributions, where the most prominent feature is the
reduction of the lower energy threshold. For the without Upgrade scenario, the sensitive
range begins at 28.5GeV. Below this energy, the effective area combined with the selection
cuts is insufficient to retain significant signal. The addition of IceCube Upgrade results in a
distinct peak centered near 8GeV, lowering the sensitive range threshold to 4.9GeV. This
shift confirms that the sensitivity gains reported above are driven by IceCube Upgrade’s
ability to resolve neutrinos in the 5GeV to 30GeV window. While the values quoted here
are specific to the applied event selection and combined dataset livetime, the physical
conclusion that a regime largely inaccessible to the legacy detector becomes available
holds true.

Note on the high-energy Cutoff: The upper bound of the sensitive range decreases
from 472GeV (without Upgrade) to 340GeV (with Upgrade). This is primarily due to
the influx of low-energy events shifting the percentile, but also stems from the 500GeV
simulation cutoff described in Section 13.1. The GRECO dataset is not extrapolated for
Etrue > 500GeV in this specific figure to facilitate the comparison. Had the additional
GRECO MC extrapolation been applied, both right tails would align closer (as similarly
seen in Figure 13.1). While this represents a conservative limitation, its impact for soft
sources like NGC 1068 is minor, as the signal naturally tapers off at these energies.

13.2.3 Physics Reach: spectral Constraints

Figure 13.4 synthesizes the projected physics reach of IceCube Upgrade in the context
of the evolving experimental picture of NGC 1068. The figure compares the five-year
sensitivity projections within the sensitive range from Figure 13.3 against the best-fit
fluxes reported in the initial 2022 discovery (γ = 3.2) [6] and the updated 2025 follow-up
(γ = 3.4) [226]. The two distributions shown represent different quantities: the mea-
sured best-fit fluxes represent the static, intrinsic brightness of the source, whereas the
sensitivity limits represent the detector’s statistical capability, which improves (lowers)
as data accumulates over time. The fact that IceCube Upgrade sensitivity drops below
the most recently measured flux earlier than the legacy configuration demonstrates the
statistical margin that will become available to perform precision spectral measurements.
The comparison highlights two advantages provided by IceCube Upgrade:

1. Extending the Energy Horizon: The with Upgrade scenario maintains a limit
down to 4.9GeV, extending deeper into the low-energy flux space than the baseline sce-
nario with 28.5GeV. Effectively, IceCube Upgrade opens an observational window that
is currently inaccessible. This extended energy lever arm is crucial for constraining how
far the observed power law spectrum can be extrapolated to lower energies. Since a con-
tinuous, unbroken power law is expected to turn over or break at some minimum energy
to avoid divergent energetics, IceCube Upgrade’s lowered threshold enables the testing of
broken power law models and the identification of low-energy spectral cutoffs.
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Figure 13.4: Comparison of projected IceCube Upgrade sensitivities (red) and existing
detector sensitivities (blue) with measured neutrino fluxes from NGC 1068. The sensitivities
represent the projected integrated performance in 2031 from Figure 13.2, plotted over the
sensitive energy range from Figure 13.3 and weighted to an E−3.4 spectrum. The shaded bands
indicate the 1σ uncertainties of the published best-fit fluxes from 2022 (orange, γ = 3.2) [6]
and 2025 (black, γ = 3.4) [226].

2. Relevance to Spectral Softening: The importance of this low-energy reach is
amplified by the shift in the measured properties of NGC 1068. As shown in Figure 13.4,
the 2025 result favors a softer spectral index compared with 2022. A softer spectrum
implies that a larger fraction of the neutrino flux is emitted at lower energies. Therefore,
IceCube Upgrade’s increased acceptance in the GeV range is well-suited to constrain the
bulk of the signal flux favored by the most recent best-fit.

Within five years of operation, IceCube Upgrade is expected to provide sufficient sta-
tistical power not only to detect the source but also to begin constraining its spectral
shape at GeV energies, complementing the current decade-long measurements at higher
energies. These results are likely conservative, as the analysis does not yet model the
expected reduction in systematic uncertainties resulting from IceCube Upgrade’s calibra-
tion campaign, which would further enhance sensitivity beyond the estimates presented
here. Artificially improving reconstruction accuracy results in a relative gain of 1% in
sensitivity for every 2% improvement in angular uncertainty, as shown in [255] for the
Galactic Plane.

13.3 Applicability to transient Searches
While the primary focus of this chapter is the 19-year steady-state emission, IceCube Up-
grade offers even higher performance enhancements for time-dependent analyses. Tran-
sient astrophysical phenomena (see Section 2.2.3) constitute a particularly promising tar-
get class, as the short duration of the signal window naturally suppresses the accumulation
of atmospheric muon background, allowing for the detection of lower-energy events that
would be indistinguishable from background in a steady-state search. Candidates for
GeV-scale neutrino bursts include gamma-ray bursts and supernovae, both of which have
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Figure 13.5: Projected sensitivity and relative IceCube Upgrade improvement as a function
of emission time window. The target is a box-shaped flare from NGC 1068 with a spectral
index of γ = 3.4. The y-axis represents the flux sensitivity (E2dN/dE · ∆T ) evaluated at
1GeV. The bottom panel shows the improvement factor, defined as the ratio of the GRECO
sensitivity to the IC93 sensitivity. Vertical dashed lines mark reference durations.

been proposed as potential sources in this energy regime [52, 258]. To evaluate IceCube
Upgrade’s potential for such searches, this section presents the projected sensitivity to
short-timescale events.

Methodological Note: Unlike previous steady-state projections that combined fu-
ture IceCube Upgrade data with historical data, this evaluation directly compares the
IC93 dataset against the GRECO dataset. This isolates the specific performance gain
provided by the new instrumentation.

To quantify the performance gain, the steady-state event selection is applied to box-shaped
flares from the direction of NGC 1068 (γ = 3.4) with durations ranging from 10 s to 108 s
(≈ 3.2 years), evaluated using the extended likelihood formulation from Section 11.1. The
results are summarized in Figure 13.5. The analysis reveals two distinct regimes governed
by background accumulation:

1. Signal-Limited Regime (t ≲ 104 s): For durations shorter than a few hours, the
expected atmospheric background is negligible. In this regime, sensitivity is limited
only by the Poisson detection threshold (ns ≈ 2.3) and the detector’s effective
area. As shown in the bottom panel of Figure 13.5, IceCube Upgrade provides
an improvement factor of over an order of magnitude in this regime. Because the
background is practically zero, the analysis can fully exploit IceCube Upgrade’s
larger effective area at low energies (1GeV to 50GeV) without needing to apply
strict cuts to reject muons. IceCube Upgrade is therefore particularly well suited
for short transient searches.

2. Background-Limited Regime (t ≳ 105 s): As the time window extends beyond
one day, atmospheric background events begin to accumulate. To maintain a con-
stant (low) false-alarm rate, the analysis requires a higher signal flux, causing the
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sensitivity values to degrade (rise). As the background increases, the relative ad-
vantage of IceCube Upgrade diminishes, dropping from a factor of ∼ 12 to a factor
of ∼ 2.3. In this high-statistics background regime, an analysis must either leverage
higher-energy events or employ quality cuts to distinguish signal from atmospheric
background, where the relative effective area advantage of IceCube Upgrade is less
pronounced than at the energy threshold.

This contextualizes the results of previous sections. The factor ∼ 1.58 improvement
reported for the 19-year steady-state analysis approaches the asymptotic limit on the
far right of Figure 13.5. In contrast, for short-term transient phenomena where the low-
energy capabilities are fully utilized, the performance gains are significantly higher, further
demonstrated in [255].

13.4 Additional Validations
To complete the characterization of this analysis, this section presents supplementary
validations for parameter estimation, specifically examining the parameter fit bias and
demonstrating the impact of IceCube Upgrade on signal localization.

13.4.1 Fit Bias

To confirm the reliability of an unbinned likelihood analysis as described in Section 11.1,
a fit bias test is performed. This test quantifies the accuracy with which the likelihood
maximizer can reconstruct the physical parameters of a source, specifically the number
of signal events ns and the spectral index γ, under signal-injection conditions. The ver-
ification involves injecting a known number of signal events ninj from a point source at
the location of NGC 1068 with a spectral index of γ = 3.4 and running the likelihood
maximization on these pseudo-experiments.

As shown in Figure 13.6, both scenarios exhibit a systematic reconstruction bias:
the analysis tends to overestimate the number of signal events and reconstruct a harder
spectral index than injected. This is known behavior of unbinned likelihood analyses over
very long livetimes (19 years), where the maximizer can drive the fit towards larger and
harder signal hypotheses to explain minor background fluctuations.

To address such biases, particularly those arising from non-Gaussian long tails of the
PSF inherent to low-energy reconstruction, a related analysis [256] investigated the use
of the King function3 as an alternative spatial probability density function. While this
modified PSF modeling was found to reduce the reconstruction bias, its impact on the
final sensitivity and discovery potential is negligible. This result is important for the
interpretation of this work: it demonstrates that while the standard likelihood estima-
tor may be biased in its parameter recovery, the statistical power to distinguish signal
from background (the sensitivity) remains robust and is not artificially inflated by these
reconstruction systematics.

3IceCube analyses typically model the PSF using a Kent distribution, as explained in Section 11.1.
However, low-energy reconstructions often exhibit non-Gaussian tails (a surplus of events with large
angular errors) which are exponentially suppressed by the Kent model. The King function accommo-
dates these tails via a power law fall-off, providing a better statistical description of outliers without
compromising the core resolution.
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Figure 13.6: Reconstruction bias for the number of signal events (ns, left) and spectral
index (γ, right) for the baseline (top) and IceCube Upgrade (bottom) configurations from the
direction of NGC 1068. The blue solid line indicates the median reconstructed value, while
the shaded bands represent the 68 % central quantile range. The dashed black lines indicate
the true injected values. The analysis systematically overestimates the signal strength (slope
> 1), a known effect in long-livetime integrated searches.

Crucially, the presence of this bias does not invalidate the sensitivity results presented
in this chapter. Sensitivity is established using a frequentist construction based on TS
distributions. The sensitivity threshold is defined relative to the background-only TS dis-
tribution, which is subject to the same reconstruction characteristics as the signal trials.
Because the sensitivity is determined by comparing signal-injected and background-only
TS distributions, the absolute value of the fitted parameter n̂s does not directly deter-
mine the sensitivity limit. Furthermore, this study is limited to sensitivity projections
(a quantification of detector capability) and does not involve unblinding4 the data. A
flux measurement would require correcting this bias to recover the true number of neu-
trinos. However, for determining the threshold at which a signal becomes statistically
distinguishable from background (the sensitivity), the uncorrected estimator remains a
valid and reliable metric.

4In IceCube, unblinding refers to the process of examining actual detector data after the analysis
procedure has been finalized. To avoid experimenter bias, analyses are developed on “blinded” data
(scrambled in right ascension). Once the cuts and methods are established, the real data is revealed to
search for astrophysical sources. Since this thesis presents a sensitivity study for a future detector, no
unblinding is performed and therefore no physical measurement of a source flux is reported.
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13.4.2 Demonstration of spatial Resolution

While the sensitivity projections presented in previous sections quantify the statistical
power of the analysis, they do not directly illustrate an important driver of this improve-
ment: the spatial localization of neutrino events. To visualize the impact of IceCube
Upgrade’s improved angular resolution at analysis level, a spatial demonstration using
a fixed signal injection is performed. To isolate reconstruction improvements from sta-
tistical fluctuations in signal count, 275 000 pseudo-trials are generated for each scenario
with a fixed injection of ninj = 79 events (the physical excess observed for NGC 1068) at
the source coordinates. For each trial, the spatial spread of the reconstructed events is
quantified by calculating an approximate area of a variance ellipse:

A ≈ π · σdec

2
· σra

2
, (13.1)

where σdec and σra denote the standard deviation of the reconstructed event coordinates
in declination and right ascension, respectively. By considering the spread of the events
rather than the angular error of a single event, this metric serves as a proxy for the
signal’s angular extent on the sky. For this specific comparison, the cut on the angular
uncertainty from Section 12.3.3 is set to 7◦ for both datasets to compare the pointing
performance under identical selection criteria rather than to maximize sensitivity. The
results, visualized in Figure 13.7, reveal two key insights:

The histogram in the left panel shows the distribution of variance ellipse area as per
Equation (13.1) across all trials. A systematic reduction is observed: the distribution of
the with Upgrade scenario is shifted to lower values relative to the without Upgrade distri-
bution, with a mean reduction in signal area of approximately 7 deg2. This demonstrates
that the improvement arises from detector performance rather than statistical fluctua-
tions. For the scenario including IceCube Upgrade, 42.4% of the 79 generated signal

Figure 13.7: Quantification of the spatial resolution improvement using fixed-signal pseudo-
experiments (ninj = 79) from 275 000 trials. (left) Distribution of the signal spread area
quantified by variance ellipse area. (right) Average 1σ variance ellipses, computed from the
standard deviations of the reconstructed coordinates (σRA, σdec) for each pseudo-experiment.
The axes represent the offset centered at the true source position (0,0), defined as ∆ =
reconstructed − true.
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events stem from the IC93 dataset, despite the dataset only accounting for 26.9% of the
total livetime. To visualize this effect, the mean variance ellipses are plotted relative to
the true source position in the right panel. Geometrically, the improvement in resolution
occurs predominantly in right ascension. This reflects the specific geometry of the overall
detector: while the legacy detector possesses sufficient vertical segmentation for resolving
declination, the additional denser inter-string spacing from IceCube Upgrade provides
more accurate transverse sampling to improve the resolution of right ascension.

It is worth emphasizing that while the background estimation relies on right ascension
scrambling (creating a uniform background distribution in RA), the signal sensitivity is
driven by the contrast between the signal cluster and this background. By reducing the
signal variance ellipse (driven primarily by the improved RA resolution) IceCube Upgrade
confines the event cluster to a smaller solid angle. This reduces the integrated background
contamination within the signal region, thereby increasing the statistical significance of
the source.

13.5 Deployment Constraints and the IC91 Approxi-
mation

While the analytical framework developed for this thesis was built upon the IC93 simula-
tion, the physical deployment of IceCube Upgrade encountered hardware constraints dur-
ing the 2025–2026 polar season. These real-world constraints necessitated a re-evaluation
of the detector’s realized state during the final phase of this thesis. With respect to the
initially planned seven-string layout, string 87 was not deployed, string 92 suffered a total
communication failure post-installation and communications have not been established
with approximately 10% of the newly installed optical modules (specifically mDOMs
and D-Eggs) at the time of writing. To assess the impact of this reduced geometry, the
analysis was reevaluated using the IC91 configuration, which serves as a heuristic approxi-
mation that masks the hits associated with non-functional components within the existing
IC93 simulation. It is emphasized that IC91 is an imperfect approximation. Because the
machine learning architectures, such as the GraphNeT reconstruction and background re-
jection models detailed in Section 12.1.2, were optimized for the full IC93 footprint, their

Figure 13.8: Comparison between the IC93 (red) and IC91 (green) configurations after
applying the cuts as described in Section 12.3.3. (left) Effective area, including GRECO
(blue). (right) Angular resolution.
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Figure 13.9: Sensitivity limits as a function of source declination for different spectral
indices. (left) IC93 configuration from Figure 13.1b. (right) IC91 configuration.

application to the IC91 geometry is inherently sub-optimal. Furthermore, this selection
does not include dedicated systematic re-simulations or updated cuts. Thus, the results
presented here likely represent a conservative lower bound on the true performance of the
realized array.

As illustrated in Figure 13.8 (left), the reduction in effective area is non-uniform
across the energy range. At the lowest energies (< 5GeV), the ratio of IC93 to IC91
effective area is between 2.4 and 10.3 for the specific cuts applied in Section 12.3.3. The
effective areas become comparable around ∼ 60GeV, above which IC91 even exhibits
slightly larger values toward the 500GeV threshold. This change in effective area, com-
bined with the worsened angular resolution shown in Figure 13.8 (right), impacts the
point-source sensitivity. The application of the IC91 configuration demonstrates that the
underlying event selection framework remains statistically robust. Systematic verifica-
tion of the background TS distributions across the sky, together with the optimization
of angular uncertainty cut values, shows that the analysis reproduces the baseline perfor-
mance, exhibiting the same trends as in Figure 12.10 and Figure 12.11. However, while
these heuristic checks justify the current projections, a comprehensive re-evaluation will
be necessary once a dedicated simulation set (modeled specifically on the final deployed
hardware footprint) is available to be validated against the first acquisition of experimen-
tal detector data.

The gain threshold at which IceCube Upgrade begins to improve upon the legacy
detector has thus shifted (see Figure 13.9). While the idealized IC93 case showed im-
provements for any spectrum softer than γ = 3.2 in the Northern sky, the realized IC91
array requires even softer spectra (γ ≥ 3.4) to maintain that dominance. The Southern
sky advantage remains qualitatively consistent with the trends discussed in Section 13.1,
though at degraded absolute sensitivities (a reduction of 23% in the Northern and 66%
in the Southern sky at γ = 3.4 relative to the idealized IC93 array).

The temporal impact on the primary target, NGC 1068, is quantified in Figure 13.10
(left). While IceCube Upgrade still accelerates the path to a higher-significance measure-
ment of NGC 1068 (γ = 3.4), the slope of the sensitivity evolution is shallower in the
IC91 configuration. The projected sensitivity improvement after five years of integrated
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Figure 13.10: Comparison of IC91 and IC93 expectations. (left) Temporal sensitivity
evolution from Figure 13.2. (right) Sensitivity as a function of time window from Figure 13.5.

livetime drops from 57.83% to 31.73%. For transient searches (Figure 13.10, right), the
annualized improvement factor remains significant, albeit at a reduced level. For short
time windows (∆T < 1000 s), the improvement decreases from twelve-fold to roughly
eight-fold. For year-scale observations, the improvement stabilizes at approximately 1.4,
confirming a lower asymptotic limit compared with what is discussed in Section 13.3.

Although deployment constraints have reduced the anticipated physics reach, these
results demonstrate that the realized five-string IceCube Upgrade array nevertheless en-
hances the detector’s sensitivity at low energies. Furthermore, the successful deployment
and operation of novel calibration devices (see Section 3.6) will improve the characteri-
zation of the optical properties of both the bulk ice and the refrozen hole ice, reducing
the dominant systematic uncertainties of the observatory. These improvements are ex-
pected to enhance event reconstruction for both future and archival data across the entire
optical array, extending the scientific impact of IceCube Upgrade beyond the low-energy
sensitivity gains presented here.

13.6 Summary
This chapter demonstrates the expected impact of IceCube Upgrade on neutrino point-
source astronomy. By lowering the energy threshold from ∼ 30GeV to ∼ 5GeV in this
specific event selection, IceCube Upgrade opens a new observational window into the
soft-spectrum universe, which was previously inaccessible to the legacy detector (Sec-
tion 13.2.2). The sensitivity to NGC 1068 is projected to improve by ∼ 58% over five
years, enabling the detector to probe the flux levels indicated by recent measurements
with statistical significance. Crucially, the measured γ = 3.4 flux from [226] implies a
high expected flux extending down to sub-TeV energies. This provides motivation for
GeV observations, as measuring the spectral shape in this regime is required to break
the degeneracies between competing astrophysical production models and constrain low-
energy cutoffs.
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Even when accounting for the hardware constraints modeled by the IC91 configura-
tion (Section 13.5), an improvement of 31.73% is retained, accelerating the path toward
precision spectral characterization (Section 13.2.3). More significant gains are expected
for sources located in the Southern sky due to improved background rejection. Further-
more, the largest improvements are found for short-term transient phenomena, where an
eight-fold improvement in sensitivity allows for the probing of faint, GeV-scale neutrino
bursts (Section 13.3). Although the realized five-string array tempers the idealized IC93
baseline projections, IceCube Upgrade remains a necessary enhancement that ensures the
detector’s continued relevance in multi-messenger astronomy.

Ultimately, these results establish that IceCube Upgrade does not merely extend the
current detector’s lifespan but significantly broadens its scientific capabilities, shifting
the detector from the discovery of sparse high-energy events toward precision spectral
characterization in the GeV regime.
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14 Summary and Outlook
The planned IceCube-Gen2 expansion will considerably increase the instrumented vol-
ume, requiring the mass production and deployment of thousands of next-generation
optical modules. This thesis presented comprehensive hardware developments, character-
ization efforts and simulation benchmarks crucial for finalizing the IceCube-Gen2 optical
module. These developments are intrinsically linked to the successful precursor modules,
the LOM16 and LOM18, which have recently been deployed in IceCube Upgrade.

Extensive PMT characterization efforts directly influenced the development across
multiple design iterations (Chapter 6), demonstrating that both evaluated manufacturer
models meet the IceCube-Gen2 specifications. While high quantum efficiency variants
remain a viable option for increasing optical performance, their integration involves a
cost-benefit trade-off compared with deploying a larger number of standard modules,
particularly due to concerns regarding increased background rates.
To meet the demand for producing nearly 10 000 optical modules for the IceCube-Gen2
optical array, scalable mechanical assembly procedures were pioneered (Chapter 7). By
transitioning to fully pre-cast silicone gel pads coupled using automated pushing mecha-
nisms, such as the presented pneumatically driven scissor lifts, the time-consuming liquid
backfilling inside the pressure vessel during LOM production could be eliminated. Build-
ing on the lessons learned from the LOM16 and LOM18, the groundwork for the Gen2-OM
is now established, with ongoing efforts focused on finalizing the module layout utilizing
a newly optimized pressure vessel shape.

To evaluate the performance of these hardware designs, a Geant4 simulation frame-
work was extended to encompass all IceCube optical modules (Chapter 8). By integrating
detailed CAD geometries to quantify mechanical shadowing and implementing empirical
spatial PMT maps, the simulation now provides a realistic description of the directional
acceptance of all optical modules. Evaluating the directional acceptance against the local
photon incidence angle revealed complex internal optics (such as structural off-axis peaks
and photon traversal within the module) unique to the multi-PMT geometries. When
weighted against the physical propagation spectrum of Cherenkov light in glacial ice, the
LOM16 baseline achieves a factor of 3.8 to 4.3 improvement in effective area relative to
the DOM. These results strongly validate the LOM architecture for the Gen2-OM, fur-
ther demonstrating that it outperforms the two primary optical module designs currently
deployed in IceCube Upgrade.

Additionally, studies of the module background (Chapter 9) establish that the high
scintillation noise observed in Vitrovex borosilicate glasses originates from the silica sand
used in the glass production process, as well as from the potassium nitrate concentra-
tion. By remeasuring the scintillation spectrum to verify the temperature-independent
parameterization, the background simulation was expanded to encompass all multi-PMT
optical modules. The results are in excellent agreement with available measurements of
integrated PMT background rates across all optical modules. As a result, the OMSim
framework is now positioned better than ever to produce simulation data to be integrated
into IceTray, enabling comprehensive background modeling and the generation of direc-
tional sensitivity tables.
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The final part of this thesis establishes the first point-source sensitivity benchmark
for IceCube Upgrade, providing a quantitative roadmap for the detector’s early physics
phase. By developing an unbinned maximum likelihood framework optimized for pointing
accuracy across the sky, this work indicates that IceCube Upgrade will extend IceCube’s
capabilities from a high-energy discovery instrument toward precision spectral measure-
ments at GeV energies. The analysis shows that IceCube Upgrade provides its largest
gains in regimes previously dominated by atmospheric backgrounds. In the Southern
sky, the denser instrumentation and multi-PMT optical modules enable improved at-
mospheric muon vetoing, yielding substantial sensitivity improvements for soft-spectrum
sources. This enhanced background rejection extends into the time domain, as for short-
term transient phenomena (∆T < 1000 s), IceCube Upgrade provides up to an order
of magnitude improvement in sensitivity, allowing the detector to probe faint, GeV-scale
neutrino bursts from sources such as GRBs and supernovae that were previously obscured.
For the neutrino reference source NGC 1068, the inclusion of IceCube Upgrade data is
projected to improve sensitivity by 57.83% over five years, accelerating the prospects
for characterizing the hidden core’s acceleration mechanisms. Crucially, this work also
addressed the deployment constraints, providing the first heuristic projections for the re-
alized five-string array. Even under these constrained hardware conditions, the analysis
identified a five-year integrated sensitivity gain of 31.73% for NGC 1068, affirming Ice-
Cube Upgrade’s scientific potential. These projections are likely conservative, as they do
not account for the improved understanding of the Antarctic ice expected from IceCube
Upgrade’s dedicated calibration instrumentation.

Ultimately, these results bridge the gap between idealized simulation and experimental
reality, providing the statistical foundation necessary to move toward precision neutrino
astronomy once the first unblinded data becomes available. In particular, future analyses
incorporating IceCube Upgrade should move beyond single power law descriptions and
test physically motivated spectral models, including broken power laws, exponential cut-
offs and hadronic interaction models predicting low-energy spectral features. Such models
may exploit IceCube Upgrade’s enhanced GeV sensitivity differently than the standard
power law model used in this thesis.

Overall, this work spans the complete chain from detector development to physics per-
formance. The prototyping methods and PMT characterization constitute the hardware
basis for the next generation of IceCube optical modules. The optical performance and
background studies provide essential inputs to IceCube’s simulation framework, with the
developed tools being readily applicable once the Gen2-OM geometry is finalized. Build-
ing on this foundation, this thesis presents the first point-source sensitivity study for
IceCube Upgrade incorporating its multi-PMT optical modules, showing how their im-
proved detector performance translates directly into enhanced astrophysical sensitivity.
As such, this work contributes to both realizing next-generation IceCube instrumentation
and establishing a quantitative benchmark for the scientific capabilities enabled by this
detector technology.
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A Scaling towards Mass Production
While Chapter 7 highlights the primary mechanical developments undertaken during the
active Gen2-OM design phase, the full scope of the R&D effort also extended to the
logistical optimization required for the IceCube-Gen2 array. The final production and
integration of the IceCube Upgrade precursor modules (the LOM16 and LOM18) were
carried out by dedicated teams at the University of Wisconsin-Madison and Chiba Uni-
versity, respectively. However, the foundational planning and design phases were shaped
by the research presented in this thesis. The component validation, optical simulations
and mechanical prototyping detailed in Chapters 6 to 8 directly influenced the module
development. Furthermore, even before the assembly of these precursor modules, the
conceptual design review (CDR) phase required a defined logistical strategy to scale pro-
duction from localized manual prototyping to industrial mass production, devised by the
author.

At the time of writing, the exact number of global assembly sites remains under review
and will likely range between three and five facilities. The IceCube-Gen2 array requires
approximately 10 000 optical modules to be manufactured over a seven-year period, with
a projected peak production rate of 2000 modules in a single year. Assuming the work-
load is distributed evenly across three sites, a single facility must reliably produce up to
approximately 670 modules annually, corresponding to roughly 14 modules per week. To
achieve this sustained throughput without introducing logistical bottlenecks, particularly
those associated with the extended curing times of the optical gel, all integration processes
must be parallelized into dedicated sequential assembly stations.

PMT Verification and Preparation

Upon retrieval from a dedicated warehouse, incoming PMTs must first undergo dimen-
sional inspection to accommodate tight mechanical tolerances during assembly. A ded-
icated measurement rig verifies the length, neck diameter and photocathode diameter
against manufacturing tolerances, rejecting any outliers. Additional performance charac-
terization is then performed following the procedures described in Chapter 6 using a dedi-
cated multi-PMT test setup, similar to that employed during the mDOM production [155].
Following PMT selection, rotational keying elements (introduced in Section 7.1.2) may
be precisely bonded to the PMT necks, depending on the finalized internal layout. Al-
ternatively, the pre-soldered wuBase may serve as the mechanical reference for rotational
alignment.
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Gel Pad Casting

To maximize throughput, gel pad casting is envisioned as a track-based assembly line.
Subassembly trays containing 16 (or 18) thermoformed molds are processed sequentially.
A specialized automated dispenser, such as the MeterMix PAR 30, injects a metered
volume of pre-degassed liquid Shin-Etsu gel into each mold. The prepared PMTs would
then be lowered into the molds and mechanically secured in position. The entire tray is
subsequently transferred into a large-volume vacuum chamber, where a pre-programmed
degassing cycle is executed. During this cycle, the ambient pressure is gradually reduced
to 5mbar, maintained for one hour to remove any air pockets introduced during PMT
placement, and finally returned to atmospheric pressure at a controlled rate.

The fully loaded trays are then transferred to dedicated heating cabinets. Curing the
silicone at an elevated temperature of 40 ◦C under controlled humidity not only acceler-
ates polymerization but also ensures reproducible optical and mechanical properties by
eliminating seasonal variations in the production environment.

Holding Structure Stocking

In parallel with the PMT preparation, the internal holding structures are pre-assembled in
a dust-free environment. Depending on the spatial clearances required for the subsequent
integration steps (e.g., reserving space for the removable pneumatic scissor lifts proposed
in Section 7.1.2), the structures are populated with as many of the internal electronic
components as possible at this stage. These include the flasher LED units, Fanout boards
and mini-mainboards.

Module Assembly

The populated holding structures are mounted in dedicated assembly fixtures that hold
the pressure vessels in place. The cured PMT subassemblies (potentially incorporating
fully pre-cast gel pads) are inserted into the holding structure with the pushing mechanism
fully retracted. Depending on the finalized optical coupling strategy, either a conformal
liquid gel layer is applied (potentially via an automated dip-coating process similar to
that used for WOM production [167]) or the gel pads are prepared for dry fitting, thereby
eliminating the subsequent degassing and curing stage. The populated holding structure
is then lowered into the glass pressure vessel hemisphere (or vice versa) using a dedicated
guiding system. Once the vacuum lid has been secured, the pushing mechanism is actuated
to press the PMTs radially outward with a pre-calibrated and uniformly distributed force.
After all gel pads have established sufficient contact with the inner glass surface, the loaded
hemisphere undergoes a secondary degassing cycle.

If additional optical gel has been applied, the complete assembly fixture is again
transferred to a heating cabinet for controlled curing. This makes the assembly station
available for the next production batch while maintaining continuous contact pressure at
the optical interfaces throughout the curing process.
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Joining Hemispheres

Once curing has been completed, the temporary integration tooling (such as the scissor
lifts and vacuum lid) is removed and any remaining internal components are installed.
The two completed hemispheres are handled using aligned vacuum suction cups that
permit controlled vertical motion. The central support shafts (if utilized) and the inter-
hemisphere ribbon cables are connected. The internal volume is flushed with dry nitrogen
to displace residual moisture. The hemispheres are then joined at the equatorial seam,
immediately sealed using Terostat butyl tape and secured with structural exterior tape.
Finally, a large vacuum chamber is lowered over the assembled module and the internal
pressure is evacuated to the nominal 500 mbar.

Final Acceptance Testing and Storage

The completed Gen2-OM is packaged in a specialized transport container designed to leave
the PCA accessible. The module then undergoes final acceptance testing in dedicated test
setups housed within freezer containers similar to those used for the mDOM [259]. Upon
successfully passing all operational and optical acceptance criteria, the final packaging is
sealed and the module is transferred to the warehouse for eventual deployment to the
South Pole.
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B Supplementary optical Module
Performance Comparison
The primary effective area evaluations for all optical modules are presented in Section 8.2.
A comprehensive set of additional figures is provided in this appendix for completeness.
Figures B.1 and B.2 display the total module effective area, evaluated at a wavelength of
400 nm. While these simulations were generated across the full wavelength range (from
270 nm to 700 nm), the visualizations presented here are restricted to 400 nm for concise-
ness.

Figure B.1: Total module effective area (summing all PMTs) at 400 nm for the DOM (top),
HQE-DOM (center) and D-Egg (bottom). The left column shows simulations without the
mechanical harness, while the right column includes the harness. Note that the colorbar limits
are adjusted individually for each plot to optimally visualize the relative angular acceptance
geometry.
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Figure B.2: Total module effective area (summing over all PMTs) at 400 nm for the mDOM
(top), LOM16 (center) and LOM18 (bottom). The left column shows simulations without
the mechanical harness, while the right column includes the harness. The LOM simulations
assume the conservative Hamamatsu PMT quantum efficiencies. Colorbar limits are scaled
individually for each plot.

While the previous figures illustrate the summed effective area of the entire module,
Figure B.3 isolates the directional acceptance of individual PMTs. For single-PMT mod-
ules such as the DOM and HQE-DOM, the individual PMT response is identical to the
total effective area shown previously. For the multi-PMT architectures, representative
PMTs from different module hemispheres and latitudes are selected: one D-Egg PMT,
the polar and equatorial PMTs of the mDOM, LOM16 and LOM18, as well as the “layer
3” vertical PMTs of the LOM18. All subplots assume a wavelength of 400 nm, include the
deployment harness and apply the Hamamatsu quantum efficiencies for the LOMs.

To further examine the local PMT optics, Figure B.4 presents the effective area as a
function of the local photon incidence angle relative to the PMT axis (evaluated via the
dot product) across multiple wavelengths.
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Figure B.3: Individual PMT effective area for representative PMT types within various
optical modules at 400 nm. Shown are a polar and equatorial PMTs of the mDOM (first row),
LOM16 (second row) and LOM18 (third row). The bottom row displays a vertical “layer 3”
PMT of the LOM18 (left) and a single D-Egg PMT (right). Colorbar limits are adjusted
individually for each plot.
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Figure B.4: Effective area as a function of the incidence angle between the PMT axis and
the incident photon plane wave. Different wavelengths are color-coded (e.g., 380 nm in dark
blue, 550 nm in green, 650 nm in red). The panels display the DOM and D-Egg (first row);
the polar and equatorial PMTs of the mDOM (second row); the polar and equatorial PMTs of
the LOM16 (third row); and the vertical “layer 3”, polar and equatorial PMTs of the LOM18
(bottom row).
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Finally, to quantify the physical dimensions defining the simulated geometries, Ta-
ble B.1 lists the cross sections of the outer dimensions of each module’s pressure vessel.
Due to restrictions imposed by the smaller borehole diameter planned for IceCube-Gen2,
the maximum allowable pressure vessel diameter is constrained to 12.5 ” ≈ 31.8 cm.

Table B.1: Size comparison of the optical modules. The listed values are measured from
the CAD models and correspond to the projected cross sections of the outer glass pressure
vessels, rounded to one decimal place. *Because the Gen2-OM design is not yet finalized, its
projected cross section is estimated from the LOM height-to-diameter ratios.

Optical Module Diameter (cm) Height (cm) Projected cross section (cm2)

DOM 33.0 33.0 855.3
mDOM 35.6 40.5 1173.8
D-Egg 30.2 53.4 1386.2
LOM16 31.2 44.4 1163.1
LOM18 31.8 54.0 1467.1
Gen2-OM 31.8 48.6 ≈ 1300*
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C PMT Manufacturer Data
Chapter 6 presented characterization results for the latest PMT versions based on three
samples from each vendor. To provide broader context, this appendix shows the manu-
facturer quality assurance data for the complete production batches. A general overview
of the measured performance parameters is shown in Figure C.1.

Figure C.1: Comparison of manufacturer data between NNVT (left) and Hamamatsu
(right). Acceptance requirements are indicated by gray vertical lines, while the correspond-
ing batch mean and standard deviation are listed above each plot.



210 C PMT MANUFACTURER DATA

It must be emphasized that the measurements provided by NNVT and Hamamatsu
cannot be compared directly with one another, nor strictly with the results of this study,
owing to differences in their testing methodologies. A primary motivation for the indepen-
dent characterization performed in this work was to establish a standardized and reliable
baseline that evaluates both vendors under identical, experimentally relevant conditions.
One notable example is the transit time spread (TTS). The TTS reported in the Hama-
matsu batch data is significantly narrower than both the NNVT specification and the
independent measurements obtained in this study. This difference could arise if Hama-
matsu characterizes the TTS using either multiple-photoelectron illumination or a tightly
collimated light source that illuminates only the center of the photocathode. Both meth-
ods effectively reduce the measured TTS compared to the full-area, single-photoelectron
illumination conditions employed throughout this work.

As discussed in Section 6.3, the specific Hamamatsu PMT samples selected for detailed
characterization in this work represented slight underperformers relative to their batch
average, whereas the selected NNVT PMTs performed slightly above average in terms of
quantum efficiency. Because Hamamatsu provided full wavelength-dependent QE spectra
for every PMT, Figure C.2 compares the three selected study samples with the mean
spectral response of the entire production batch.

Figure C.2: Hamamatsu manufacturer data for spectral QE, highlighting the three tested
study samples relative to the batch distribution.

NNVT provided single-wavelength QE measurements evaluated exclusively at 400 nm.
The cumulative QE distributions at 400 nm for both vendors’ production batches are
shown in Figure C.3. Within their respective production distributions, the selected NNVT
samples exhibit an absolute QE 1.27% above the batch average, whereas the selected
Hamamatsu PMTs are 0.63% below their batch average at 400 nm.
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Figure C.3: Cumulative QE distributions at 400 nm from the manufacturer data for NNVT
(left) and Hamamatsu (right), highlighting the positions of the three tested samples.

Additionally, a mechanical inspection of the delivered Hamamatsu PMT batch was
performed at Chiba University. The dimensions summarized in Figure C.4 confirm that
all delivered PMTs satisfy the required physical envelope tolerances. A similar study
conducted at WIPAC yielded consistent results for the NNVT PMTs, albeit based on
pre-production units and a smaller sample size.

Figure C.4: Mechanical inspection results for the Hamamatsu PMT batch, confirming com-
pliance with the specified dimensional tolerances (vertical lines).
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D Supplementary Information on
Module Background

Changes in Scintillation Yield
The initial determination of the Vitrovex α-yield was conducted in [91] and later extended
using a fixed electron-to-alpha ratio of 1.7, as established in [183]. These earlier measure-
ments investigated the temperature dependence of the scintillation yield by exposing small
cylindrical Vitrovex glass samples to external radioactive sources and recording the re-
sulting light yield with a standalone PMT. This experimental setup was subsequently
modeled in Geant4 (Figure D.1) to account for the geometric acceptance and PMT de-
tection efficiency. The intrinsic scintillation yield can then be determined by scaling the
simulated light yield until the background-corrected PMT rates reproduce the measured
values.

Figure D.1: Simulation setup used to determine the initial scintillation yield from small
cylindrical glass samples, illustrated here for two incident γ-rays emitted by a radioactive
source. Taken from [183 (p. 40)].

However, subsequent work in [73 (ch. 9)] introduced substantial revisions to the sim-
ulated PMT optical model. Combined with extensive Geant4 software updates over the
intervening years, the effective detection efficiency of the simulation framework changed
significantly. As a result, applying the original scintillation parameters within the up-
dated framework produced full-module mDOM background rates that fell well below the
previously validated baselines established in [73 (p. 185)]. To temporarily recover these
baseline rates within the updated software (while maintaining the historical, higher iso-
tope concentrations and narrower emission spectrum), a scaling factor of 1.35 had to be
applied to the scintillation yields (Figure D.2). This recalibration was validated across
multiple simulated temperatures and post-simulation artificial dead times (e.g., the 0 ns
case shown).
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Figure D.2: (left) Average simulated mDOM PMT background rates in an ice environment
before the PMT simulation changes reported in [73 (p. 185)] (red), reproduced after the
software updates by applying the yield scaling factor (blue). The comparison is shown for a
0 ns artificial dead time with the intrinsic PMT dark rate included. (right) Comparison of
the scintillation yields before and after the recalibration for each particle type. Error bands
and markers indicate the systematic and statistical uncertainties associated with the yield
determination.

Rather than re-simulating the historical small-cylinder setup to extract updated scin-
tillation yields, this thesis adopts a direct calibration based on mDOM data. Fundamen-
tally, solving the inverse problem for a small glass sample (matching simulated photons
to measured PMT hits to determine the intrinsic yield) is mathematically equivalent to
performing the same calibration using a fully assembled mDOM. In this case, the com-
plete pressure vessel effectively acts as a large, self-irradiating glass sample monitored by
24 coupled PMTs.

By scaling the intrinsic yield directly against empirical mDOM target rates (derived
via background subtraction as per Equation (9.5)), the simulation bypasses geometric
scaling artifacts between the sample-testing environment and the final module config-
uration. With the integration of newly updated specific activities (Section 9.2) and a
broadened emission spectrum (Section 9.3), this direct module-level parameterization of
the scintillation yield represents an update to the background modeling methodology.

Spectra of Borosilicate Components
As discussed in Section 9.2.2, most characteristic FEPs fall below the decision threshold
LC , as reflected by the upper limits listed in Table 9.3. The corresponding spectra are
shown in Figure D.3. The quartz sand could be characterized using all FEPs listed in
Table 9.1, except for 40K, whose signal could not be distinguished from the background.
For the potassium nitrate sample, the prominent 40K peak, exhibiting an activity ap-
proximately three orders of magnitude larger than all other FEPs across the investigated
samples, increases the sample-induced background sufficiently that the spectral curves no
longer overlap. This discrepancy is inconsequential, however, because a local background
correction is applied prior to the FEP summation.
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Figure D.3: Measured γ-ray spectra of the background acquired with the empty sample
holder (red) and with the corresponding sample inserted (blue). The 40K full-energy peak
(FEP) is highlighted in each inset.
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