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1 INTRODUCTION

Astroparticle physics aims to understand the most energetic and violent processes in our
Universe by studying particles that reach the Earth from cosmic accelerators. Over the past
century, observations across the electromagnetic spectrum have revealed an active and dy-
namic cosmos, yet photons alone cannot probe the extreme environments in which high-
energy particles are produced. Magnetic fields deflect charged cosmic rays, obscuring
their origin, and high-energy gamma rays can be absorbed during propagation. To over-
come these limitations, modern astronomy has expanded into multimessenger astronomy.
Combining information carried by electromagnetic radiation, gravitational waves, cosmic
rays, and neutrinos provides deeper insight into cosmic accelerators.

Among these messengers, neutrinos represent a unique probe of the Universe. Their ex-
tremely small interaction cross section allows them to escape dense astrophysical envi-
ronments and propagate over cosmological distances without deflection or absorption,
preserving directional information. They provide direct access to hadronic acceleration
processes that are otherwise hidden to the other messengers. However, their properties
make them exceedingly difficult to detect and require large detection volumes composed
of transparent media. The IceCube Neutrino Observatory at the South Pole is currently
the largest detector of this kind, embedding 5160 optical modules in ~ 1km? of glacial ice
to detect the Cherenkov photons generated indirectly from neutrino interactions [1].

Since its completion in 2011, IceCube detected a diffuse flux of high-energy neutrinos of
cosmic origin with energies up to O(PeV) [1, 2]. Follow-up observations enabled the first
identification of a high-energy neutrino with a blazar, TXS 0506+056, providing direct ev-
idence for neutrino emission from an extragalactic accelerator [3]. In 2022, IceCube iden-
tified the Seyfert galaxy NGC 1068 as a significant neutrino emitter, which is a smoking
gun signature of hadronic particle acceleration at this source [4]. However, the currently
identified sources account for only a small fraction of the observed diffuse flux, motivating
further detector expansions to uncover the remaining source population.

To improve the sensitivity in the GeV to TeV regime, which is essential, for example, for
neutrino oscillation studies, and to achieve a better understanding of the Antarctic ice
properties in which IceCube is embedded, the IceCube Upgrade is going to be deployed
is going to be deployed during the 2025/26 austral summer [5]. IceCube Upgrade will in-
strument the central region of the detector with seven new, densely spaced strings hosting
over 700 next-generation optical sensors which feature enhanced photon detection effi-
ciency, improved timing resolution, and advanced in-ice calibration systems. A key device
among these new sensors is the multi-PMT Digital Optical Module (mDOM), which, un-
like the current digital optical modules in IceCube that contain a single downward-facing
10-inch-diameter photomultiplier tube (PMT), contains 24 3-inch-diameter PMTs arranged
to cover the entire solid angle inside a pressure vessel [6]. This configuration increases the
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effective photosensitive area, provides intrinsic directional information, and enable local
coincidences within a single optical module, for example for background suppression.

The performance of the mDOM is not only governed by its photon detection efficiency
but also by its optical background. At the depths of IceCube, the Antarctic ice exhibits
extremely low optical activity. Consequently, the dominant contribution to the optical
background arises from the mDOMs themselves. In particular, two processes are rele-
vant: scintillation and Cherenkov photons produced by trace amounts of radionuclides
contained within the borosilicate glass vessel of the mDOM, and uncorrelated PMT noise
such as thermionic emission and afterpulsing. For a precise interpretation of mDOM data
and to minimize the systematic uncertainties in IceCube Upgrade, a quantitative under-
standing of these background components is essential. Moreover, realistic simulations of
the optical background are required for event reconstruction, calibration procedures, and
performance studies for the future IceCube Upgrade and IceCube-Gen2 extensions [7].
Moreover, realistic simulations of the intrinsic optical background of the mDOM and,
more generally, of its response are required for event reconstruction, calibration, and other
essential tasks. For this reason, the Geant4-based OMSim framework was developed [8].
In this thesis, the simulation is benchmarked against controlled measurements in air and
water, which quantify the background contributions under laboratory conditions, includ-
ing those from atmospheric muons. A dedicated Geant4 simulation, using the OMSim
framework, is employed and extended to model radioactive decays and muon-induced
Cherenkov light, capable of reproducing the multiplicity-dependent detector response.



2 ASTROPARTICLE PHYSICS

Astroparticle physics connects fundamental particle interactions with astrophysical phe-
nomena by studying energetic particles that originate far beyond the solar system. Un-
derstanding their production, propagation, and detection is essential for interpreting the
signals recorded by the IceCube Neutrino Observatory. This chapter introduces the phys-
ical principles underlying the detector’s response.

2.1 CosMic RAYS

Cosmic rays consist of high-energy protons and atomic nuclei originating from astrophys-
ical accelerators and propagating through the interstellar and intergalactic medium at
relativistic speeds. They provide direct access to high-energy particles outside our solar
system, offering crucial information about the non-thermal universe, particle acceleration
mechanisms, and interstellar magnetic field. The characterization of the cosmic-ray flux is
therefore a central component of astroparticle physics.

The observed spectrum spans over 12
orders of magnitude in energy, from
10° eV up to energies exceeding
109 eV, following a broken power law
(4% <E~7) [10]. The
spectrum for all particles is shown in
Figure 2.1. Distinct spectral features
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nant shock fronts is considered the
principal mechanism. Particles (Ultra-
High Energy Cosmic Rays) above the
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FIGURE 2.1: Primary cosmic ray energy spectrum for

all particles. Figure taken from [9].

clude Active Galactic Nuclei and gamma-ray bursts. The propagation of these high-
est energy particles is subject to the Greisen-Zatsepin-Kuszmin cut-off at energies above
~ 5 x 10¥ eV, caused by photohadronic interactions with the Cosmic Microwave Back-
ground (CMB) photons [12].
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During propagation, charged cosmic rays experience continuous deflection by the inter-
stellar magnetic fields, producing an almost isotropic arrival distribution. Upon entering
the Earth’s atmosphere, a primary cosmic ray initiates an extensive air shower, a cascade
of secondary particles created through successive hadronic and electromagnetic interac-
tions with atmospheric nuclei. The cascade develops until particle energies fall below crit-
ical thresholds, yielding a spatially extended distribution of various secondary particles at
ground level, as illustrated in Figure 2.2 [10].

cosmic ray (p, o, Fe ...)

atmospheric nucleus

EM shower /7 [,
~ J Y
nu(ileons,

K-, etc.

atmospheric nucleus . =

EM shower 0 VH
T
nucleons, / : Lf?—'viy o
K’ etc. / -
/ S
/ ‘ ! et e
/ v
{ an -
s EM shower

FIGURE 2.2: Schematic description of extended air showers caused by a
cosmic ray interaction with the atmosphere. Figure taken from [13].

2.2 ATMOSPHERIC MUONS

Predominantly, pions and kaons are produced in the hadronic interaction of cosmic rays
with the atmosphere’s nuclei. These mesons form the dominant parents of the atmospheric
muon component. Their subsequent decays via weak interaction populate the charged
lepton sector and give rise to the muons observed at the ground. Astrophysical muons
can hardly reach the Earth’s atmosphere due to their lifetime (7 ~ 2 us). This lifetime is
however large enough that secondary muons produced in the air showers can reach the
Earth’s surface [12]. The dominant decay channels relevant for atmospheric muons are

t —>yi—|—1/y (Tn), K* —>yi—|—vy (V).

The mean energy at sea level is about 4 GeV [11].
The flux of muons above 4GeV at sea level is approximately 60m2s !sr~!. The flux
exhibits a characteristic angular dependence. For muons of E ~ 3GeV, the empirical
approximation

1(6) o cos® 6,

describes the zenith scaling, where 6 denotes the incident zenith angle [11]. Low energy
muons at large angles decay before reaching the surface.
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2.2.1 MUON ENERGY LOSS

Atmospheric muons lose a non-negligible fraction of their energy while traveling through
dense or gaseous media such as air. The stopping is governed by two classes of pro-
cesses whose relative importance evolves with energy. At low and intermediate energies,
the dominant mechanism is electronic energy loss through ionization and excitation of
atomic nuclei, accurately described by Bethe theory once the projectile is relativistic. For
relativistic muons in material with low proton number Z (air, water, concrete), the stan-
dard minimum-ionizing muon energy loss is approximately 2MeV g~ !s~! [14]. At higher
energies, radiative channels, mainly bremsstrahlung, pair production and photo nuclear
interactions, introduce an additional contribution that scales approximately linearly with
the muon energy. The mean stopping power can therefore be written as

_dE _

4 = a(E) +b(E) E

where a(E) is the electronic stopping power and b(E) is the sum of the radiative coeffi-
cients. Their magnitudes depend on the medium, specifically on the proton number Z
and the mass number A (¢ « Z/A and b « Z?/ A). The energy loss of muons in copper
as a function of momentum is shown in Figure 2.3. For copper, radiative losses dominate
above E, ~ 315 GeV [14]. In IceCube’s low-Z medium, radiative losses dominate only
2 1TeV [15].
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FIGURE 2.3: Mass stopping power for positive muons in copper as a func-
tion of the momentum in the 0.1 MeV to 100 TeV range. The rise in radiative
loss becomes relevant above 100 GeV. Figure taken from [14].
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2.2.2 INTERACTION AND DETECTION

Muon interactions in matter proceed predominantly through electromagnetic processes.
Ionization yields continuous energy deposition along the muon’s trajectory, whereas ra-
diative interactions generate secondary electromagnetic or hadronic sub-showers at high
energies [14]. Due to their long range and directional stability, muons are ideally suited
as indicators of extensive air showers. Detection exploits their charged particle signa-
tures through scintillation light, Cherenkov radiation, or secondary-cascade production,
depending on the detector medium.

2.3 NEUTRINOS

Neutrinos are electrically neutral, weakly interacting elementary particles that appear in
three flavors, each associated with a charged lepton - ¢, 1, T. They possess nonzero but ex-
tremely small masses (m, < 0.45eV, CL 90 %) [16]. Because they interact only via charged
and neutral current weak processes, their cross sections increase approximately linearly
with energy yet remain orders of magnitude below those of electromagnetic or strong
interactions [17]. As a consequence, neutrinos travel cosmological distances essentially
unperturbed and preserve information about their production sites.

2.3.1 PROPAGATION AND INTERACTION

Neutrinos are produced in a wide range of astrophysical and terrestrial processes, includ-
ing beta decay, hadronic interactions in cosmic ray accelerators, nuclear fusion in stars,
and particle cascades in the atmosphere. Their propagation over astronomical distances
is facilitated by the small cross section, which results in interaction lengths far exceeding
typical terrestrial scales.
A turther central property of neutrinos is neutrino oscillation, first observed by the Home-
stake experiment in the 1960s and later by Kamiokande [18, 19]. It is the observed period-
ical conversion of neutrino lepton flavors and constitutes that neutrinos cannot be mass-
less, as mentioned earlier. This discovery was honored with the Nobel Prize in Physics in
2015 [20].
Neutrino interactions with matter proceed via the weak interaction and are mediated by
the corresponding massive gauge bosons W* and Z° [17]. Interactions via W+ are clas-
sified as charged current (CC), while those via Z° described as neutral current (NC). The
kind of interaction is dependent on the neutrino flavor as well as the energy, whereas the
interaction partner adds further variety to the final outcome.
At neutrino energies above a few-GeV interactions are dominated by deep inelastic scat-
tering with the constituent quarks of matter. The corresponding CC and NC interactions
are
W+ z0
v+ N—1+X (CO), and v+ N—v+X (NO),
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where v; denotes an (anti)neutrino with lepton flavor I € {e, i, T}, N is a nucleon, and
X represents the hadronic final state, which can develop in a complete hadronic cascade.
CC interactions produce a charged leptopn, resulting in either a long track or a compact
cascade depending on flavor and energy, whereas NC interactions deposit energy solely
in the hadronic component.

2.3.2 DETECTION PRINCIPLE

The detection of neutrinos in large-volume detectors
relies on the observation of Cherenkov radiation emit-
ted by relativistic charged leptopns in neutrino inter-
actions. When a charged lepton created in a CC inter-
action, or secondary particles from a hadronic cascade,
traverse a transparent, dielectric medium with a veloc-
ity exceeding the local phase velocity of light, coherent

electromagnetic radiation is emitted. The condition for
Cherenkov emission is

c
0> —,
n
where v is the charged lepton’s velocity, ¢ the speed TIGURE 2.4: Sketch of a Cherenkov
f licht ; d 1 the refractive ind f the COm€ emitted by a muon traversing
of light in vacuum, and n the refractive index of the /101, 5 medium with refractive
medium [22]. index n. The circular waves form
A charged particle moving faster than the phase veloc- a straight wavefront at the charac-
ity of light in the medium induces a polarization of the teristic Cherenkov angle 6c. Figure
. . taken from [21]
surrounding molecules. Because the particle outruns
the response time of the medium, the induced dipoles
cannot return to equilibrium quickly enough, and the resulting electromagnetic fields add
coherently. This constructive interference produces the characteristic Cherenkov wave-
front shown in Figure 2.4. The opening angle ¢ of the Cherenkov cone is given by

cosOc = (2.1)

1
@/
where B = v/c [22]. For typical refractive indices of natural detection media, such as
ice or water, this angle is around 41°. The emitted Cherenkov light forms a continuous
wavefront that propagates through the medium, as seen in Figure 2.4 and can be recorded
by optical sensors. The pattern and timing of the arriving photons encode the geome-
try of the underlying particle track or cascade. Muons produced in CC interactions gen-
erate extended, straight tracks that emit Cherenkov light along their complete propaga-
tion path (left Figure 2.5). In contrast, electrons and hadrons deposit their energy over
short distances, producing compact cascades with nearly spherical light emission (middle
Figure 2.5). Tau leptons, produced in CC interactions, typically decay within mm to m
depending on energy, producing either a single a single cascade, or, at sufficiently high
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FIGURE 2.5: Examples of simulated light deposition signatures of cascades (left, middle) and tracks

(right) within a detector volume instrumented with optical sensors. The color indicates the the

arrival time of the photons, going from read (early) to blue (later), while the size of the sphere
corresponds to the amount of the detected light. Picture courtesy of the IceCube collaboration.

000 00 00

energies, two spatially separated cascade (left Figure 2.5). NC interactions contribute ex-
clusively to the cascade channel since the outgoing neutrino remains undetected.

The detection of these Cherenkov photons requires a medium with high optical trans-
parency and sensitive optical sensors capable of resolving faint and temporally precise
light signals. In addition, due to their low cross section, immense detector volumes are
needed. For that reason, water and ice are mostly chosen, since they are naturally abun-
dant in large quantifies on Earth. The reconstruction of direction, energy, and event topol-
ogy is based on the distribution of detected photons within the instrumented volume.
The most extensive realization of this detection principle is the IceCube Neutrino Observa-
tory, which at present constitutes the largest neutrino detector in the world. The following
sections introduce its structure and operating principles.

2.4 THE ICECUBE NEUTRINO OBSERVATORY

The IceCube Neutrino Observatory is a cubic-kilometer Cherenkov detector embedded in
the deep glacial ice at the geographic South Pole. Its purpose is to detect high energy neu-
trinos through the observation of Cherenkov light emitted by secondary charged particles
produced in neutrino interactions within or near the instrumented volume. The exception-
ally clear Antarctic ice provides a natural, optically transparent medium whose absorption
and scattering properties enable photon propagation over hundreds of meters, an essen-
tial requirement for large scale neutrino detection.

IceCube comprises 86 vertical strings, each equipped with 60 Digital Optical Modules
(DOMs), deployed at depths between roughly 1450 m and 2450m. A sketch of the Ob-
servatory is shown in Figure 2.6. The strings form a grid with an average horizontal
spacing of 125m, yielding a three-dimensional array of 5160 optical sensors. Each DOM
contains a 10-inch photomultiplier tube (PMT), digitization and timing electronics, and
calibration devices housed inside a pressure resistant glass sphere. DOMs record photon
arrival times with nanosecond precision and measure the integrated charge, allowing the
reconstruction of the direction, energy and topology of neutrino induced events. The en-
ergy of the initial neutrinos ranges from 100 GeV to O(PeV). For lower energies on the
order of tens of GeV, DeepCore is more densely instrumented in the center of the detector.
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At the surface, IceTop consists of water IceCube Lab
tank, including 2 DOMs each, span- IceTop
ning 1km? of the surface area above *™—
the IceCube strings. IceTop enables
IceCube Array

detailed studies of the mass composi-
tion of primary cosmic rays in the en-
ergy range ~ 100 TeV to 1 EeV and acts
as a veto for events by tagging mainly Ui
penetrating atmospheric muons and 4™ |——— |
some atmospheric neutrinos, thereby 1
identifying non-starting events that ii
are not of astrophysical origin [23]. | x
Since its completion in 2011, IceCube s50m \
has established the existence of a dif- s20m
fuse flux of high-energy astrophysical
neutrinos. The limited event statis-

tics, however, constrain the precision

of spectral and source studies, creating  giguge 2.6: Layout of the IceCube Observatory in-
the need for larger instrumented vol- frastructure at South Pole. The lines represent the

umes and improved calibration capa- strings and the dots the optical modules. Courtesy of
the IceCube collaboration.

DeepCore

Eiffel Tower
324 m

Bedrock

bilities. The next steps for expanding
the detector’s capabilities are IceCube
Upgrade and IceCube-Gen?2.

2.4.1 ICECUBE UPGRADE AND ICECUBE-GEN2

IceCube Upgrade represents the first stage of the extension of the current IceCube detector
and is being deployed during the 2025/26 Antarctic Summer season within the DeepCore
region in depths of 2150 m to 2435 m [5]. Figure 2.7 illustrates the footprint of IceCube
Upgrade in the current IceCube array (right side). Seven new strings will be concentrated
in the deepest part of the ice from 2100 m to 2450 m, where the ice has the best optical
properties [24]. Each string is equipped with a new optical sensors and dedicated calibra-
tion devices. Their primary objectives are to improve the characterization of the optical
properties of the ice, enhance the precision of event reconstruction, and extend the sen-
sitivity to neutrinos in the few-GeV energy range [5]. Each string will be equipped with
new optical sensors, primarily 402 multi-PMT Digital Optical Modules (mDOMs) and 277
D-Eggs [25]. As the mDOM is a central subject of this thesis, it will be described in detail in
Chapter 3. With the increased instrumentation density, the Upgrade will enable precision
measurements of atmospheric neutrino oscillations, provide improved constraints on the
neutrino mass ordering, and allow for one of the most stringent tests of the unitarity of
the PMNS matrix to date and improve the sensitivity to potential signals from dark matter
interactions [5],[26]. In addition, the Upgrade serves as a testbed for novel sensor con-
cepts and advanced calibration techniques designed for next-generation detectors. These
improvements will benefit not only future measurements but also enable the re-analysis
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of IceCube’s data archive, improving energy and angular resolution due to reduced sys-
tematics stemming from better knowledge of the ice properties.

Beyond IceCube Upgrade, IceCube-Gen2 represents the planned large-scale expansion of
the observatory. IceCube-Gen2 plans to increase the detection volume of the main opti-
cal array by a factor of eight with an additional radio surface array that extends the in-
strumented volume and effectively expands the accessible neutrino energy into the EeV
regime [7]. Figure 2.7 summarizes all ongoing and planned extensions of the IceCube
Neutrino Observatory: from right to left the IceCube Upgrade, the current IceCube array,
the envisioned IceCube-Gen2 optical array, and the large-scale Gen2 radio surface array.

v Gen2-Radio Gen2-Optical ® IceCube ok IceCube Upgrade
- . b .. ° ' . . &
."'. oo .. . ° .. .. .’ . .
- e e e s . .
'.-', .. . '. .o .'.’..o - . . ¢ .
Skm Tkm . 250m . 25m

FIGURE 2.7: Footprint of the envisioned IceCube-Gen?2 radio array (left) and optical array
(mid left) compared to the current IceCube footprint (mid right). On the right is IceCube
Upgrade, considered as the first phase of IceCube-Gen2. Figure taken from [7].
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3 MULTI-PMT OPTICAL MODULE

The multi-PMT Digital Optical Module (mDOM)
is one of the primary optical sensors of IceCube
Upgrade [28]. It integrates 24 3-inch photomulti-
plier tubes (PMTs) within a compact pressure ves-
sel, providing intrinsic directional sensitivity, high
dynamic range, and enhanced background suppres-
sion capabilities. Its design follows the concept in-
troduced by KM3Net [29], but is adapted to the en-
vironmental, mechanical, and readout constraints
of the South Pole deployment. The following sec-
tions describe the hardware design of the mDOM
as required to understand the background response
characteristics central to this work. Figure 3.1 shows
a picture of the mDOM (top).

3.1 DESIGN

The mDOM is housed in a borosilicate glass
vessel with an outer diameter of 356mm and
a height of 410mm [30]. An exploded view
can be found in Figure 3.1 (bottom). The ves-
sel is composed of two 13mm thick glass hemi-
spheres joined at an equatorial interface and held
together by two crossed metal bands. The
glass half spheres are made of Vitrovex glass,
chosen for its high transparency and its ver-
ified tolerance against static pressure exceed-
ing 700bar [31]. Inside the vessel, the 24
PMTs are mounted on two 3D-printed hemi-
spherical support structures. Each hemisphere
hosts twelve PMTs arranged in a fixed orien-
tation: four polar PMTs and eight equatorial
PMTs.

A thin layer of optically clear silicone gel fills the
volume between the PMTs and the inner glass sur-
face [32]. The gel provides optical coupling with a

Readout & power
supply cable

Illumination
/ LED

Pressure

Camera
vessel
PMT support Flasher LED
structure
Mainboard
PMT base

g

PMT 8

wv

[=3

N

356 mm

FIGURE 3.1: Top: Picture of an mDOM.
Courtesy of the IceCube collaboration.
Bottom: exploded view showing the ar-
rangement of 24 PMTs and the main-
board region. Taken from [27].
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refractive index similar to the one of the glass, ensuring minimal losses due to total in-
ternal reflection. The support structure holds each PMT in a fixed orientation and also
provides defined mounting points for the embedded calibration devices. These include
ten LED flashers, four illumination LEDs, and three cameras used for in-ice calibration
and orientation monitoring.

Reflective cones around each PMT increase the effective photon collection area, and their
reflectivity and angular shape have been optimized to enhance the response for incident
Cherenkov photons. These passive optical elements influence the spatial distribution of
photon detections.

3.2 PHOTOMULTIPLIER TUBES

PMTs are photodetectors capable of detecting single photons with high gain and sub-
nanosecond timing precision. Their performance is governed by three fundamental pro-
cesses: photoelectron emission at the photocathode, electron multiplication along the dyn-
ode chain, and signal readout at the anode.

3.2.1 STRUCTURE AND OPERATION PRINCIPLE

A PMT consists of a photosensitive photocathode evaporated onto the inside of a glass
entry window, followed by focusing electrodes, a subsequent multiplication stage consist-
ing of multiple dynodes, and an anode, as seen in Figure 3.2. When a photon reaches the
photocathode, it can release an electron via the photoelectric effect if its energy exceeds
the material-specific work function [33]. The initial photoelectron is accelerated towards
subsequent dynodes by an externally supplied high voltage.

At each dynode, secondary emission amplifies the number of electrons by a factor J;,
leading to an approximately exponential gain along the multiplier chain. For a PMT with
n dynodes, the total gain is

G= f[(si. (3.1)
i=1

Typical gains range from 10° to 107 at nominal operation voltage [34]. Focusing electrodes
shape the electron trajectories such that photoelectrons are directed efficiently onto the
first dynode.
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Photoelectron

Dynodes Vacuum Pins

FIGURE 3.2: Schematic structure of a PMT, showing photocathode, focusing
electrodes, dynode chain, and anode. Taken from [32].

3.2.2 QUANTUM EFFICIENCY

The quantum efficiency (QE) is the probability that a photon incident on the photocathode
produces a photoelectron. Experimentally it is defined as

Npe
QE(A) = Vf;

Bialkali! photocathodes used in the Hamamatsu R15458-02 /20 PMTs for the mDOM reach
peak QE values of 25% — 35% around 350 nm — 420 nm [28]. The long-wavelength cutoff
is governed by the photoemission threshold, typically around 650 nm for bialkali materi-
als [34]. At short wavelengths, the effective QE is limited primarily by two factors: the
absorption in the borosilicate entry window, whose transmission falls steeply below ~
300 nm, and the photocathode material itself, whose photoemission probability decreases
once photon energies exceed the range efficiently converted into photoelectrons [32, 34].

3.2.3 TIME CHARACTERISTICS

The transit time (TT) is defined as the delay between photon absorption at the photocath-
ode and the appearance of the corresponding charge pulse at the anode. It is governed
by photoelectron drift times and the electric-field configuration inside the dynode system.
For the mDOM PMTs the TT is 43ns [28]. Electron trajectories vary depending on the
emission position, the initial emission angle, and the residual kinetc energy with which
the electron exits the photocathode. These variations introduce a statistical broadening of
the arrival times known as the transit-time spread (TTS). It quantifies the intrinsic tempo-
ral resolution of the PMT and is typically between 1-3ns (FWHM) [34]. The TTS directly

1A combination of materials including two alkali metals [34].
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limits the achievable coincidence.

The rising and falling edges of the PMT pulse are characterized by the 10% — 90% rise
and fall times, which reflect both the electron multiplication dynamics within the dynode
chain and the bandwidth limitations of the readout circuit. The signal width is commonly
characterized by its full width at half maximum (FWHM). Figure 3.3 illustrates the char-
acteristic timing response of a PMT.

A Rise time Fall time  pMT signal

FIGURE 3.3: Ilustration Transit time

of the timing character- spread (TTS) FWHM
istics of the PMT output. (Signal length)
Taken from [32]. __Transit time

3.2.4 UNCORRELATED NOISE

Even in the absence of incident photons, PMTs produce pulses due to several internal
processes, all of which contribute to the intrinsic dark rate, defined as the rate of spurious
pulses not caused by external photons [33]. The dominant contributions are

¢ Thermionic emission: thermal excitation of electrons at the photocathode or early-
stage dynodes. It constitutes the primary contribution near room temperature and
increases exponentially with temperature T:

Ry (T) o« T? - exp <_kBWT> , (3.2)

where W is the effective work function of the photocathode and kg is Boltzmann’s
constant. Equation 3.2 describes the temperature dependence of the thermionic dark
rate Ry,, showing strong suppression at low temperatures and rapid growth toward
higher temperatures.

* Field emission: electrons emitted from sharp structures at high electric fields, rele-
vant at high voltages.

¢ Leakage currents: unintended conductive paths between electrodes on the glass and
along insulating surfaces. They dominate the dark current whenever surface con-
tamination is present.

e Trace Isotopes: decays of trace isotopes in the glass envelope-most prominently K-
produce energetic secondaries that generate Cherenkov or scintillation light in the
glass. A detailed description is done in Chapter 4.

The arrival times of uncorrelated noise pulses follow a Poisson process, resulting in expo-
nentially distributed inter-arrival times. Typical dark-rate levels for 3-inch bialkali PMTs
operated at low temperature range from a few tens to several hundred counts per second,
depending on photocathode material, temperature, and applied high voltage [33].
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3.2.5 CORRELATED NOISE

Correlated noise refers to pulses that occur at characteristic times relative to a preced-
ing main pulse. In contrast to uncorrelated noise, these pulses originate from processes
triggered by the primary photoelectron or the primary avalanche. Their timing structure
allows a classification into prepulsing, delayed pulsing, and afterpulsing, each linked to a
specific microscopic mechanism. Figure 3.4 shows the characteristic time distributions of
these processes.

PREPULSES

Prepulses originate from photons that pass though the photocathode and release electrons
at the first dynode or other internal metallic structures, which can carry similar photoe-
missive coatings, rather than ar the photocathode itself. Since these electrons start at the
tirst dynode instead of the photocathode, their drift path is shorter and the resulting pulse
arrives earlier than the main pulse. This time difference is typically of order

tore ~ 10ns to 20 ns,

for 3-inch PMTs like the mDOM PMTs [32]. Prepulses amplitudes are usually smaller than
the main pulse due to the short electron multiplication chain. Prepulse probabilities are
typically below 1% [34].

LATE PULSES

Late pulsing is caused by elastic backscattering of the primary photoelectron at the first
dynode. The backscattered electron performs a longer trajectory before being reacceler-
ated towards the first dynode. This results in pulse delays typically of

tdelay ~ 15ns to 80 ns,
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with amplitudes comparable to the main pulse, reflecting the full multiplication chain
being active. Delayed pulsing represents less than 5 % of all pulses in typical 3-inch bialkali
PMTs [32].

AFTERPULSING

Residual gas molecules inside the PMT can be ionized by the electron avalanche. The
resulting positive ions drift back toward the photocathode or early-stage dynodes, where
their impact releases secondary electrons. These electrons initiate a secondary pulse after
a characteristic drift time. The delay is set by the ion drift velocity, leading to afterpulses
occurring at typical timed of

tatter ~ 100ns — 10 s

after the primary pulse. In mDOM PMTs, afterpulses appear with a probability of about
8 % and an average delay of < 6 us, while their amplitudes range from single-photoelectron
signals to several photoelectrons depending on the ion species [35].

3.2.6 SINGLE-PHOTOELECTRON SPECTRUM

The SPE spectrum describes the PMT

response to an individual photoelec- 10° 4
tron, although in practice 2-3 pho- 1 | pedestal
toelectrons may reach the photocath- ¢
. . . . j= 3 SPE peak
ode within the transit-time spread £ 1'0° j 7 T Peak-to-Valley Ratio
and generate overlapping signals. A Té 100 | Valley
typical spectrum is shown in Fig- g
ure 3.5 and consists of a pedestal, orig- 5 10
inating from electronic noise, a val- 100 Ll
ley separating noise from true pho- . o : . : i .
toelectron signals, and a distinct SPE charge [pC]

peak. The mean position of the 1- FIGURE 3.5: Representative SPE spectrum il-

PE peak defines the PMT gain, while lustrating pedestal, valley, SPE peak, and am-
the peak-to-valley ratio quantifies the plification gain. The peak-to-valley ratio quan-

separation between noise and single- tifies the separation between noise and single-
h . . . photoelectron signals. Figure taken from [36].

photoelectron signals and is an im-

portant performance indicator of low-

noise PMTs.
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3.2.7 HAMAMATSU R15458-02/20 PMT

The mDOM houses 24 Hamamatsu R15458-20
PMTs, each with a 80 mm diameter photocath-
ode and an attached active high-voltage base
(uBase) [30]. Figure 3.6 shows a photograph of such
a PMT with its active base attached to the back.
The compact base generates the dynode voltages
and enables operation within the confined space of
the pressure vessel. Each PMT is identified by a
unique serial number (DMxxxxx) and all PMTs un-
derwent a dedicated acceptance test prior to inte-
gration into the module [36]. The acceptance tests
revealed a characteristic discontinuity in the intrin-
sic dark rate behavior between early-batch PMTs
(DM < 01130) and later production batches [37].
The early PMTs meet the nominal dark rate specifi-
cation (found in Appendix B), whereas the majority

FIGURE 3.6: Hamamatsu R15458-20
PMT with integrated active base used
in the mDOM. Figure taken from [36].

of the later batches exhibit substantially elevated intrinsic dark noise rates due to increased
concentrations of radioactive isotopes such as *°K in the PMT glass [28]. The distribution
of measured dark rates is shown in Fig. 3.7. The mDOM examined in this work contains
exclusively early-batch PMTs and therefore constitutes a module assembled from PMTs

meeting the nominal noise requirements (Table B.1).

800

Measured Rate [Hz]
IS
o
o

0 2000 4000 6000 8000

10000 12000 14000

PMT Serial Number DMxxxxx

FIGURE 3.7: Measured intrinsic PMT dark rates in the scope of the acceptance tests
as a function of the serial numbers of the PMTs. PMTs with serial numbers after
DMO01130 do not meet the specification of the dark rates. Figure taken from [37].
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3.3 COMMUNICATION AND DATA ACQUISITION

The mainboard integrates the electronics required for PMT operation, signal processing,
data acquisition, and communication [38]. Power and data are transmitted through a sin-
gle twisted-pair line in the penetrator cable assembly. Inside the module, the IceCube
Communication Module (ICM) separates power and data streams and provides the syn-
chronized system clock used by the module electronics.

Each PMT is connected to an individual analog front-end (AFE) channel on the main-
board. The AFE splits the analog signal into two parallel paths (see Figure 3.8). One path
is shaped by a low-pass filter (LPF) and amplifier chain and digitized by a 12-bit analog-
to-digital (ADC) operating at 120 MHz. The second path is processed by a leading-edge
discriminator sampled at 960 MHz, providing ~ 1ns time resolution for photon hit ex-
traction. The discriminator threshold of each channel is set via a 16-bit digital-to-analog
(DAC) converter, enabling operation at a well-defined sub-photoelectron level.

All waveform and timestamp data are handled by a field-programmable gate array (FPGA),
which manages the readout sequencing, hit formation, and temporary storage in a 2 Gbit
DDR3 memory. The FPGA also interfaces with the calibration devices and the ICM. This
architecture enables precise photon-timing measurements across all 24 PMTs while keep-
ing the power consumption and electronics complexity within the constraints required for
deep-ice operation. Figure 3.8 shows a picture of the mainboard and a schematic block
diagram of the AFE.

Analog front end (x24)
PMT signal
Pre-amplifier Discriminator
\LPF
Amplifier
960 MHz
LPF
ADC
120 MHB\

\ /

FPGA

FIGURE 3.8: Left: Picture of the mDOM mainboard. Taken from [28]. Right: Schematic
block diagram of the AFE of each PMT. PMT signals are split into two paths.
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4 QOPTICAL BACKGROUND OF THE
MDOM GLASS

The intrinsic optical background of the mDOM originates from radioactive decays inside
the borosolicate pressure vessel and the PMT bulb glass. Decays from the U- and Th-chains
and from “°K emit « particles, B electrons and +y rays, which deposit energy in the glass and
generate two optical emission mechanisms: scintillation and Cherenkov radiation [21].
Scintillation is initiated by all three particle types through ionization and excitation of
the electronic system, followed by radiative or non-radiative relaxation [39]. Cherenkov
emission occurs only for electrons whose velocity exceeds the threshold condition g >
1/n. Using this condition, the corresponding kinetic—energy threshold in Vitrovex glass is

1
Vi—1/i2

reached by B electrons and by Compton electrons from MeV v rays. « particles, with
energies of only a few MeV, remain far below threshold and do not generate Cherenkov
photons [21]. The Cherenkov spectrum extends toward short wavelengths and overlaps
with the scintillation band, but remains temporally prompt (~ ps-scale). Both scintillation
and Cherenkov photons propagate through the glass and optical gel and can be detected
by the mDOM PMTs.

Egny = m,C? ( 1) = 0.18 MeV, (4.1)

4.1 RADIOACTIVE ISOTOPES IN MDOM COMPONENTS

The VITROVEX® borosilicate pressure vessel and the PMT bulb glass contain trace con-
centrations of the 238U, 2%°U, and 22Th decay chains, as well as 40K [21]. These decay
chains produce a sequence of «, B, and 7y emissions through their daughter isotopes. The
absolute number of decays in a given component scales with its specific activity (in Bq/kg)
and mass. The mean specific activity measured for four Vitrovex glass samples is listed
in Table 4.1. The activities were measured in the scope of a Master thesis [28] using -
spectroscopy. The measurements showed good agreement among three samples, while
one sample exhibited no detectable *°K, indicating batch-to-batch variations. A sample of
the optical gel used between the PMTs and the pressure-vessel glass was also assayed and
showed no measurable radioactivity.
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TABLE 4.1: Activity per mass of the three natural decay chains and “°K mea-
sured Vitrovex glass. Data taken from [28].

Decay Specific activity (Bq/kg)
40K 60.98 &= 0.86
28U chain 4.61+0.07
25U chain 0.59 £0.05
232Th chain 1.28 £ 0.05

PARTICLE TYPES AND THEIR EMISSION IN THE MDOM

* « particles originate from U- and Th-decay chains. They deposit energy over very

short ranges via dense ionization and excitation, and are far below the Cherenkov
threshold in the glass. Hence, they are only producing scintillation photons.

B electrons arise directly from f decays throughout all isotopes. They deposit energy
via ionization and excitation along extended tracks. Their energies can exceed the
Cherenkov threshold, and they also excite scintillation.

v rays emerge throughout all isotopes. They interact predominantly by Comp-
ton scattering in the glass at MeV energies, producing Compton electrons which
then lose energy as they traverse the material as well, resulting in scintillation and
Cherenkov emission.

PARTICLE TYPES AND THEIR EMISSION OUTSIDE THE MDOM

Particles produced inside the mDOM could in principle leave the module into the outer

environment. Depending on the medium, additional emissions can occur. Here, only air

and water are considered.

* « particles stop within tens of micrometers in glass and will effectively never reach

the surrounding medium.

* [ electrons: MeV e~ can in principle escape only if created within O(mm) of the

interface, which is possible considering the glass thickness of 13 mm. Only in water
do they exceed the Cherenkov threshold and emit prompt, directional Cherenkov
light along short (mm-cm) tracks. However, probably only a small fraction will
intersect again with the mDOM, reaching PMT, which can detect the light.

7 rays can easily exit the glass. In water they predominantly Compton scatter within
cm to tens of cm, producing recoil electrons whose Cherenkov cones can hit the
mDOM and might be detected by the PMTs.
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4.2 SCINTILLATION IN BOROSILICATE GLASS

Scintillation denotes the radiative de-excitation that follows energy deposition by charged
particles in the glass. As discussed above, the relevant particles are electrons from B~
decays, electrons from Compton scattering of < rays, and « particles from the U- and
Th-decay chains. The resulting scintillation spectrum S(A) is broad (near-UV /blue), the
emission is delayed with a multi-component time profile f(f), and the light yield depends
on temperature and ionization density. This section states the phenomenology and the
parametrization used later for simulations.

Scintillator response is parameterized by three measurable functions:

* Yield Y (photons/MeV): mean photon number per deposited energy.
 Time profile f(t): time distribution of photon emission.
e Emission spectrum S(A): wavelength-dependent energy distribution.

These macroscopic quantities arise from the microscopic excitation and relaxation pro-
cesses in the glass. Figure 4.1 illustrates these processes in configuration—coordinate space.
The lower and upper curves represent the ground- and excited-state potential energy sur-
faces as a function of the configuration coordinate Q. The displaced minima at Q, and Q.
give rise to the Stokes shift [40].

When a charged particle traverses the glass, it excites valence electrons or electrons in
localized defect states into electronically excited vibrational levels of the upper potential
surface, with energies in the absorption band centered around E, [39]. This excitation
occurs on femtosecond timescales. The excited electronic configuration then relaxes vi-
brationally by phonon emission on sub-picosecond to picosecond timescales, reaching the
lowest vibrational level (m = 0) of the excited-state potential. From this relaxed level,
radiative recombination to vibrational states of the ground-state potential takes place on
nanosecond to microsecond timescales, producing the scintillation photons. The emitted
photon energy corresponds to the emission band centered around E, < E, [39].

A competing non-radiative recombination channel exists, shown in the right panel. To
access this path, the system must cross the activation barrier W separating the radiative
valley from the non-radiative crossing point. Relaxation through this channel releases the
excitation energy as heat and produces no light. The competition between radiative and
non-radiative decay determines the scintillation yield. High ionization-density projectiles,
such as « particles, cause strong quenching because their dense energy deposition locally
saturates the available excitation channels, which reduces the scintillation yield [21]. Tem-
perature has the same qualitative effect: higher temperatures enhance the phonon pop-
ulation and facilitate activation over the barrier, reducing the light yield, whereas lower
temperatures suppress non-radiative relaxation and increase Y (T). This temperature de-
pendence is known as thermal quenching, the thermally activated enhancement of non-
radiative multiphonon relaxation via the barrier W, which reduces the radiative yield at
elevated temperatures.
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FIGURE 4.1: Configuration—coordinate diagram of the radiative and non-
radiative relaxation pathways in borosilicate glass. Taken from [21].

Measurements of Vitrovex samples in the sub-zero operating temperature range showed
Y.(T)/Yx(T) = 1.6 to 1.7, with Y, and Y, the electron- and a-induced yields [35]. Electrons
therefore produce more light per MeV than a particles, because of the stronger quenching
of w tracks. Figure 4.2 shows the measured a-induced yield as a function of the tempera-
ture. The same dependence follows for the electron.
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FIGURE 4.2: Scintillation characteristics for Vitrovex glass. Taken from [41]
(left), [28] (right), and [35] (middle).



23

5 BACKGROUND MEASUREMENTS
WITH THE MDOM

The characterization of the intrinsic and environmental background of the mDOM is re-
quired for any quantitative interpretation of laboratory measurements and for the vali-
dation of the Geant4 mDOM simulations. This Chapter describes the background mea-
surement procedure performed in a water tank setup in the basement, where the mDOM
was operated under controlled environmental conditions in air and water. A complete
understanding of the readout chain and a consistent calibration of the module at each
temperature setting form the foundation for establishing a reliable measurement dataset
in order to reliably compare it to simulations.

5.1 EXPERIMENTAL SETUP

All measurements were performed in the institute’s basement laboratory under controlled
conditions. The room lights remained off during all acquisitions. Measurements were
carried out with a design verification module (DVT), DVT09 (Haensel'), which belongs
to a set of ten prototypes constructed prior to production to verify that all performance
specification are met. All DVT modules are equipped exclusively with PMTs from earlier
serial batches (serial numbers DM01130 and below, see Figure 3.7), whose intrinsic dark
rates do meet the nominal performance specifications defined for the production modules
(Appendix B).

The background was measured in two different configurations that probe the behavior of
the module in water and air across a wide temperature range.

WATER AND AIR MEASUREMENTS AT ROOM TEMPERATURE INSIDE A WATER TANK
SETUP

Room temperature measurements were performed in a rectangular water tank with in-
ternal dimensions 3.5m x 1.7 m x 1.4 m. The interior surfaces are coated in matte black to
suppress reflections, and the tank is enclosed by black roller shutters to ensure complete
light tightness. The mDOM was placed in the tank using its harness and positioned close
to one of the narrow side walls. This asymmetric placement defines a clear front and back
orientation of the module: the PMTs on the backside face the nearby wall, whereas the
frontside PMTs face the open tank volume. The orientation of the module was kept fixed
for all room temperature measurements.

LAll DVTs were labeled using German fairytale names.
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Measurements were conducted inside the tank for both air (18 °C) and water (16 °C). For
air, the tank remained empty except for the module; for water, the tank was filled with tap
water until the mDOM was fully immersed. Figure 5.1 shows the measurement setup. The
setup is commissioned to rotate the module and illuminate from arbitrary positions using
the rotation motor and 3D moveable frame as seen on the right side for Figure 5.1 [42].

3D movable frame

Rotation motor

FIGURE 5.1: Measurement setup. Picture taken of the mDOM in water (left)
and a rendering of the water tank (right). Taken from [42].

AIR MEASUREMENTS IN A FREEZER

For temperature measurements below 0 °C the mDOM was placed in a freezer in the same
laboratory. To ensure light tightness, the module was wrapped in two opaque plastic bags
and covered with black cloth. The freezer door remained closed throughout the acquisi-
tion. The angular orientation inside the freezer was not recorded, as it is not expected to
influence the results, since intrinsic module background does not depend on the environ-
ment and atmospheric muons are not expected to bring a visible directional component
in. All freezer measurement runs were performed in air.

5.2 CALIBRATION OF THE PMTSs

Before background measurements can be taken, the responses of all PMTs must be cali-
brated to ensure that (i) the LED flashers operate in the single-photoelectron (SPE) regime,
(ii) every PMT is set to the nominal operational gain of G = 5 x 10°, and (iii) the discrim-
inator thresholds correspond to a well-defined photoelectron level [32, 28]. A consistent
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calibration at each temperature setting is essential, as both gain and noise properties of the
PMTs exhibit temperature dependence (see Equation 3.2). All calibrations were performed
only after the module had reached thermal equilibrium; a minimum waiting time of 12h
was applied after each temperature change.

The subsequent calibration procedure followed the standard PMT calibration approach
used in IceCube, as documented for example in [37] and described in detail in [32].

SINGLE-PHOTOELECTRON (SPE) ILLUMINATION LEVEL

The mDOM contains internal LED flashers
that are used to illuminate the PMTs at low
intensity. Emitted light of the LEDs reaches

the PMTs due to internal reflections between 7 . G s a2
the mDOM glass and the surrounding envi- 00 ] 1 Godporas
ronment. To establish the SPE regime, the

flasher bias voltage is scanned while record- 00
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PMT GAIN CALIBRATION

With the SPE illumination fixed, the gain of

each PMT is determined by acquiring SPE FIGURE 5.2: Example of a PMT calibra-

charge spectra at several high-voltage (HV)  tion sequence. Top: calibration of the
. . LED flasher chain. Middle: Single PMT

settings around the expected nominal operat- . S e O

) ) : ) gain calibration. Bottom: Discriminator

ing region. For each HV point, the SPE peak is threshold trigger calibration.

extracted from the charge histogram, and the

resulting gain values are fitted with the stan-

dard power-law relation

G(U) = alUF, (5.1)

where U denotes the HV applied to the final dynode stage. The target HV for each PMT
is the value of U for which the gain reaches 5 x 10°. This procedure is depicted in Fig-
ure 5.2 middle and ensures uniform charge response across the module and compensates
for PMT-to-PMT variations inherent to the production process.
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DISCRIMINATOR-THRESHOLD CALIBRATION

The mapping between the discriminator digital-to-analog control value (DAC) and an
equivalent threshold in PE units is obtained by operating the LED flashers in the SPE
regime and scanning the DAC value, seen in Figure 5.2 bottom. The fraction of SPE pulses
exceeding the threshold is recorded as a function of DAC, and the resulting curve is fit-
ted with a linear model to extract the DAC value corresponding to a threshold of 0.2 PE.
This setting ensures efficient detection of single photons while suppressing baseline fluc-
tuations and electronic noise. The linearity of the DAC-to-PE relation is verified during
the scan, and the same threshold-calibration procedure is repeated after each change in
temperature.

5.3 READOUT AND DATA ACQUISITION

The data acquisition for the measurements was performed in waveform readout mode
using discriminator triggering. Each waveform consists of a fixed number of digitized
samples, which are recorded for every channel whenever a discriminator trigger occurs.
The readout of waveforms is done in batches, in so-called blocks: during each acquisition
block, consecutive waveforms from all PMTs are streamed continuously from the FPGA hit
buffer, where they are temporarily stored in the onboard 2 Gbit DDR3-RAM buffer. This
buffer is continuously filled by the FPGA and read out to the mainboard in predefined
chunks, referred to as waveform blocks. Within each block, the data stream is continu-
ous and no software-imposed deadtime occurs. To prevent hit-buffer overflow, the block
size is limited. This is achieved by taking many smaller blocks. Blocks are acquired se-
quentially throughout a run. Between consecutive blocks, hardware- and software-based
deadtimes can occur due to the trigger stream and the transfer of acquired data. These
inter-block deadtimes are accounted for in offline analysis.

Within each waveform, several arriving photons can trigger a hit by exceeding the dis-
criminator threshold. The readout stores all hits, even accounting for rapidly succeeding
pulses within a single PMT’s waveform. The digitization scheme of the analog and dis-
criminator paths follows the AFE architecture described in Section 3. The discriminator
stream sampled at 960 MHz supplies the rising-edge timestamps used to extract photon
arrival times. For each discriminator edge, the timestamps are stored with a precision of
~1ns together with the corresponding PMT number.

It should be noted that the AFE channels are assigned different numbers than the PMT
channels. For simplicity, all numbers shown in the following chapters refer to the PMT
number.
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6 ATMOSPHERIC MUON FLUX

The atmospheric muon flux represents the dominant external background for all mea-
surements performed with the mDOM in the laboratory introduced in Chapter 5. A
determination of the absolute intensity and angular distribution at the mDOM environ-
ment is required as the building overburden and the surroundings modify the open-sky
sea-level atmospheric muon flux and invalidate standard parameterizations of the form
I(9) o cos?6 [9]. For a quantitative interpretation of the background detected by the
mDOM and for the validation of Geant4 simulations, both an experimentally determined
flux and a theoretically motivated estimation can provide the absolute normalization and
the angular distribution of the particles injected into the simulation.

The objective of this Chapter is to measure the directional muon flux in the laboratory us-
ing a two-panel scintillation detector, identify true through-going muons via timing and
signal-shape correlations, and derive the corresponding differential intensity after correct-
ing for detector efficiency and geometrical acceptance. In addition, the atmospheric muon
flux is theoretically calculated with the building overburden explicitly taken into account.
The resulting fluxes serve as the reference normalization for the subsequent Geant4 sim-
ulation of the mDOM background and form the basis for all comparisons between mea-
sured and simulated multiplicity rate distributions.

6.1 EXPERIMENTAL SETUP

The setup used to measure the atmospheric muon flux is shown in Figure 6.1. The detec-
tion system consists of two plastic scintillation panels operated in coincidence!.

Each panel consists of an NE102A organic scintillator plate [43], chosen for its fast rise
time of ~ 1.4ns and high light yield suitable for timing-based muon identification. In
good approximation, each panel has the shape of an isosceles trapezoid with top width
a = 9.74 cm, bottom width b = 16.73 cm, and height i = 27.62 cm, yielding an active area
of A = 365.5cm? per panel. Each scintillator is optically coupled to a Philips XP2972 PMT,
operated at a bias voltage of 1500 V. At that operating point the PMTs exhibit a typical
rise time of 2.1 ns and a typical transit-time spread (TTS) of 2.5ns [34]. The corresponding

single-PMT timing uncertainty,

I
M 21In2

sets a fundamental limit on the coincidence time resolution.

~ 1.1ns,

The panels are mounted parallel to each other with a fixed vertical separation of d = 10.9 cm.

IThe detector was built as part of a bachelor’s thesis project intended for educational demonstrations [43].
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Scintillator )
Amplifier Oscilloscope

FIGURE 6.1: Schematic view of the coincidence rate measurement setup. Each
scintillator is coupled to a photomultiplier tube, and the resulting pulses are
amplified and sent to the oscilloscope.

The entire frame can be tilted to discrete zenith angles
6 =0°, 22.5°, 45°, 67.5°, 90°,

thus enabling a measurement of the muon flux as a function of zenith angle.

Signals from both PMTs are amplified using a CAEN NIM 8306 fast amplifier. The am-
plified signals are digitized with a Teledyne LeCroy WaveRunner 8404M-MS oscilloscope
with 4 GHz analog bandwidth and 40 GS/s sampling rate. Each waveform contains 1002
samples at 100 ps spacing, corresponding to a 100.2 ns acquisition window. A discrimina-
tor threshold of 5mV suppresses electronic noise while ensuring sensitivity to minimum-
ionizing muons. The panels are not hardware-triggered, all pulses above the threshold
are recorded and the coincidence selection is performed offline using the extracted arrival
times and pulse amplitudes.

For each triggered channel the full waveform is digitized, and two observables are ex-
tracted:

1. Arrival time ¢, defined as the time position of the waveform maximum. For every
event, typper and tjower denote the arrival times of the pulse maxima recorded in the
upper and lower scintillator panels, respectively. The time difference

At = tower — tupper
is used to identify correlated muon events.

2. Pulse amplitude A, defined as the maximum value of the waveform. Likewise,
Aupper and Ajgyer denote the pulse maxima measured in the upper and lower panels.
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The amplitude difference
AA = Alower — Aupper

is used as an additional selection variable to reject accidental coincidences not pro-
duced by a single through-going muon.

6.2 ANALYSIS

TIME-DIFFERENCE SELECTION

A through-going muon produces two signals separated only by its geometric time-of-
flight and the detector timing resolution. The perpendicular muon path between the pan-
els corresponds to a minimal time-of-flight of (d/c) ~ 0.36ns. Inclined muons increase
the track length between the panels, with corner-to-corner trajectories yielding maximal
time-of-flights of about d/ cos 0 ~ 1.1, ns. The detector timing resolution is dominated by
the PMT transit-time spread and electronic jitter and is estimated as the overall expected
coincidence width of approximately

Opar = \/E(TPMT ~~ 1.48ns.

A Gaussian fit to the measured At distribution returns the mean y and width ¢, which is
slightly increased for the measured data.

At € [u—20, p+20]. (6.1)

Figure 6.2 shows on the left side a representative At distribution and the 2¢ acceptance
area of the measured data for § = 0°. All zenith angle data show a clear and well fitted
Gaussian distribution. The absolute position of the Gaussian mean is determined by fixed
channel-dependent delays in the PMTs, cabling, amplifiers, and oscilloscope inputs, and
therefore does not correspond to the physical muon time-of-flight.

3500 _ Gaussian fit 1750 Il Data for At € 20,
3000 =200 4 =047 mv
p=-4.54 s 1500 30 area

@ 2500 20, area 2 1250
% 2000 § 1000
O 1500 O 750
1000 500
500 250
0- 0/

—10

-15 -5 -80-60-40-20 0 20 40 60 80

At (ns) Amplitude difference A; — A, (mV)

FIGURE 6.2: A representative time- and amplitude-difference selection for 6 = 0°.
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AMPLITUDE-DIFFERENCE SELECTION

True muons deposit comparable energies in both scintillators, producing similar pulse am-
plitudes. In contrast, accidental coincidences often have large AA. For all events within
the selected 20 time window (Equation 6.1), the amplitude difference distribution is eval-
uated. Since the AA distribution shape is non-Gaussian with long tails from non-physical
random coincidences, the empirical mean and standard deviation are used. Events are

accepted if
AA € [p—30, n+30]. (6.2)

On the right side of Figure 6.2 the AA distribution and the applied 30 window is shown
as an example for 6 = 0°.

Non-physical signals characterized by oscillatory structures are rejected. Figure 6.3 shows
representative examples of oscillatory noise and a valid muon waveform.
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FIGURE 6.3: Oscillating waveforms rejected in the analysis (left) and an
example of a though-going muon waveform in both panels (right).

COINCIDENCE RATE

After applying time and amplitude filtering, the coincidence rate at a given zenith angle is
defined as

R.(6) = Neoine (6) (6.3)

Tmeas

Here, Neoinc(0) denotes the number of events that satisfy the coincidence criteria at the tile
angle 0, and Teas is the corresponding measurement time. To assess potential anisotropic
shielding effects from the surrounding building, the detector was operated in two orthog-
onal orientations. As no measurable differences appeared, the data from both configura-
tions were averaged.
To account for random uncorrelated coincidences, the background rates of both panels
were measured independently. These background singles rates,

Rp, =2358475min"!,  Rp, = 187.9+£59 min" !,
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produce negligible accidental coincidences (Racc ~ 107® min~'). The uncertainties are
based on Poissonian distribution, and from systematic errors, which accounts for the trig-
ger threshold choice, PMT gain drift, and a small dead-time uncertainty.

After subtraction the background single rates and averaging over the two orthogonal ori-
entations of the setup, the coincidence rates are

R.(0°) = (19.0 £2.4) min !,
R.(22.5°) = (17.0 £ 2.4) min~ !,
R.(45°) = (13.0 4+ 1.7) min" !,
R.(67.5°) = (7.5+1.0) min!,
R:(90°) = (4.3 £0.6) min~'. (6.4)

The quoted uncertainties contain statistical and systematic contributions. The systematic
component is obtained by varying the widths of the two coincidence-selection windows.
For the time-difference selection the acceptance interval is defined as

At € [‘I/l—kt(T, ;l/l"‘kta'],

with the scale factor k; € {1.5, 2.0, 2.5}, where k; = 2.0 corresponds to the nominal choice
(Equation 6.1). Analogue, the amplitude-difference selection uses

AAelpy—mo, uy+moj,

with m € {2, 3, 4}, where m = 3 adopted as the nominal setting (Equation 6.2).

DETECTOR RESPONSE

The coincidence response of the scintillation panels is described by a directional effective
area Aeg(60',¢'), which quantifies the probability that a muon arriving from a given direc-
tion (6',¢") produces a valid coincidence in both scintillators. This acceptance is deter-
mined with a Monte-Carlo ray-tracing method implemented in Python using a HEALPix
sampling of the whole sky. For each direction, muons are generated uniformly on a plane
perpendicular to the incident direction and propagated as straight trajectories through the
exact panel geometry. A trajectory contributes to A¢g only if it intersects both scintillator
panels. The effective area is defined as

Aeff(elr (P/) = Abeami

with Apeam the area of the emitting plane and Nyet/ Nemit the fraction of simulated trajec-
tories producing a coincidence. This procedure yields a full-sky map of the directional
coincidence acceptance. Figure 6.4 shows the resulting A (0', ¢'), reflecting the panel ge-
ometry. The intrinsic efficiency of a single panel is taken as &y = 0.90 £ 0.10, accounting
for variations in light collection and PMT performance, resulting in an overall intrinsic
efficiency of eyt = = (0.81 £0.18.
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|
0 Aur(0,¢") (cm?) 383.4

FIGURE 6.4: Effective are Aqg(60',¢’) of the panel detector
obtained from the Monte-Carlo ray tracing.

The atmospheric muon intensity is defined with respect to the laboratory zenith angle 0.
For a detector tilt B, each direction (€', ¢’) in the detector frame is transformed into the
corresponding laboratory zenith angle via

cos0(B) = cos B cos’ — sin B sin 6’ cos ¢'. (6.5)
Only directions with cos 6 > 0 contribute to the downward muon flux.

For a given panel tilt B, the expected coincidence rate is obtained by integrating the di-
rectional muon intensity I(6,¢) over the upper hemisphere, weighted by the directional
coincidence acceptance A and the intrinsic efficiency e This yields the rate as

27 T
R(B) = /0 /0 Ipcos™ 0(B,0,¢") Aett(0',¢) etor sin’ do'd¢’. (6.6)

Here, 6’ and ¢’ are the directions defined in the detector frame, and 6(B,6’,¢’) is the cor-
responding zenith angle in the laboratory frame after applying the tilt .

DETERMINATION OF THE MUON INTENSITY

The parameters (I, n) describe the differential muon intensity,
1(0) = Ipcos" 6,

and are obtained by fitting Equation (6.6) to the measured coincidence rates at the five
detector tilt angles B. The best-fit parameters are

Iy=(122+13)m?s 'sr!, n=13+02 (6.7)
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The fitted model reproduces the measured coincidence rates at all tilt angles with excellent
consistency, as demonstrated by the agreement between the predicted and observed rates:

,B (O) Rmeas (minil) Rimodel <min71>
0 19.0+24 193 +4.6
22.5 17.0+2.4 17.5+4.1
45 13.0+1.7 126 +2.9
67.5 7.5+1.0 7017
90 43+0.6 45+1.1

Figure 6.5 shows the measured coincidence rates together with the best-fit intensity model.

i
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0.0 22.5 45.0 67.5 90.0

Panel orientation angle ( (deg)

FIGURE 6.5: Measured muon coincidence rates as a function of the de-
tector tilt angle B together with the best-fit differential intensity model
1(6) = Iy cos" 0 for downward-going muons.

The statistical errors are smaller than the points, while the systematic uncertainty shown
reflect the variation of the coincidence selection windows. The agreement between data
and model over the full angular range illustrate the consistency of the fitted parameters
and validates the Monte-Carlo acceptance calculation.

TOTAL MUON FLUX

The fitted intensity model can be integrated over the upper hemisphere. The total down-

ward muon flux is
27'[1()

n+1’

/2
CI>:27I/ Iycos™ 6 sin6dé =
0

which yields
® = (33.0+£48)m s L. (6.8)
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The resulting flux represents the the total downward muon flux, i.e. the total number
of muons crossing a unit area per unit time, independent of their arrival direction. The
standard open-sky parametrization () « cos? 6 yields ® ~ 170m~2s~! [9]. The reduc-
tion relative to the open-sky expectation reflects the shielding by the overlying building
structure, while the fitted exponent n = 1.3 indicates a flatter angular dependence char-
acteristic, which shallow-depth environments where vertically incident muons experience
enhanced attenuation [12]. The observed flux is suppressed by a factor of five compared
to the open-sky flux at sea level. This is a suppression observed in deeper laboratory
sites [44]. Given the small size of the scintillation detector and the simplified setup, the
muon flux might be underestimated. This gives motivation to calculate the muon flux at
the measurement site taking the building into account.

6.3 ESTIMATED ATMOSPHERIC MUON FLUX IN THE LABORA-
TORY

The laboratory is located in the basement of the Institute of Nuclear Physics in Miinster at
an altitude of 66 a.s.1 [45] and mid-latitude. Altitude and latitude corrections are negligible
for the energies dominating the local muon flux and amount to only a few percent.

For the flux estimation, the standard reference value for the total downward muon flux at
sea level is used [9]:

®y ~ 1 muoncm ?min~! ~170m 25~ (6.9)

The angular distribution of the flux is parameterized as
1(6) o< cos? 6.

The building above the laboratory consists of seven concrete floors, each with an approxi-
mate thickness of 30 cm and a concrete density of 2.3 g,cm 2. A vertically incident muon
(6 = 0°) therefore encounters an areal density of

Xvert ~ 7 X 0.30m x 2.3gcm*3 ~ 483 gcmfz.

For non-vertical trajectories, the geometric path length through the building material in-
creases as 1/ cos 6, while muons arriving at large zenith angles intersect fewer floors and
may instead traverse the side wall. The effective overburden thus decreases with increas-
ing zenith angle, and the attenuation model accounts for this by applying an angular
weighting in which vertical muons experience the full overburden and inclined trajec-
tories sample a reduced number of layers or the facade.

Using this simplified geometric model and a continuous ionization energy loss of approx-
imately 2MeV per g cm ™2, the effective muon flux in the basement is

O, = (71.54+9.6)m2s "}, ®,_13 = (83.14+11.0)m 25! (6.10)
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for the exponents n = 2 (open-sky) and n = 1.3. The uncertainty reflects the simplified
building model; in particular, the effective path length is assumed to vary by +1 floor de-
pending on the incident trajectory.

Assuming n = 1.3, the flux normalization is only reduced by a factor of about two com-
pared to the open-sky flux from Equation 6.9.

The theoretic estimated laboratory atmospheric muon flux cannot reveal the correct angu-
lar distribution, and therefore the correct angular exponent for the flux at the laboratory.
Comparing the theoretic calculated flux, ®,-13 = (83.1 £11.0) m~2s71, with the fit re-
sulting flux of the measurement, ® = (33.0 ==4.8) m~2s~!, it shows that the scintillation
panels cannot replicate the theory and shows a significant difference. On the other hand,
the theoretical model provides only an approximate estimation.

For the input of the atmospheric muon flux into the Geant4 simulation in order to com-
pare the mDOM background measurements with the simulation, both the measured, ® =
(33.0 £ 4.8) m 257!, and the theoretic estimated flux ®,_;3 = (83.1 £11.0)m2s~!, will
be used.
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7 GEANT4 SIMULATION FRAMEWORK

Throughout this thesis the optical background of the mDOM is measured, and its quantita-
tive interpretation requires a simulation that reproduces the relevant photon-production
mechanisms, the detector response, and the geometrical boundary conditions of the ex-
perimental setup. A detailed model of the optical module and its environment is therefore
implemented using the Geant4 Monte-Carlo toolkit.

Geant4 is a software toolkit developed at CERN to simulate the passage of particles through
matter using Monte-Carlo methods [46]. It offers a comprehensive environment in which
complex detector geometries, material properties, and particle sources can be defined, and
in which a wide range of physics models, covering electromagnetic, optical, and hadronic
interactions, are modeled over a broad energy range. Owing to its flexibility and exten-
sibility, Geant4 has become a standard simulation tool in accelerator, medical, space and
astroparticle physics. Its optical physics capabilities allow the user to specify refractive
indices, absorption and scattering lengths, and to simulate the generation of transport of
optical photons produces by Cherenkov radiation, scintillation or secondary interactions.

The simulations in this work are performed with OMSim
(Optical Module Simulation), a Geant4-based frame-
work developed within the IceCube group in Miinster
and extended in [28] based on two earlier PhD the-
ses [6, 47]. It implements the complete mDOM ge-
ometry, including the borosilicate pressure vessel, op-
tical gel, reflective cones, and the full 24-PMT arrange-
ment, together with all optical interfaces and PMT re-
sponse. Material properties—refractive indices, absorp-
tion and scattering lengths, scintillation yields and time
constants—are mostly based on laboratory measure-
ments. The surrounding water-tank geometry used in
the measurements is included as well, enabling the sim-
ulation of photon propagation from intrinsic radioac-
tivity and from atmospheric muons through the tank
and into the module. A visualization of the simu-

. . . . R FIGURE 7.1: Visualizati f th
lated mDOM including its harness is shown in Fig- sirflzlate d mD\gi\l/lIaifiﬁgnOi/lStin?

ure 7.1. The support structure is simulated transpar- framework. The support structure
ently. is transparent simulated.
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7.1 SIMULATION OF RADIOACTIVE DECAYS IN THE MDOM

Radioactive decays in the mDOM are simulated in OMSim based on the measured isotope
activities of the Vitrovex pressure-vessel glass listed again in Table 7.1. These activities de-
termine the number of decays occurring in the module. For each simulation run, all decays
expected within a user-defined time window t, are generated and propagated through the
module. For each decay chain (338U, 235U, 232Th) and for 4K, the number of decays in t

TABLE 7.1: Activity per mass of the three natural decay chains and “°K mea-
sured Vitrovex glass. Data taken from [28].

Decay Specific activity (Bq/kg)
40K 60.98 £ 0.86
28U chain 4.6140.07
25U chain 0.59 +0.05
232Th chain 1.28 £0.05

is calculated from the specific activity and the mass of the glass vessel. Each decay event
begins by placing the parent isotope at a random position sampled uniformly within the
glass volume. The subsequent decay products are emitted isotropically according to the
decay model. If the isotope belongs to an active decay chain, the full sequence of daughter
decays is simulated until a stable nuclide is reached. To ensure that all decays fall inside
the simulated time interval, the decay time of each nucleus is sampled uniformly in [0, f,].
This approximation reflects the assumption of secular equilibrium inside the glass and
avoids extremely long natural lifetimes that are irrelevant for the short time scales of in-
terest.

The emitted a particles, B-electrons and -y-rays are propagated using standard Geant4
electromagnetic processes. Their stepwise energy deposition generates scintillation and
Cherenkov photons in the surrounding glass according to the material parameters defined
in the mDOM model.

The temperature-dependent scintillation yields, emission spectra, and decay times used
in the simulation are taken from the measurements summarized in Figure 4.2. Scintilla-
tion is implemented using an extended OMSim version of the standard Geant4 scintilla-
tion process. Separate yields are used for electrons (Y,) and « particles (Y,) to account for
ionization-density—dependent quenching (see Section 4.2). The ratio Y, /Y, ranges from 1.5
(18°C) to 1.8 (—40°C). Cherenkov radiation is simulated for electrons above the thresh-
old corresponding to the condition fn > 1, which in Vitrovex glass (n ~ 1.48) gives
Ege =~ 0.18 MeV (Eq. 4.1).

All generated photons are propagated through the complete mDOM model, where each
material is assigned its measured wavelength-dependent optical properties. Photon trans-
port includes absorption, scattering, and boundary interactions, until the photons either
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reach a PMT photocathode or are absorbed or exit the world volume!. Detected photons
are stored with their timestamps corresponding to their arrival at the PMT. Table 7.2 sum-
marizes the particles and physics processes active in the radioactive-decay simulation.

The combination of the decay generation, electromagnetic particle transport through the
module and optical processes provides a complete description of the intrinsic photon back-

ground produced inside the mDOM.

TABLE 7.2: Particles and physics processes required for the radioactive-decay simulation,

together with the corresponding Geant4 classes.

Particle Process Geant4 class

Optical photon Absorption G4OpAbsorption
Boundary processes ~ G4OpBoundaryProcess
Mie scattering G40pMieHG

Ions Scattering G4hMultipleScattering
Ionisation G4ionlonisation
Radioactive decay OMSimRadioactiveDecayProcess

Alpha Scattering G4hMultipleScattering
Ionisation G4ionlonisation

Electron / Positron Scattering G4eMultipleScattering
Ionisation G4LivermorelonisationModel
Bremsstrahlung G4eBremsstrahlung
Cherenkov radiation =~ G4Cerenkov
Positron annihilation =~ G4eplusAnnihilation

Gamma

Pair production
Compton effect
Photoelectric effect

G4LivermoreGammaConversionModel
G4LivermoreComptonModel
G4LivermorePhotoElectricModel

All ionizing particles

Material scintillation

OMSimScintillationProcess

(except optical photons)

7.2 SIMULATION OF ATMOSPHERIC MUONS

The simulation of the atmospheric muon flux is implemented in OMSim to reproduce the
conditions of the background measurements performed in the water tank, as described in
Chapter 5. The implementation of the water tank geometry in OMSim follows the frame-
work developed in a previous master thesis [48]. In the present work, the exact tank di-
mensions and the atmospheric muon flux derived in Chapter 6 were added to this setup.
The full tank geometry, the optical properties of the medium, and the exact mDOM po-
sition and orientation inside the tank are replicated in the Geant4 simulation. The full

n Geant4 the world volume encloses the entire detector setup. It defines the physical boundary of the
simulation.
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FIGURE 7.2: Water tank geometry in OMSim with the mDOM placed in
water and a simulated atmospheric muon producing Cherenkov photons
(orange: photon paths, yellow: interaction points).

mDOM geometry with its components and its harness are included with the same mate-
rial and optical parameters used for the radioactive decay studies. A visualization of the
setup is shown in in Figure 7.2 with a representive muon going through the water gener-
ating the characteristic Cherenkov cone.

The water tank is implemented as a rectangular volume with inner dimensions
x = 3.47m, y=1.69m, z =144m.

The mDOM is placed inside the tank at the same position and orientation of the PMTs as
in the measurement. The tank walls are represented by a thin absorbing layer with low re-
flectance, and optical boundary interactions are handled via G4OpBoundaryProcess. De-
pending on the study, the tank is filled with either air or water. In water simulations,
wavelength-dependent absorption is modeled using the coefficients from [49]. Scattering
is neglected because the characteristic scattering length in water (O (300 m)) is much larger
than the typical photon path lengths (O(3 m)) inside the tank [50].

To simulate atmospheric muons arriving from the upper hemisphere, primary muons are
generated starting on a fixed horizontal circular disk placed above the water tank. The
disk radius Rgjsk is chosen such that all sampled muon trajectories intersect the tank for
zenith angles up to 80°2. Each muon direction (6, ¢) is sampled independently of the disk
geometry. The starting point is drawn uniformly on the disk surface, ensuring unbiased
sampling of the projected area for all arrival directions.

The zenith distribution follows the intensity parametrization of Equation 6.2. Converting

2For the specific tank dimensions and Rgig = 12.74m, z = 2m, the neglected flux fraction F in all muons
with 80° — 90° is Fgyg_9g = cos "!**1(800), which corresponds to ~ 1.8% for n = 1.3. This value reflects a
conservative upper bound, since only a subset of muons arriving between 80° and 90° would intersect the
tank geometry.
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this to a probability density over solid angle yields
p(0) = (n+1) cos" 6 sinb,
from which inverse-transform sampling gives
cos® = UY+D U ~1(0,1),

while the azimuth is sampled uniformly, ¢ ~ U/(0,27). Muon energies are drawn from
the atmospheric muon flux parametrization obtained from [51], which reproduces the sea-
level spectrum between 1 GeV and 10 TeV across all zenith angles.

The total number of muons generated in a simulation time window (Tsim) is determined
from the integrated downward muon flux ® and the disk area,

<N> = Adisk Tsimr Adisk = TL’R%HSk'

The actual number of muons is drawn from a Poisson distribution with mean (N), and
their emission times are sampled uniformly in ¢ € [0, Tgim].

All relevant electromagnetic and optical processes are activated during the simulation,
listed in Table 7.3. Photons reaching a PMT photocathode are registered if they satisfy the
wavelength-dependent quantum efficiency and angular acceptance of the PMT model.
For each detected photon, the simulation records the PMT number and the global photon
arrival time.

TABLE 7.3: Particles and physics processes included in the muon flux simulation,
together with the corresponding Geant4 classes.

Particle Process Geant4 Class
Muon (u*) Multiple scattering ~ G4MuMultipleScattering
Ionisation G4Mulonisation
Bremsstrahlung G4MuBremsstrahlung
Pair production G4MuPairProduction
Charged particles Cherenkov radiation G4Cerenkov
Scintillation OMSimScintillationProcess
Optical photon Absorption G4OpAbsorption
Rayleigh scattering ~ G4OpRayleigh
Mie scattering G40OpMieHG

Boundary processes ~ G4OpBoundaryProcess
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8 SIMULATION CALIBRATION AND
BACKGROUND CHARACTERIZATION

This chapter describes the methods used to characterize the background observed in the
mDOM measurements and to calibrate the simulation accordingly. The measured datasets
introduced in Chapter 5 contain superimposed contributions from trace radioactivity in
the pressure vessel glass, atmospheric muons, intrinsic PMT dark noise, and afterpuls-
ing. The simulation, in contrast, includes only the physical background sources from
trace radioactivity in the glass and atmospheric muons, and therefore requires a consis-
tent calibration before a quantitative comparison with the measurement can be performed
in Chapter 9.

The following sections establish the separation of correlated and uncorrelated photon com-
ponents, identify detector-specific background, and derive the corrections needed to align
the simulation with the optical response of the specific module used in the measurements.

8.1 TIME-DIFFERENCE ANALYSIS

To characterize the temporal structure of the background, the time difference between two
consecutive hits of the same PMT is evaluated as

At; = tit1 — £

For a purely random process with mean rate y, the time intervals follow an exponential
probability density,
p(At) = pe M, (8.1)

When expressed on a logarithmic scale, log,,(At), this transforms to
f(x) = uIn(10) 10%e #1%", (8.2)

where x = log,,(At). The function exhibits a maximum at x = —log,,(¢), such that the
position of the peak directly reveals the uncorrelated rate y of the underlying process.

Because At spans many orders of magnitude, the logarithmic representation separates the
correlated from uncorrelated signal contributions (see Chapter 3). At large At (=3to —
1 log,,(s)), the distribution follows the exponential behavior of independent processes
such as intrinsic PMT dark noise or uncorrelated decays in the glass. At short At (—12to —
5 log,,(s)), an excess appears, originating from correlated photon detections such as scin-
tillation bursts, Cherenkov light, or PMT afterpulsings. Figure 8.1 shows a representa-
tive simulated At histogram of the background contributions in the mDOM placed in air,
where both regions are visible. The sharp structures near —11 log,,(s) result from prompt
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FIGURE 8.1: Example of a simulated 600 Uncorrelated
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Cherenkov photon arrivals. In the present simulation no TTS has been applied, such that
the photon arrival times remain resolved and the prompt component appears as a narrow
structure. In a real PMT, the broadening induced by the TTS and the limited timing reso-
lution of the readout system prevent the separation of such closely spaced photons. Con-
sequently, they merge into single pulses, suppressing these structures. The uncorrelated
rate is modeled using a Poisson distribution as defined in Equation 8.2. It must be noted
that the correlated region contains not only true physical correlations but also accidental
temporal coincidences from statistically independent radioactive decays that happen to
occur within short time separations.

PMT STABILITY IN MEASUREMENT DATA

For the subsequent calibration of the simulation, the per-PMT rates obtained from mea-
surement and simulation are compared. While the simulation provides a statistically sta-
ble rate for each PMT, the measured rates can exhibit PMT-specific fluctuations. Therefore,
the stability of all 24 PMTs across all measurement runs was evaluated to identify outliers
in the total PMT rate.

During several measurement runs at different temperatures when the mDOM operated in
air, individual PMTs exhibited anomalously high total background rates. The total rate
of a PMT is defined as the number of recorded hits divided by the acquisition time. The
spread of the PMT background rate of all 24 PMTs across all measured temperatures runs
is shown in Figure 8.2. The left plot shows the absolute rate of all PMTs for each temper-
ature. The right plots displays, for every temperature, the deviation of each PMT from
the median rate of all PMTs recorded at the same temperature. Given the magnitude of
these deviations, intrinsic PMT dark noise fluctuations cannot account for the observed
spread’. These high-noise PMTs could be affected by temporary gain instabilities, calibra-
tion errors, or electronic noise pickup during acquisition. With the exception of PMT 3 at
—20°C and —10°C, all sub-zero datasets show similar behavior with slight fluctuations
across all PMTs, whereas significant deviations across multiple PMTs at 0°C and room
temperature are observed. To prevent them from biasing the mean PMT rate used for the

I Appendix F in [28] shows the temporal dark rate fluctuations of a DVT module.
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FIGURE 8.2: Left: Absolute total rates of all 24 PMTs for each temperature run.
Right: Relative deviation of per-PMT rates from the median at each temperature.

following simulation calibration, all affected PMTs were excluded. The excluded PMTs
are listed in Table 8.1. The rate spread Ay = pa — uMn Jisted in the table quantifies
the per-temperature variation across all PMTs and directly reflects the magnitude of the

instabilities that motivated their exclusion.

TABLE 8.1: List of PMTs excluded for the following simulation corrections due to anoma-
lously high total rates, together with the difference between the largest and smallest mea-
sured rates Aur = 7 — u'" at each temperature.

Temperature (°C) Excluded PMTs Aut (1/s)

—40 - 160
—30 = 168
-20 3 1470
—10 3 1348

0 3,11,12,18,19, 20 6243
+18 0,3,10 1421

For the sake of completeness, Figure 8.3 shows the PMT stability from the averaged mea-
surements when the mDOM was placed in water. For these measurements, the PMTs were
relatively stable. The observed pattern across all PMTs reflects the expected angular de-
pendence of Cherenkov emission in the water volume. PMTs oriented toward the tank in-
terior receive a higher photon flux, whereas PMTs facing the nearby tank wall are exposed
to a reduced optical path and consequently register lower rates. This will be discussed in

Chapter 9.
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FIGURE 8.3: Absolute PMT rate and per-PMT deviations relative to the median rate,
measured in water at 16 °C.

8.2 EXTRACTION OF CORRELATED AND UNCORRELATED RATES

The time difference analysis described in Section 8.1 was applied identically to all mea-
surement datasets and simulation outputs. A dead time of 10ns was imposed on each
PMT in both cases to enforce a consistent hit definition. This value corresponds to the
pulse-pair resolution required for mDOM PMTs, which must be able to resolve individ-
ual pulses only if they are separated by at least 10ns [25]. Pulses arriving within this
interval cannot be distinguished in the measurement and therefore must not be treated as
independent hits in the simulation. For each dataset the At distributions were computed
separately for all 24 PMTs and subsequently averaged to obtain a single At histogram per
temperature, which was then averaged over repeated runs at the same temperature.

The uncorrelated pulse region at large At was fitted with Eq. 8.2, yielding the uncorrelated
rate yy;. The total mean rate per PMT,

ur = Nhits

Tacq ’
was obtained from the total number of hits Nyis and the total acquisition time of mea-

surement and simulation, respectively, Tacq- From this, the correlated rate directly follows
as

Hc = Ut — Hu- (8.3)

Figure 8.4 shows the resulting At histograms with the Poisson fit for the uncorrelated rate
py from simulation (left) and measurement (right). This case is shown when the mDOM
operates in air at temperatures between —40°C and +18°C. Both plots are limited to
—8 log,(s), reflecting the applied 10ns dead time. It has to be noted that the simula-
tion in this plot covers a total acquisition time of Tocq = 1205, where as the measurement
spans Taeq = 260, the absolute event counts in both panels are not directly comparable.
In the simulation (left), both correlated and uncorrelated components decrease with in-
creasing temperature. At low temperatures, the correlated peak at short At is significantly
higher, consistent with a greater scintillation yield, as described in Chapter 7. At warmer
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FIGURE 8.4: Average At PMT histograms from simulation (left) and measurement (right) for the
mDOM in air at different temperatures. Both plots show per-PMT averages and the uncorrelated
rate p; is fitted with a Poissonian (Equation 8.2).

temperatures both the correlated and uncorrelated components decrease. For the uncorre-
lated part, the exponential tail shifts towards larger At, consistent with a reduced uncor-
related rate s , since the mean waiting time of a Poisson process satisfies (At)r = 1/uy.
The changing ratio between the two peaks visualizes the temperature dependence of the
simulated optical processes. In contrast, in the measured data (right), a similar overall
structure is observed, but the uncorrelated peak is much more pronounced relative to the
correlated peak. This results from thermionic dark noise intrinsic to the PMTs, which
is absent in the simulation. The uncorrelated peak converges and narrows towards low
temperatures, while at 0°C and especially at 18°C, the uncorrelated peak rises sharply,
reflecting the underlying strong temperature dependence of the intrinsic PMT dark noise
(see Equation 3.2). Furthermore, a distinct excess around —6 log,,(s) appears in all mea-
surements but is absent in the simulation, reflecting PMT afterpulsing (O(ps) with 5.65 %
probability [36]) , which is not included in the simulation.

The identical extraction of y; for measurement and simulation under the same dead time
conditions establishes the basis for a direct comparison of ¢ and 7 in the next sections.

8.3 CORRECTION OF DETECTOR-SPECIFIC BACKGROUND

The comparison between the correlated rates ™ and ;' extracted in the previous sec-
tion provides direct sensitivity to the scintillation parameters implemented in the simu-
lation (Figure 4.2). These parameters originate from measurements performed in [28, 35]
using a limited number of Vitrovex glass samples and showed substantial batch-to-batch
variations [35]. Consequently, the parameters set in the simulation may not represent the
glass composition of the DVT09 module used in this work.
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8.3.1 AFTERPULSING CORRECTION

Before comparing ™ with the measured correlated rate 2,

the contribution from PMT afterpulsing must be removed from & 1.40-
the measurement data, as afterpulses are not simulated. The tem- g 1.35 - |
perature dependent afterpulsing probabilities are taken from de- 7 1307 i + *
tailed PMT characterizations conducted in [52] and are visualized g 125+ * +
as the early (I) and late (II) afterpulsing in Figure 8.5. The total af- E 120 } |
. .1 & 1154
terpulsing probability, . T L P
Temperature (°C)
P(AP) = P(API) + P(APII), S i
=72+
provides the fraction of correlated pulses in pZ®* that originate % . } +
from afterpulsing rather than from physical photon processes. g +
Scaling the measured correlated rate by this probability yields ¢ 65+ + | i {
the afterpulsing—corrected correlated rate 2", which is directly < R
comparable to ™ and forms the basis for the scintillation yield *50*4T0;n?;‘;33;2 (‘10)10 20
calibration in the following section.
FIGURE 8.5: Probabil-
ity of early and late
afterpulsing as a func-
8.3.2 SCINTILLATION YIELD CORRECTION tion of temperature for
a mDOM PMT. Taken
from [35].

The correlated rates jic are obtained directly from the total rate it

and the fitted uncorrelated rate py; (Equation 8.3), with p; taken

from the fit defined in Equation 8.2. The direct comparison in the sub-zero regime between
p&m and afterpulsing-removed p2®” is shown in Figure 8.6 at different temperatures and
revealed that the simulated values were systematically higher and exhibited a steeper tem-
perature dependence than those measured. The excess rates stemming from scintillation
induced by radioactive decays in the pressure vessel are strongly temperature dependent
and dominate in the sub-zero regime, whereas the intrinsic PMT dark noise rises exponen-
tially with increasing temperatures. The linear fits quantify the mismatch, yielding slopes
of agim = —9.38 4 0.57 (s °C) ! and apmeas = —3.86 £0.19 (s°C) . This deviation between
pEm and p2e” indicates that the scintillation parameters implemented in the simulation
framework overestimate the actual scintillation yields of the specific Vitrovex glass sample
used in the measured DVT09 module. To adjust the simulation to match the measurement
output, u$™ and p**" can be used to determine a temperature dependent correction fac-
tor for the scintillation yield Y. The correction factor

B ‘urcneas* ( T)
=)

was determined for sub-zero temperatures (—40°C to —10°C), where scintillation domi-
nates, and linearly interpolated between these points. The factor was applied multiplica-
tively to the electron- and alpha induced scintillation yield parameters Y*¢ in the simu-
lation,

Y, (T) = £(T) Y& (T),

orig



8.3. Correction of Detector-Specitic Background 49

Systematic uncertainty Simulation
Linear Fit: a- T+ b ¢  Measurement (AP-removed)
8001
= 700
2 6001
—
8 5001
=
o
4001 g
§ L S L
| A L
G e .
-40 -30 =20 -10

Temperature (°C)

FIGURE 8.6: Comparison of correlated rates from measurement (after after-
pulsing correction) and simulation before yield correction.

ensuring that the simulated photon yield follows the same relative temperature depen-
dence as the measured data.

Figure 8.7 illustrates the correction for both alpha and electron induced yields. The applied
temperature dependent correction reduces the simulated a# and e~ induced scintillation
yields by roughly 50 % at —40°C. The corrected yields were extrapolated to room temper-
ature because the measurements of the scintillation parameters were only performed up
to —15°C. The linear extrapolation provides the best available estimate. However, this
assumption has to be treated with caution, as light yield could also follow a non-linear
behavior due to quenching mechanism (see Section 4.2). Increasing temperature can open
additional non-radiative relaxation paths in the glass that reduce the effective scintillation
yield. For a realistic simulation comparable to module specific measurements, the scintil-
lation parameters need to be measured at all temperatures.
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7 A ! :
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FIGURE 8.7: Temperature dependent correction applied to the simulation
scintillation yields for alpha and electron induced processes.

After correction, the simulation was repeated and the At analysis, comparing u$™ and
afterpulsing-removed pT®", was performed again. This procedure was done iteratively;
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FIGURE 8.8: Comparison of correlated rates between measurement and sim-
ulation after applying the temperature dependent scintillation yield correc-
tions.

after two iterations the agreement in both slope and absolute rate level was achieved, con-
firming that the corrected scintillation yields accurately reproduce the optical behavior of
the specific DVT09 module. Figure 8.8 illustrates this process, showing on the left side the
corrected simulation output after the first application of f(T) and on the right the output
after the second correction. In both plots y®*" stays the same.

The At distribution after applying the yield correction is shown in Figure 8.9. In com-
parison to Figure 8.4 (left) before the yield correction, the relative heights of the two
peaks change primarily for the sub-zero temperature curves. The yield correction reduces
the strong temperature dependence observed before, aligning the overall amplitudes and
slightly modifying the relative prominence of the correlated and uncorrelated peaks.
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FIGURE 8.9: Yield corrected At histograms for the simulation outputs.

The adjustment of the scintillation yields serves as the basis for all further analysis steps. In
the following, all references to simulated outputs imply yield corrected simulations. This
correction establishes a consistent basis for comparing measurement and simulation. It
was, however, derived under the assumption that the correlated rate is entirely driven by
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scintillation light output, neglecting any contribution from intrinsic PMT dark noise. Some
residual contamination may remain even at low temperatures because intrinsic PMT dark
noise cannot be removed entirely from the correlated peak. Nevertheless, the yield correc-
tion was performed only for temperatures between —40 °C and —10 °C, where it provides
a sufficiently accurate approximation.

A comparison between measurement and simulation in Chapter 9 demonstrates that the
applied yield correction produces a consistent description of the PMT rates. In summary,
the temperature dependent yield adjustment establishes a physically coherent optical re-
sponse for the DVT(09 glass and defines the calibrated simulation baseline used in the
subsequent analysis.

8.3.3 INTRINSIC PMT DARK RATE ESTIMATION

In the previous section, the simulation was adjusted to match the scintillation properties
of the specific DVT09 module used for the background measurements. Moreover, intrinsic
PMT dark noise needs to be investigated, as it has a huge impact on the uncorrelated rates
uu, and consequently on the total PMT rates yu7. In order to quantify the module spe-
cific intrinsic PMT dark noise rate uy! the fitted uncorrelated afterpulsing-removed rates

pmeas” and yi}m’ Y€ resulting from the the yield corrected simulation output are subtracted:

bk (T) = ui®* (T) — ui™ " (T). (84)

This is justified because both measurement and simulation contain the uncorrelated com-
ponent from radioactive decays in the glass, while only the measurement contains intrinsic
PMT dark noise. Subtraction therefore isolates the PMT dark noise rate. The obtained rates
are listed in Table 8.2. The uncertainties are dominated by the PMT-to-PMT spread of the
measured uncorrelated rates.

TABLE 8.2: Intrinsic PMT dark rates estimated as the difference between the

measured and simulated uncorrelated rates, pqarc = P{7°° — yﬁm.

Temperature (°C) ‘ uIMT (1/s)

+18 348.4 £107.3

0 210.2 £40.8
—-10 1374+ 15.1
—20 138.7 £ 14.6
-30 161.5+14.1
—40 179.7 £15.5

The separated view of the uncorrelated and correlated components is shown in Figure 8.10
across all temperatures. The left bars correspond to the measurement, and the right bars to
the simulation. The left plot displays the uncorrelated rates extracted from measurement
and simulation. By construction, they agree at all temperatures, since the intrinsic PMT

dark rate u2¥T(T) is obtained directly from the difference of the uncorrelated components
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fitted according to Equation 8.4, and is explicitly added to the simulation. The result-
ing match therefore reflects the internal consistency of the extraction procedure. Towards
warmer temperatures, p;* rises steeply due to the exponential temperature dependence
of thermionic emission (Equation 3.2).

The right plot shows the correlated component, which reflects scintillation induced by ra-
dioactive decays in the pressure vessel glass. After applying the temperature dependent
yield correction, the simulation reproduces both the absolute scale and the temperature
trend of the sub-zero measurements. At 0°C and 18°C, u#°* is biased upward because
thermionic dark noise leaks into the short-At region and contaminated the correlated peak,
while the simulation remains unaffected. On the other hand, the scintillation parameters
were extrapolated to room temperatures, assuming a linear dependency of the yield. This
might not be true and could also bias the rates.
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FIGURE 8.10: Uncorrelated (left) and correlated (right) PMT rates from measurement

and simulation. The uncorrelated components match by construction through the intrin-

sic dark-rate extraction in Equation 8.4. The correlated rates agree in the sub-zero regime

after applying the scintillation-yield correction. The corresponding total PMT rates are
listed in Chapter 9 in Table 9.1.

The combined analysis of the At distributions, the exclusion of unstable PMTs, and the
temperature dependent calibration steps establishes a consistent simulation foundation
for comparing measurement and simulation. The yield correction aligns the simulated
scintillation component with the sub-zero measurements with the specific DVT09 module,
while the intrinsic PMT dark rate obtained from the uncorrelated tails ensures agreement
of the uncorrelated background across all temperatures. For comparison between mea-
surement and simulation, the afterpulsing and the intrinsic PMT dark noise rates have to
be taken into account, as they are absent in the simulation.
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8.4 SIMULATION BASED BACKGROUND COMPONENT ANALYSIS

The previous sections established the separation of correlated and uncorrelated back-
ground components in data, enabling the recalibration of the scintillation yields in the
simulation and the extraction of the intrinsic PMT dark noise. However, the measurement
always records a superposition of all underlying physical processes, and the individual
contributions from atmospheric muons, intrinsic radioactivity, and detector-specific ef-
fects appear as a convolution of overlapping photon emissions. Because their temporal
and spatial signatures partially overlap, the individual processes cannot be disentangled
experimentally.

In contrast, the simulation allows each physical process to be enabled independently. The
following section therefore considers simulation-only datasets, where the atmospheric
muon component and the intrinsic radioactivity of the glass are isolated and analyzed
separately. This establishes the physical baseline required for interpreting and comparing
the measurement with the full simulation in Chapter 9.

BACKGROUND COINCIDENCE RATES

The total PMT rate ut provides no information on the spatial correlations among the PMTs
of the mDOM. To resolve the correlations, the background is evaluated in terms of local
coincidences (LC) within a fixed time window At;c. For each photon hit at time ¢;, a co-
incidence window [t;, t; + Af ] is opened, and all subsequent hits within this interval are
assigned to the same window, thus to the same LC event. The multiplicity m of a window
is defined as the number of unique PMTs that registered at least one hit within this interval.

To avoid double counting of the same activity, non-overlapping windows are implemented.
A new window is opened by the first hit occurring after the previous window has closed.

For each dataset, the coincidence rate R(m) is obtained from the number N, of coincidence
windows with multiplicity m normalized to the total duration time Tycq:

Ny,

R(m) = T
acq

The coincidence spectrum R(m) characterizes the spatial structure of the background pro-
cesses. Low multiplicities originate from uncorrelated or localized sources such as intrin-
sic PMT dark noise or single radioactive decays in the glass. Higher multiplicities reflect
bright light sources, in particular atmospheric muons or scintillation bursts involving mul-
tiple PMTs. No temperature dependence is applied to the atmospheric muon component
and it is therefore simulated with a temperature-independent flux, as neither the muon
flux nor the Cherenkov yield nor the water conditions change with the module tempera-
ture, while air scintillation is negligible.
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8.4.1 ATMOSPHERIC MUONS BACKGROUND

In this section, the influence and expectations of the atmospheric muon component are dis-
cussed for which both investigated environments (i.e. air and water) are treated separately.
The underlying processes are identical, but their relative impact differs substantially.

IN AIR

In an air environment, photons are generated solely by the propagation of atmospheric
muons through the module’s glass vessel. The contribution from air scintillation is con-
sidered negligible; the same applies to Cherenkov emission. Consequently, any muon
passing outside the glass sphere of the mDOM does not result in PMT pulses.

The optical properties of the glass (1141555 ~ 1.48) and gel (14e; ~ 1.41) inside the mDOM
allow for Cherenkov emission from muons with energies as low as ~ 150 MeV?, far be-
low the mean energy of atmospheric muons at the surface (= 4GeV) [53], which means
that every muon traversing the mDOM produces Cherenkov photons. The dominant in-
teraction is continuous ionization, through which the muon deposits energy and creates
secondary electrons along its track throughout the mDOM. These secondary electrons can
themselves emit additional Cherenkov photons, thereby increasing the overall photon
yield and slightly widening the emission cone. The ionization energy loss of the muon
and its secondaries also excites the glass molecules, producing a small amount of isotropic
scintillation light. This scintillation component is much weaker than the Cherenkov sig-
nal.

Radjiative processes such as muon bremsstrahlung and pair production remain negligible.
These effects become significant only at TeV energies® or in much thicker materials (see
Figure 2.3) [14]. The continuous ionization losses are approximately 2 MeV cm ! in glass
and gel, corresponding to a few MeV across the module diameter. Contributions from the
thin PMT glass envelopes are marginally as well compared to the thickness of 13.5mm
and overall volume of the pressure vessel of the mDOM [32].

IN WATER

When the mDOM is operated in water, the same physical processes remain, but their rela-
tive contributions change. The effective muon induced photon yield increases significantly
because Cherenkov emission also occurs in the surrounding medium (nyater ~ 1.33),
where the Cherenkov angle is larger (6c ~ 41°) (Equation 2.1). Consequently, muons
that do not traverse the mDOM directly can still illuminate several PMTs simultaneously,
generating high-multiplicity local coincidences.

2The Cherenkov threshold follows from By, = 1/7, Yy = \/%T’ Eir = ’ythrmycz.

" Pthr

3Though, energies up to 10 TeV are simulated, the spectrum follows E~27, and therefore the mean energy
is still in the few-GeV range.
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FIGURE 8.11: Left: Normalized At distributions for simulations including
only atmospheric muons in air (green) and in water (blue). Right: Corre-
sponding coincidence rate with applied PMT deadtime.

The optical coupling between the glass and water increases the critical angle for total inter-
nal reflection from 6 ,ir ~ 43° to O water ~ 64°%. This reduces internal photon trapping in
the mDOM and allows a larger fraction of photons to escape into the surrounding water.
As a result, fewer internally reflected photons reach the PMTs and the time distribution of
detections becomes narrower.

Figure 8.11 illustrates these effects. The normalized At distributions exhibit a prompt
Cherenkov peak around —10 log,,(s), largely suppressed in the analysis by the applied
PMT deadtime of 10 ns; the zoomed in plot shows the contribution relevant to the analy-
sis. In air, additional structures around —6.6,10g,,(s) (250 us) arise from photons trapped
by total internal reflection inside the glass, together with a small scintillation contribution.
This mid-At feature is strongly reduced in water because photons escape the pressure ves-
sel more efficiently. Total internal reflection occurs about 1.7 times more frequently in air
than in water [54]. For even larger time differences (ms to s), the distributions enter the
uncorrelated regime of the atmospheric muon background. These late-At contributions
do not originate from delayed optical propagation but reflect the Poissonian waiting-time
distribution of independent muon arrivals.

The coincidence rates (right side) show the simulated general behavior between the mod-
ule’s environment. Operation in water results in a shift toward higher multiplicities m and
increased event rates, attributed to Cherenkov radiation triggering multiple PMTs within
the 50 ns coincidence window. The average per-PMT rates caused by the muons are:

No PMT deadtime: ffue" =39.6 +83s !, s =3183+£159.35 1,
10ns PMT deadtime: jfse" =9.1+145s7}, ppaon, =342+127s71 (85)

The uncertainties stem from the standard deviation ¢. The large spread in water re-
flects the directional nature of Cherenkov emission and the asymmetric orientation of the
mDOM within the water tank (Figure 5.1). The results are shown for the cases with and

4The critical angle is given by sin 0. = ny/n; for an interface with ny > ny.
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without applied PMT deadtime. The strong suppression due to the deadtime demon-
strates that most of the photon hits stem from early Cherenkov burst.

Instead of monotonically decreasing with increasing m, the rate shows an intermediate
multiplicity accumulation. These plots serve to illustrate the overall expected behavior of
the influence of muons to the coincidence rate of the mDOM. A further detailed analysis is
discussed in Chapter 9 when the simulation output is compared to measurement results.

8.4.2 SCINTILLATION INDUCED BY TRACE RADIONUCLIDES

This section shows the simulated behavior of the radioactive decays within the pressure
vessel glass of the mDOM.

In contrast to the muon background, the steady internal background originates from ra-
dioactive decays in the pressure vessel glass of the mDOM. The «, B, and 7 emissions
from the natural decay chains deposit energy in the glass and induce scintillation and, for
sufficiently energetic electrons, Cherenkov light as described in Chapter 4. Photons are
emitted isometrically and occur on nanosecond to microsecond timescales, producing the
correlated excess seen the At distributions.

IN WATER

In a water environment, the radioactivity originating from trace amounts of radioactive
isotopes in the glass remains the dominant steady source of background photons, as nei-
ther the decay rates nor the scintillation yield depend on the external medium. The optical
transition from glass to water, however, modifies photon transport. The higher refractive
index of water compared to air increases the critical angle at the boundary, reducing the
probability of total internal reflection and thus decreasing the fraction of scintillation pho-
tons that remain trapped within the vessel. Consequently, fewer photons are redirected
toward the PMTs and the typical photon arrival times shorten. A small additional contri-
bution may arise from Cherenkov emission in the surrounding water from electrons that
leave the glass with sufficient energy, but this effect is subdominant.

In Figure 8.12 the influence of the radioactivity within the glass vessel is depicted. The At
distributions (left) show the reduced fraction of detected photons in water. Cherenkov—in-
duced structures below —8 log,,(s) are suppressed by the applied 10ns PMT deadtime,
since all photons arriving within this interval are merged into a single hit. A small resid-
ual contribution remains, reflecting those rare cases where photons are separated by more
than the deadtime. The slight shift of the uncorrelated peak in water towards higher At
stems from a smaller total rate (Equation 8.6) and therefore longer waiting times. It is also
reduced in water relative to air because fewer scintillation photons remain inside the ves-
sel. The different temperatures summarize the temperature dependent scintillation yield
well (Figure 4.2), especially looking at the correlated peak. The coincidence rates (right)
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FIGURE 8.12: Left: At distributions for simulations including only intrinsic
radioactivity of the mDOM placed in air (greens, —40°C to —18°C) and in
water (blue, 16°C). Right: Corresponding coincidence rates.

further reflect the stronger total internal reflection inside the glass when the mDOM oper-
ates in air environment, which increases the number of photons retained within the vessel.
This leads to higher multiplicities as well as an enhanced single PMT rate (m = 1) com-
pared to the water configuration. The averaged per-PMT rates induced by the radioactive
decays inside the mDOM including the standard deviation are:

No PMT deadtime: fifs, =299.4+£58s*, AR e = 1937 £31s71,
10ns PMT deadtime: s, = 2668 £5.6s7}, ARl e =1723+£29s71  (8.6)

Here, the suppression due to the deadtime is lower because the excess is dominated by
the scintillation light. Compared to the muon induced rates in Equation 8.5 with PMT
deadtime, this shows that the primary background in the mDOM arises from scintillation
induced by trace radioactivity in the pressure vessel glass, according to the simulation re-
sults. While the comparison of the coincidence spectra induced by the muons (Figure 8.11)
and by radioactivity (Figure 8.12) shows that the higher multiplicity region is highly dom-
inated by the atmospheric muons.

In summary, the simulation datasets define the characteristic temporal and spatial sig-
natures of atmospheric muons and trace radioactivity in the glass, thereby providing the
reference required to interpret the the coincidence rates of both measurement and the com-
bined simulation of both physical background components in Chapter 9.
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9 COMPARISON OF MEASUREMENT
AND SIMULATION

The calibration and characterization procedures established in the previous chapter pro-
vide a simulation (see Section 8.3.2) that reproduces the optical response of the DVT(09
module for the physical sources present in the measurement, namely scintillation induced
by trace radioactivity in the glass and Cherenkov emission from atmospheric muons. De-
tector specific effects such as intrinsic PMT dark noise and afterpulsing remain exclusive
to the measurement and must therefore be accounted for separately in all subsequent com-
parisons.

This chapter compares the yield corrected simulation derived in Chapter 8 in combina-
tion with the atmospheric muon flux injection described in Chapter 7 with the measured
mDOM background (Chapter 5) in both air and water environments. The comparison
evaluates the temporal hit distribution and the spatial correlation, followed by an analysis
of the coincidence rates.

Unless otherwise stated, the simulation takes the measured atmospheric muon flux ® =
330+ 48 m 2s ! and angular index n = 1.3 determined in Chapter 6 as an input, the
tank walls are simulated with 1% reflectivity, accounting for both environments with a
coincidence window of 50ns. For all analyses, a deadtime of 10ns was applied to each
PMT individually in both measurement and simulation.

Throughout this Chapter, air results are shown in green (18°C), and water results in blue
(16°C).

9.1 MEAN PMT RATE

The total PMT rates averaged over all 24 PMTs for measurement and simulation are listed
in Table 9.1. All values are listed including the standard deviation. The air results, decom-
posed into correlated and uncorrelated components in Figure 8.10, confirm the internal
consistency of the simulation calibration procedure: after adding the detector specific con-
tributions from afterpulsing and intrinsic PMT dark rate noise, the simulated sum repro-
duces the measured mean rates within uncertainties across all temperatures, and shows
specifically across sub-zero temperatures good agreements between the simulation and
measurement. The uncertainties in the measurement reflect the great PMT rate spread
across all 24 PMTs and is especially elevated at warmer temperatures due to PMT dark
noise fluctuations. Note that the listed values are obtained from the average rate excluding
unstable PMTs listed in Table 8.1. For all subsequent discussions, they are not excluded.

In contrast, the water configuration exhibits a clear discrepancy between the simulated
and measured PMT rate. The measured mean PMT rate of 24615~ ! exceeds the simulated
value of 569 s ! by a factor of four, even after including the detector specific backgrounds
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TABLE 9.1: Mean PMT rates from simulation and measurement. After including detector

specific afterpulsing (AP) and intrinsic PMT dark rate (PMT-DR) the sum is used for

comparison. All listed uncertainties are standard deviations. Unstable PMTs (Table 8.1)
were removed to obtain the measured rates.

T (°C) Simulation Detector specific Sum Measurement
Mean PMT rate (s™') AP / PMT-DR (s!) Total (s™') Total (s71)
Air
18 276.0 £ 5.8 14.6+1.3 / 3484+107 639+ 108 717 +149
0 342.7+7.2 16.8+13 / 210+41 570£42 590 4+ 98
-10 380.0 + 6.8 21.8+14 / 137+£15 539+17 541 4+ 36
-20 415.0+7.7 239+15/139+£15 578+17 583 4+ 36
-30 4771+ 8.8 29.0+1.7 / 162+14 668 +17 667 £ 40
-40 509.8 £9.2 325+18 /180+£16 722418 721 £+ 38
Water
16 | 206.5 £ 15.6 1464+1.3 / 348£107 5694108 || 24614870

absent in the simulation. As afterpulsing and intrinsic PMT dark noise are invariant under
the change from air to water due to their embedding inside the mDOM, the excess indi-
cates additional water-induced photon backgrounds not implemented in the simulation.
The large uncertainty from the measured rate is a direct consequence of Cherenkov pho-
tons produced in the water, illuminating the frontside PMTs stronger (see Figure 8.3).

The investigation of the mean PMT rates confirms that the calibrated simulation repro-
duces the measured mean rates in air across all temperatures, whereas the pronounced
rate in water demonstrates the presence of a medium dependent background that lies out-
side the simulated optical background.

9.2 TEMPORAL ANALYSIS

The temporal structure of the background is examined by analyzing the photon arrival
statistics within and across coincidence windows.

9.2.1 At DISTRIBUTION

The normalized At distributions in Figure 9.1 (left air, right water) exhibit the characteristic
structure of a superposition of correlated photon bursts and uncorrelated noise pulses. In
the measured data, the correlated afterpulsing peak appears around —5.6 log,,(s), while
the uncorrelated region follows the exponential waiting time distribution expected for sta-
tistically independent hits (Equation 8.1). The simulation curves are systematically shifted
to larger At and display a reduced amplitude of the uncorrelated peak. This behavior fol-
lows directly from the lower absolute hit rates in the simulation (Table 9.1, first column)
and the absence of intrinsic PMT dark noise, and a marginal contribution from afterpuls-
ing. In the measurement, the O (350 s~ 1) thermionic component shortens the mean waiting
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FIGURE 9.1: Normalized At distributions for air (left) and water (right) for
measurement and simulation.

time and elevate the uncorrelated peak, whereas the simulation contains only the physical
photon background.

9.2.2 At-MULTIPLICITY CORRELATION

Figure 9.2 shows the mean inter-hit timing (At) as a function of multiplicity for measure-
ments and simulations in air and water. The quantity (At) denotes the average temporal
separation between consecutive photon hits within a coincidence window of 50ns. At
low multiplicities, (At) is relatively large, reflecting uncorrelated photon arrivals, whereas
increasing multiplicity produces a rapid decrease of (At) as the hit pattern becomes dom-
inated by prompt Cherenkov photons from single muon tracks.
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FIGURE 9.2: Mean inter-hit timing (Af) within 50 ns coincidence events as a
function of multiplicity for air (left) and water (right).

The simulations in both media show nearly constant and smaller values for m > 3, consis-
tent with a pure prompt light scenario in which no additional stochastic pulses are present.
The measurements lie systematically above the simulations. This deviation is caused by
uncorrelated PMT pulses that the simulation does not include, predominantly thermionic
dark noise and afterpulsing. The probability that at least one such pulse occurs within the
Aty = 50ns coincidence window is

Prand,any =1- exp (—N(yDR + ‘uAp) Atw) ~4 x 1074,
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with N = 24 PMTs. Although this probability is small, each additional uncorrelated hit
inserts a new temporal interval inside the fixed window. Because (At) is computed over
all inter-hit intervals inside a fixed time window, a single uncorrelated pulse introduces
an additional, typically long interval and therefore increases the mean rather than merely
broadening its distribution. A secondary contribution originates from the PMT TTS of
order 2-3 ns [28] which is not simulated.

The stronger discrepancy observed in water follows from its larger single-PMT rate and
the medium dependent background identified earlier in Table 9.1, which increases the
likelihood of uncorrelated hits and thus accentuate the shift in the measured curve.

9.3 SPATIAL CORRELATION ANALYSIS

Having established the temporal characteristics of photon detections through the At-multi-
plicity analysis, the spatial coherence of the detected photons hits is examined in this sec-
tion.

9.3.1 PMT CORRELATION

This is achieved by evaluating the pairwise coincidence correlations between all PMTs.
Figure 9.3 compares the normalized coincidence rates between any given pair of PMTs
within the 50 ns coincidence window for measurements and simulations in air and water,
respectively. The representation of the PMT ordering is differently chosen for air and water
noted as lower-upper and back-front as depicted in Figure 9.3 corresponding to the asym-
metric mDOM placement inside the water tank during measurements (see Figure 5.1).

In air (top), simulation and measurement show overall good agreement in both the global
structure and the relative intensity pattern. The PMT ordering reflects the upper and lower
hemispheres of the module, and enhanced lateral correlations between neighboring PMTs
within each hemisphere indicate the spatial clustering of internally generated photons.
The simulation, however, exhibits stronger correlations between vertically aligned equato-
rial PMTs of opposite hemispheres. This difference originates from the optical model: the
glass vessel and the optical gel are treated as continuous media in the simulation, whereas
the real mDOM consists of two glass hemispheres mechanically joined at the equatorial
interface. Moreover, the optical gel does not fully fill the internal volume, creating an
additional refractive boundary. Both interfaces act as weak Fresnel transitions that par-
tially reflect and attenuate photons, thereby reducing inter-hemispheric transmission and
suppressing the vertical correlations observed in the measurement, as quantified by the
relative deviation matrix shown in the right panel. The reduced inter-hemispheric corre-
lation originates from unmodeled optical interfaces at the equator (see Figure 9.4).
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In water (bottom), the simulation shows increased correla-

tions between PMTs in the upper hemisphere in comparison ’
to the measurement, in particular the upper polar PMTs. One
explanation might be the fact that during measurements the Optical e
water level did not reach the nominal tank height, whereas boundary

the simulation assumes a completely filled volume. This was TIR

an oversight not accounted for in the simulation. The ad-
ditional ~ 30cm simulated water increases the Cherenkov
photon yield near the top of the module and could therefore
enhance the simulated correlations for upper PMTs relative FIGURE 9.4: Schematic illus-

to the measurements. Future simulations should account for t.ratlon of total internal reﬂ.ec_
thi tion (TIR) and back-reflection
is.

at the optical boundary be-
The measurement shows the clear classification into front- tween the two glass hemi-

and backside of the module orientation. While backfacing  spheres in the real mDOM.
PMTs show less correlations, frontfacing reflect the direc-

tional Cherenkov light produced in the water surrounding.

Overall, this spatial correlation analysis demonstrates that the optical photon transport
and PMT geometry are accurately represented in the simulation. Small discrepancies, such
as the enhanced inter-hemispheric correlation in air and the stronger correlated upper po-
lar PMTs in the simulation, can be attributed to the simplified modeling of the equatorial
interface between the hemispheres and the different water level in measurement and sim-
ulation.

9.3.2 PMT PARTICIPATION PROBABILITY

The relative contribution of each PMT to coincidence events as a function of the multi-
plicity is shown in Figure 9.5. It represents the conditional probability P(PMT|m) that a
given PMT contributes to a coincidence event of multiplicity m within 50 ns. Each column
is normalized such that }_; P;(m) = 1, corresponding to the relative likelihood for a PMT
to participate in an event with m coincident hits within the 50 ns window. Darker regions
therefore indicate PMTs contributing more frequently to coincidence events of the respec-
tive multiplicity.

In air (top), both measurement and simulation exhibit an overall uniform response across
most PMTs, consistent with isotropic photon generation. Above m > 16, statistical fluctu-
ations dominate the pattern, and are therefore omitted in the figure. Both simulation and
measurement show a moderate increased participation for the lower polar PMTs (20-23),
nevertheless considerably stronger in the simulation. This is most pronounced at interme-
diate multiplicities (m ~ 5-13). This feature suggests a locally increased optical photon
density near the lower hemisphere due to geometrical effects, which favorable guide pho-
tons towards these PMTs. As the simulation models the boundary between both hemi-
sphere ideally, it is plausible, that this feature is more pronounced in the simulation.

In water (bottom), both measurement and simulation show the expected front-back aniso-
tropy associated with the directional Cherenkov field from through-going atmospheric
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FIGURE 9.5: Conditional probability P(PMT|m) that a PMT participates in

a coincidence event of multiplicity m for air (top) and water (bottom). Each

column is normalized to unity. The representation of the PMT ordering is
differently chosen for air and water noted as lower-upper and back-front.

muons as aleardy seen in Figure 9.3. Front-facing PMTs exhibit enhanced participation
across all multiplicities, while backside PMTs, viewing the tank wall, contribute substan-
tially less. The simulation reproduces this behavior but systematically overestimates the
participation of several front-facing PMTs, especially PMTs 4, 5, 12, and 13. In addition
to this effect, the simulation also overestimates the participation of the upper polar PMTs
(0-3) at higher multiplicities. The preference was already observed in Figure 9.3 and sup-
ports the hypothesis of the difference in the water level of approximately 30 % between
measurement and simulation. All four upper polar PMTs start contributing stronger at
m = 10, likely stemming from close-by downgoing muons, consistent with an increased
Cherenkov photon yield due to the higher water-level.
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9.4 COINCIDENCE RATES

In Section 8.4, the individual influences of the atmospheric muon flux and photons from
scintillation within the pressure vessel on the coincidence rate spectra were discussed.
Throughout this section, the coincidence rates introduced in Section 8.4 from the combined
background simulation and the comparison to the measurements are presented. Both sim-
ulation and measurement are taken under the same time conditions (T,cq = 260's in both
cases). Figure 9.6 shows the measured and simulated coincidence rates as a function of
multiplicity for both media. The spectra shown are plotted with statistical uncertainties
only.
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FIGURE 9.6: Measured and simulated coincidence rates as a function of multiplicity for
air (left) and water (right).

In air, the simulation underestimates the measured coincidence rate across all multiplici-
ties. This global offset is directly visible in the relative deviation (S — M) /M, where M and
S denote the measurement and simulation rate, which remains approximately flat and neg-
ative over the entire multiplicity range, demonstrating that the simulation systematically
underestimates the absolute rate without introducing a multiplicity dependent distortion.
However, the shape of the multiplicity spectrum is well reproduced. This is quantified by
normalizing both spectra to their respective single rate at m = 1 and forming

(Si/S1)

Ri= (M;/ M)

—1,
which remains close to zero up to high multiplicities. This indicates that the relative spec-
tral shape is consistent between measurement and simulation, despite the overall nor-
malization mismatch. Both measurement and simulation show a characteristic elevation
at intermediate multiplicities, generated by correlated Cherenkov photons from through-
going atmospheric muons and time-delayed photons retained within the optical module.
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Deviations at m > 15 are supposed to be dominated by statistical fluctuations.

In water, likewise the simulation underestimates the measurement across all multiplicities,
but the structure of the discrepancy differs substantially from results in air. The measured
spectrum follows a smooth, monotonic decrease with multiplicity, while the simulation
is lower in the low-multiplicity regime and approaches the measurement at high multi-
plicities. The excess for m < 5 is substantially larger than in air and indicates additional
uncorrelated photon sources in the tank that are absent in the simulation. This interpre-
tation is supported by the elevated single-PMT rates in water (see Table 9.1) and would
manifest as uncorrelated background contributing only in the lower m-range.

Trace radionuclides present in the water may contribute to this effect but cannot account
for the full discrepancy: the potassium content of the fill water (7.9 mg, K/1 [55]) cor-
responds to approximately 66¢g of potassium in the tank volume. With a natural °K
abundance of 1.17 x 10~* and a half-life of 1.3 x 10° yr [56], the resulting activity is A ~
2 x 10° s71. The number of Cherenkov photons is therefore of order 10° s~!, correspond-
ing to only a few photons per PMT per second. Thus “’K alone is insufficient.

Beyond YK, further backgrounds might arise from radioactive impurities in the tank walls,
the water itself, and the optical module glass. Any B or  emission depositing energy in
the water produces Cherenkov light, while radioactive energy depositions in the water
may additionally generate scintillation light. The scintillation properties of the water were
not measured, and the simulation does not include any of these processes. Radioactive
decays occurring outside the mDOM predominantly illuminate only one or a few PMTs,
which populates exactly the low-multiplicity regime where the discrepancy is observed. A
quantitative modeling of these contributions was beyond the scope of this thesis. Another
consideration should take the luminescence of water into account. In [AnnaPollmann]
dedicated measurements of the luminescence yield of water were performed, showing a
non-negligible yield, Y ~ 0.5y MeV. The consideration of this was beyond the scope of
this thesis.

The relative deviation (S — M)/M reflect this behavior: they are strongly negative at
low multiplicities, indicating the pronounced deficit of simulated uncorrelated photons,
and rise toward zero at higher multiplicities, where muon-induced correlated light dom-
inates. The normalized residuals, (S;/S1)/(M;/M;) — 1 increase strongly with multiplic-
ity up to m = 12 and reach values of order 3-7. This behavior is not a physical excess of
high-multiplicity events in the simulation but a direct consequence of the underestimated
single-PMT rate S;. Because the simulation lacks several uncorrelated background com-
ponents present in the water measurement, M; > Sy, and all ratios S;/S; are biased high.
At multiplicities m > 12, the residuals no longer follow a systematic upwards trend but
decrease again, flatten for higher m, indicating that the muon-dominated high-multiplicity
tail is reproduced with correct relative scaling. Around m ~ 10-14 the simulation shows
a elevated peak, which could be consistent with the observation earlier (Figure 9.5) that
upper polar PMTs contribute stronger starting at m = 10, which artificially increases the
multiplicity.
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The coincidence-rate comparison shows that the simulation reproduces the shape of the
rate behavior in good agreement. However, in both media, the simulation is underesti-
mated, resulting in a systematic offset. In air, this offset is global and constant. Further-
more, the qualitative shape of the distribution is also reproduced for water, the offset is
not constant. Together with the highly underestimated single rate (m = 1) this leads to
the conclusion that the measurement contains background sources producing hits in the
low-multiplicity region. The next section investigates the observed deviations between
measurement and simulation.

9.5 INVESTIGATION OF SYSTEMATIC EFFECTS

The observed deviations between measurement and simulation motivate a systematic
evaluation of selected simulation parameters and experimental conditions that influence
the coincidence rates.

9.5.1 VARIATION OF MUON FLUX NORMALIZATION

The constant offset observed in air in Figure 9.6 suggests that the measured coincidence
spectrum may be biased by an underestimated atmospheric muon flux normalization. The
flux used so far, ® = 33 m 257!, is derived from the scintillation panel measurement de-
scribed in Chapter 6. This value is subject to a simplified detector setup, which might
bias the atmospheric muon flux downward, as any inefficiency directly translates into a
reduced reconstructed flux.

For comparison, Chapter 6 provides an independent theoretical estimate obtained by prop-
agating the open-sky muon spectrum through the building material. This model explicitly
incorporates the building overburden and yields a flux normalization of ® = 83 m~2s™!
(Equation 6.10) for the same angular index n = 1.3 derived from the measurement. Al-
though based on simplified geometry and continuous energy-loss assumptions, this esti-
mate represents a physically motivated atmospheric muon flux in the laboratory. To assess
the sensitivity of the coincidence spectra to this normalization ambiguity, the simulation
was repeated using the theoretical estimated higher flux, ® = 83 m2s~! with n = 1.3.
Figure 9.7 shows the comparison for both media.

Increasing the flux reduces the gap between measurement and simulation across all mul-
tiplicities. The relative deviations and the residuals remain stable and flat up to m ~ 14,
confirming that the spectral shape is unchanged and that the improvement concerns only
absolute scaling.

In water, the higher flux increases the simulated rate at all multiplicities. At low multiplic-
ities the simulation remains below the measurement, most likely due to an unknown ex-
ternal background from the water tank as discussed in Section 9.4, which is not accounted
for in the simulation. Again, the simulation exhibits an excess around m ~ 10-14, and
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FIGURE 9.7: Measured and simulated coincidence rates as a function of mul-
tiplicity for air (left) and water (right). The simulation was performed with
atmospheric muon flux normalization ®,_1 3 = 83 m2s L.

the simulation exceeds the measurement, which arises from the higher photon yield seen
by the upper polar PMTs in the simulation due to the overestimated water level. Beyond
that multiplicity region, the simulation and measurements agree before large fluctuations
occur.

Table 9.2 lists the mean PMT rate of the higher flux, ®,-13 = 83 m~2s~!. For comparison,
the measured and lower flux (® = 33 m~2s™!) rates are also listed. The higher flux nor-
malization does increase the rate only by a few percent.

In conclusion, the muon flux normalization ® = 83 m~2s~! decreases the constant dis-
crepancy of the coincidence rates between measurement and simulation in air. In water,
the discrepancy is likewise reduced, leading to better overall consistency. At large mul-
tiplicities statistical fluctuations arise. In water, the distinct excess around m ~ 12 might
be explained by the different nominal water level heights in measurement and simula-
tion, leading to a greater participation of the upper polar PMTs in the simulation. When
the mDOM is placed in water, the measurements revealed an increased mean PMT rate
(Table 9.1), which is not visible in the simulation. This missing uncorrelated background
contributes to the low multiplicity bins, hence, increasing the deviations between mea-
surement and simulation in the lower region. This is not observed in the air plot, as the
offset between measurement and simulation is constant. Intrinsic PMT dark noise and
afterpulsing would not contribute to the higher multiplicities. The remaining, however,
smaller, constant offset in air for multiplicities up to ~ 10 suggests a slightly higher flux
normalization. However, this flux would make the simulation exceed the measurement at
higher multiplicities, thereby increasing the deviation between measurement and simula-
tion.
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TABLE 9.2: Mean PMT rates for simulation with ® = 33 m~2s~! and

® = 83 m 257!, compared to the measurement. PMT afterpulsing and

intrinsic dark noise are added to the simulation values. Rates for ®33 and
measurement were already shown in Table 9.1.

Medium  pgim (P = 33) (1/s)  psim(P = 83) (1/S)  meas (1/s)
Air 639 £+ 108 653 + 109 717 + 149
Water 569 + 108 613 +109 2461 + 872

9.5.2 ANGULAR DISTRIBUTION

The zenith dependence of the atmospheric

muon flux used in the simulations follows the 10]
empirical form I(6) = Ipcos#”. The expo- 203 n=13
nent was determined in Chapter 6, yielding % ' n=25
n = 1.3 4 0.2 (Equation 6.7). This fitted value 0]

is used for all simulations employing either the £ 0.4/

measured flux normalization ® = 33 m2s~! % 02

or the theoretically estimated normalization ai

®,_13 = 83 m 2s!. The theoretical esti- 00 5 20 20 0 <0
mate accounts for the building overburden but Zenith angle 0 (°)

does not independently constrain the angular

distribution. Consequently, the true exponent FIGURE 9.8: Relative zenith distributions for
within the laboratory may deviate from the fit- ~the angular exponents n = 1.3 and n = 2.5.
ted value.

To quantify the sensitivity of the coincidence rates to such deviations, two simulations
were performed with identical flux normalization of ® = 83 m~2s~! but different angular
exponents. One uses the fitted value n = 1.3, while the second adopts a steeper distribu-
tion with n = 2.5, representative of a more vertical dominated muon flux (see Figure 9.8).
The resulting coincidence rates are shown in Figure 9.9. In both air (left) and water (right),
the two angular hypotheses lead to nearly identical multiplicity shapes and normaliza-
tions. With the total flux fixed, the integrated number of muons entering the tank remains
unchanged, and the different angular weightings produce only minimal modifications to
the spatial illumination of the module. The coincidence rates therefore exhibit no signifi-
cant dependence on the precise value of the exponent.

9.5.3 VARIATION OF COINCIDENCE TIME WINDOW

The previous multiplicity spectra were computed using a fixed coincidence window of
50ns. Enlarging this window modifies the probability that additional, temporally uncor-
related photon hits fall inside a coincidence event, and therefore provided a direct probe
of the temporal structure of the underlying optical background. Figure 9.10 shows the
measured and simulated multiplicity spectra obtained for coincidence windows of 25ns,

1 ps, 500 ps and 1 ms for both air (top) and water (bottom) using ®,,—13 = 83 m2s lasan
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FIGURE 9.9: Simulated coincidence-rate spectra in air (left) and water (right)
for angular exponents n = 1.3 and n = 2.5, using a fixed flux normalization
of ® =83m~2s7 1.

input. In air, enlarging the coincidence window predominantly increases the probability
that intrinsic PMT dark noise hits fall inside a local coincidence window At;c. At 18°C,
the intrinsic PMT dark rate is by’ ~ 350s~! per PMT (see Table 8.2), corresponding to a
total PMT dark rate of 8400s! for the complete mDOM. The probability that at least one

dark noise pulse occurs inside Aty is
P(Atic) =1 — ¢ tretdiic,

This yields P(1us) < 1%, but P(500 ps) ~ 98.5 % and P(1ms) =~ 99.98 %. Thus, essentially
every time window contains at least one uncorrelated PMT pulse. Because these pulses
are spatially uncorrelated and uniformly distributed across the 24 PMTs, they accumulate
within each coincidence window and shift the measured multiplicity distribution system-
atically toward higher multiplicities while depleting the lowest bins. The simulation does
not exhibit this behavior because it contains neither intrinsic PMT dark noise nor after-
pulsing. Accordingly, the spectra show only a weak dependence on Aty ¢, with a moderate
increase in rate only when the window extends far beyond the prompt-light scale.

In water, enlarging the coincidence window reveals a qualitatively similar behavior. The
simulation shows only a weak dependence on At;c because it contains only the physi-
cal photon background from intrinsic radioactivity in the glass and atmospheric muons.
Both physical photon sources included in the simulation—Cherenkov emission from at-
mospheric muons and scintillation from trace radioactivity in the glass—produce photon
fields that are effectively prompt on the time scales relevant for the coincidence windows
considered here. Cherenkov emission is instantaneous, and although glass scintillation
exhibits decay constants in the ps regime, the resulting photons are emitted locally inside
the module and illuminate only a limited subset of PMTs. Because the simulation does not
include intrinsic PMT dark noise or afterpulsing, these localized scintillation bursts do not
accumulate additional uncorrelated hits. Consequently, the simulated multiplicity spectra
remain nearly invariant when At; ¢ is increased from tens of ns to the ms range.

In the measurement the situation is different. A substantial fraction of the observed single-
PMT rate originates from PMT-intrinsic processes. These uncorrelated pulses populate all
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FIGURE 9.10: Multiplicity spectra for coincidence windows of 25ns, 1ps,
500 ps and 1 ms in air (top) and water (bottom), compared to simulation.

PMTs uniformly and independently of the optical photon field. As At;c increases, the
probability for such pulses to enter a coincidence window rises steeply and they add sta-
tistically independent hits to all multiplicities. This mechanism is absent in the simulation
and therefore explains why the measured multiplicity spectra increase strongly at large
Aty c, while the simulated spectra remain nearly unchanged. In water the effect is en-
hanced by the significantly higher total PMT rate, which further increases the probability
of uncorrelated pulses contributing to each coincidence window.

A realistic simulation of these effects requires the inclusion of intrinsic PMT dark noise and
afterpulsing, as well as a characterization of the medium-dependent background in water.
Possible origins include radiogenic - and y-decays in the water, and photons undergoing
extended propagation due to scattering or reflections in the tank. All such processes con-
tribute uncorrelated single-PMT hits that naturally accumulate at large At;c and explain
the observed behavior in the measured spectra.
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9.5.4 TANK-WALL REFLECTIVITY

The reflectivity of the tank walls represents an additional optical parameter that can influ-
ence photon propagation inside the water volume, and thereby the resulting coincidence
rates. The tank used in the measurements is constructed from black plastic, which is ex-
pected to exhibit low reflectivity.

To assess the impact of this parameter, simulations were performed with wall reflectivities
of 1%, 3% and 5% using ®,-13 = 83 m~2s7 1. The resulting coincidence rates for the
water configuration are shown in Figure 9.11. Increasing the reflectivity primarily affects
the muon-dominated high-multiplicity region. As the reflectivity increases, a larger frac-
tion of photons undergoes wall reflections and remains within the tank volume, leading
to a small but systematic increase in the coincidence rate at high multiplicities. At low
multiplicities, where uncorrelated photons dominate, the effect is negligible because the
absorption length of water in the relevant wavelength range is only of order a few meters,
i.e. short compared with the tank dimensions, causing most photons to be absorbed before
a wall reflection can contribute [49].
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FIGURE 9.11: Coincidence-rate spectra in water for simulations with tank-
wall reflectivities of 1%, 3% and 5%, shown together with the measure-
ment.

9.5.5 ENVIRONMENTAL LIGHT INFLUENCE

The measurements were intended to be performed under light-tight conditions, with the
roller shutters of the water-tank setup designed to block external illumination. Long-
exposure photographs taken inside the tank with the shutters closed and the laboratory
ceiling lights switched on revealed several localized points of stray-light penetration. To
assess whether this leakage could influence the coincidence rates, dedicated measure-
ments were taken with the laboratory lights switched on and off while the mDOM was
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operated in water.

The resulting coincidence spectra, shown in Fig. 9.12, exhibit no measurable difference be-
tween the two conditions. These datasets were recorded at an early stage of the project
using a preliminary processing algorithm based on a sliding Aty c instead of a fixed At c,
and the spectra are therefore not directly comparable to the coincidence rates presented in
the previous sections. Nevertheless, any meaningful sensitivity to environmental illumi-
nation would manifest as an overall enhancement of the coincidence rate across all multi-
plicities. The absence of such a change demonstrates that stray light does not contribute to
the observed background and can be excluded as a source of the strong low-multiplicity
excess observed in water (see Table 9.1).
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FIGURE 9.12: Multiplicity spectrum in water with the laboratory ceiling lights switched

on and off, showing no detectable influence of external illumination. This multiplicity

spectrum was evaluated using a different analysis algorithm and is therefore not directly
comparable to the one presented previously.
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10 SUMMARY AND OUTLOOK

This thesis aimed to validate the simulation of the mDOM within the OMSim frame-
work [8] by benchmarking its predicted background behavior against controlled measure-
ments in air and water. Since an experimental characterization under true in-ice conditions
is not feasible, these controlled environments are essential for constraining the simulation
and enable a reliable projection of the mDOM performance to the IceCube Upgrade detec-
tor.

A genuine comparison between measurement and simulation requires that all background
components relevant in the laboratory environment are consistently represented in the
model. In the mDOM, the dominant contributions arise from trace radionuclides con-
tained in the borosilicate pressure vessel glass, from intrinsic PMT dark noise, and atmo-
spheric muons. The dominant radioactivity-induced background is already implemented
in OMSim, whereas the atmospheric muon contribution is specific to the laboratory con-
ditions. For this reason, a dedicated two-panel scintillation measurement was performed,
which yields a total downward muon flux of ®pmeas = (33.0 =4.8) m 25!, and was com-
plemented by a theoretical estimate accounting for the building overburden, which results
Do = (83.1£11.0) m 2571

The simulation was extended to include a muon injection model normalized to the atmo-
spheric muon flux. Independent studies ([35, 21]) have shown that scintillation parameters
of borosilicate glass vary between production batches. To account for this, the scintillation
yield was calibrated to the specific DVT09 module by requiring that the simulated corre-
lated PMT rate matches the measured one. This yield correction ensures that the simula-
tion reproduces the optical photon production of the actual module.

After including detector-specific effects—intrinsic PMT dark noise and afterpulsing—the
calibrated simulation reproduces the measured mean PMT rates in air across the full tem-
perature range (Table 9.1). The temporal and spatial analyses in air confirm this result.
Small residual discrepancies, such as enhanced inter-hemispheric correlations and ele-
vated participation probabilities of lower polar PMTs in the simulation, were traced to
simplified modeling of the pressure vessel and optical gel. The simulation treats these as
continuous media, whereas the real mDOM contains refractive boundaries at the equator
and gel gaps that attenuate inter-hemisphere photon transport.

The coincidence-rate spectra in air display a constant offset when using the measured flux
Dpneas, While their spectral shape is reproduced precisely. The simulation underestimates
the absolute rate by roughly a factor of five. This demonstrates that the correlated-light
physics is implemented correctly but that the absolute rate normalization is biased by an
underestimated muon flux. Using the theoretical flux ®y,e, reduces this offset close to one
and improves the agreement between measurement and simulation. The influence of ab-
sent uncorrelated hits in the simulation from intrinsic PMT dark noise and afterpulsing
becomes most visible when the coincidence time window is enlarged from ns to ms: the
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measurement shifts toward higher multiplicities, whereas the simulation remains nearly
invariant, as it contains no stochastic PMT pulses by construction.

In water, Cherenkov photons are released in the environment of the mDOM due to travers-
ing atmospheric muons. Comparing the mean PMT rates reveals a pronounced discrep-
ancy between measurement and simulation: the simulated rate underestimated the mea-
sured rate by 1800s~! per PMT (Table 9.2). The temporal and spatial analysis, together
with the coincidence rates, demonstrates that this excess originates from uncorrelated pho-
ton hits. Potential sources such as *°K in the water, tank-wall reflectivity variations, and
environmental illumination were evaluated and found to be insufficient. A variation of
the Geant4 production step size verified that the energy deposition and resulting photon
emission are stable. The angular distribution of the muon flux was also tested; modifying
the exponent has no effect on the multiplicity spectra and thus cannot explain the mis-
match of the mean PMT rate in water between measurement and simulation.

The spatial correlation in water further identified a systematic overestimation of upper
polar PMT activity in the simulation. This effect is traced to an unaccounted mismatch in
water level: the simulation assumed a fully filled tank, whereas the real measurement was
performed with a water level approximately 30 cm lower. This increases the simulated
Cherenkov photon flux on the upper polar PMTs and explains their disproportionate con-
tribution in the simulation.

Altogether, the results demonstrate that the simulation reproduces the correlated optical
background-scintillation and muon-induced Cherenkov light-once the scintillation yield
is calibrated. The remaining discrepancies suggest that they stem from uncorrelated back-
ground absent in the simulation. In air, this is understood and explained by intrinsic
PMT dark noise and afterpulsing. In water, they indicate an uncharacterized medium-
dependent photon source, likely associated with trace radiogenic processes or lumines-
cence of the water or tank materials.

The water was not characterized in this thesis. A dedicated measurement of water lumi-
nescence under controlled excitation would be necessary to assess whether this process
contributes at the observed level. Future work should also measure the trace amounts
of radioactive isotopes and dissolved impurities, quantify the photon yield from %K and
other radionuclides, in order to validate the observed background excess. Implementing
the equatorial glass interface and gel boundaries would bring the simulation to a higher
level of accuracy. In particular, incorporating intrinsic PMT dark noise at room tempera-
ture and afterpulsing into OMSim would enable a more complete quantitative compari-
son.
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A ATMOSPHERIC MUON PARAMETRIZATIONS

The atmospheric muon flux at the Earth’s surface is commonly described by an empirical
parametrization. A widely used expression is the standard Gaisser formula [Gaisser1990],
which approximates the differential intensity of surface muons as

AN 1 0.054
——=(E,0) = 0.14E*7 T1Ecoss T1Ecosf |’ (A1)
dE dQ 1+ 56y 1+ Socey

with the energy E in GeV and the zenith angle 6 measured from the vertical. This expres-
sion accounts for muons from pion and kaon decays, and captures the competition be-
tween decay and reinteraction in the atmosphere. It is accurate in the range E 2> 100 GeV
and 6 < 70°, but becomes less reliable at large zenith angles where the flat-Earth approxi-
mation is no longer valid.

For improved accuracy at low energies and large zenith angles, Guan et al. [51] intro-
duced a modified parametrization, which corrects for the curvature of the atmosphere
and includes a low-energy suppression factor. The flux is expressed as

dN 1 0.054 3.64 —27
——(E,0) « E*7 TiEcoso” T 11E 6*] (1+ 129 *) ’ (A.2)
dE dQ) 1+ 595Gv 1+ s0cey E cos™->0

where cos 0 is an effective zenith angle to account for the curved atmosphere. This
parametrization reproduces measured surface muon intensities from O (1 GeV) up to multi-
TeV energies and across the full angular range.

In the simulation used for this thesis, muon energies are generated according to Equa-
tion (A.2).






B PMT SPECIFICATIONS

TABLE B.1: Requirements for mDOM PMT performance parameters [37]
based on KM3NeT specification [57].
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Metric Specification Tested
Operational Temperature —45°C to 30°C
Storage Temperature —60°C to 50°C
Cathode Voltage @ Gain 5 x 10° 950 V to 1350 V v
Quantum Efficiency > 7% @ 325nm
> 25% @ 380 nm v
> 15% @ 500 nm v
Mean SPE Amplitude > 6mV @ Gain 5 x 10° and 50 Q) load v
Transit-Time-Spread (c) < 2.0ns (full frontal illumination @ SPE) v
Rise Time (10%—-90%) > 1.0ns and < 5.0ns (100 PE pulse) v
SPE Charge Resolution (c) < 0.7PE v
Peak-to-Valley Ratio > 2.0 v
Amplitude Linearity (within 10%) > 100 PE
Prepulses [-20ns, —10ns] < 1% @ 0.2 PE threshold and —20°C v
Late Pulses [15ns, 80 ns] < 5% @ 0.2 PE threshold and —20°C v
Afterpulses [100ns, 12 us] < 15% @ 0.2 PE threshold and —20°C v
Dark Rate < 150 Hz @ 0.2 PE threshold, t3e;q = 100ns, v

@ —20°C after 5h in dark
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CHAPTER C. ADDITIONAL PROVIDED FIGURES

FIGURE C.3: Different perspectives of a simulated muon traversing the
mDOM in an air environment, with photon paths shown in orange and in-
teraction points in yellow.
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