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Abstract

The IceCube Neutrino Observatory has been detecting high-energy neutrinos since 2011. To
enhance its sensitivity to lower-energy atmospheric neutrinos, seven strings equipped with
newly developed optical modules and calibration devices will be deployed in the Antarctic
summer 2025/26. A proper calibration for the photomultiplier tubes (PMTs) and electronics
of the optical modules is required to ensure reliable data interpretation. In the scope of
this thesis, in-situ calibration routines for multi-PMT Digital Optical Modules (mDOMs)
included in the IceCube Upgrade are developed. In contrast to current approaches, these
routines do not rely on arti�cial light sources. Thus, these routines can still be used in case
of dysfunctional 
asher LEDs. The PMT gain calibration is based on single photoelectron
(SPE) charge spectra generated by dark noise in the PMT. Two di�erent �t approaches
are evaluated. The obtained calibration results are reproducible and typically deviate less
than 5 % from the target gain. Thus, they ful�ll the precision requirement de�ned in
this thesis. Smaller systematic deviations between the �t approaches are observed as well
as deviations between the dark noise and LED based calibrations. The accuracy of all
investigated approaches used in this thesis, including the LED calibration, are to be evaluated
in the future. Furthermore, two methods for the discriminator threshold calibration are
developed and evaluated. A dark noise based approach achieves the target threshold with
good agreement to LED measurements. A long-term monitoring routine using dark noise
demonstrates that the gain drifts by less than 1.5 % and the threshold drifts up to 6.9 %
over several weeks. Thus, the results of this thesis show that it is possible to calibrate both,
gain and threshold without arti�cial light. Such approaches can also be used for in-situ gain
and threshold monitoring during normal detector operating conditions.
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1 Introduction
Humans have always been eager to learn about their environment and the basic laws of
physics [1]. Even though science and research have evolved throughout the centuries, many
fundamental questions remain unanswered. Questions regarding both the smallest and
largest structures in the universe persist [2].

There are many di�erent experiments with the purpose of answering such questions. One of
them is the IceCube Neutrino Observatory located at the South Pole [2]. This experiment
uses electrically neutral elementary particles, called neutrinos, as messenger particles to
learn about both the neutrino itself and its production processes in the Universe. IceCube
is an optical neutrino detector that uses a cubic kilometer of Antarctic ice as interaction
and detection medium. Charged particles created as a result of neutrino interactions induce
Cherenkov radiation in the medium, which is subsequently detected by an array of Digital
Optical Modules (DOMs)

To enhance the sensitivity to lower neutrino energies, an extension of the existing IceCube
detector, the IceCube Upgrade, will be deployed in the austral summer 2025/26 [3]. The Up-
grade will consist of several di�erent kinds of optical modules. One of them is the multi-PMT
Digital Optical Module (mDOM) which is especially relevant for this thesis. In contrast to
the IceCube DOM that contains only one large PMT, the mDOM comprises 24 smaller PMTs.

As for every other physics experiment, some electronics within the mDOM must be cali-
brated properly to enable the correct interpretation of the measurement results [4]. For
the mDOMs, this includes the calibration of the gain of the photomultiplier and the pulse
readout triggering threshold, referred to throughout this thesis as the discriminator threshold.

So far, dedicated LEDs included in the mDOMs are used for the calibration of the electronics
during �nal acceptance testing [5]. This requires fully functioning calibration LEDs. To
ensure that an mDOM can still be calibrated in the case of a 
asher LED dysfunction,
alternative calibration routines that do not rely on arti�cial light are desirable. In the scope
of this thesis, calibration routines for gain and discriminator threshold using PMT dark
noise are developed and tested for the mDOM. Furthermore, a discriminator threshold
calibration routine using a test pulser is investigated. In addition, the long-term stability of
the gain and the discriminator threshold is studied using dark noise. The goal is to help
determine a reasonable calibration schedule as unnecessary re-calibrations should be avoided.
Finally, such an approach can be used in-situ to verify the accuracy and stability of the
current calibration settings. This is the �rst study of such calibration routines and long-term
variations using a fully integrated mDOM.

1





2 Basic Concepts
In this chapter, the theoretical basics for this thesis are explained. This includes neutrino
physics and astronomy, the Cherenkov e�ect and the functionality of photomultiplier tubes.

2.1 Neutrinos

Neutrinos are elementary particles and are part of the Standard Model of particle physics [6].
The existence of neutrinos was �rst postulated by Wolfgang Pauli in 1930 [6]. At this time,
it was assumed that in� decay, a neutron is transformed into a proton producing a single
electron. However, measurements of the energy distribution of the electron showed that
this initial assumption was not justi�ed. To ensure energy conservation, Pauli introduced an
additional particle, the neutrino, changing the overall functional form of the� � decay:

n �! p + e� + �� e: (2.1)

This is still valid as of today.

Due to this decay scheme, the neutrino has to have certain speci�c properties to not break
any other conservation law [6]. For example, its mass must be small and it is required to
not have an electrical charge. This lead Pauli to the assumption that it is impossible to
detect such a particle.

Nevertheless as known today, the neutrino does interact via weak interaction and can
therefore be detected indirectly using secondary particles [2]. Such interactions are described
in Section 2.1.1. Additionally, it will be discussed that the absence of an electrical charge
of the neutrino can also be an advantage in the framework of astroparticle physics (cf.
Section 2.1.2).

In the Standard Model of particle physics, the mass of a neutrino is assumed to be zero.
This assumption is still present, even though it was proven that the neutrino can indeed not
be massless [7]. This is due to the observation of neutrino oscillations that will be described
brie
y in Section 2.1.3. In such an oscillation the neutrino can change its type, or 
avor. In
total, there are three di�erent neutrino 
avors: the electron, muon and tau neutrinos (� e,
� � , � � ). In addition, each neutrino has a corresponding anti-particle: (�� e, �� � , �� � ).

2.1.1 Neutrino Sources, Production and Interaction

In this section, the sources and production mechanisms for neutrinos are described as well
as their interactions.

3



2 Basic Concepts

Neutrinos Sources and Production

There are di�erent processes and sources in which neutrinos can be produced [7]. Depending
on source and process, the energies of the produced neutrinos can vary and help to distinguish
neutrinos of di�erent origins. In Figure 2.1, the expected neutrino 
uxes of di�erent sources
are shown.

Figure 2.1: Overview of expected neutrino 
uxes in di�erent energy regimes of di�erent
sources. Figure taken from [7].

Energies, from 100 MeV up to several TeV, are reached for neutrinos produced in the
atmosphere. In this scenario, neutrinos are generated as secondary particles when primary
cosmic rays, especially protons, interact with the atoms of the atmosphere. Pions and kaons
are created that subsequently decay, producing neutrinos [8]. The dominant decay channels
for both particles are [9]:

� � �! � � +
(� )
� � (2.2)

K � �! � � +
(� )
� � (2.3)

The muons themselves then can decay again into neutrinos:

� � �! e� +
(� )
� e +

(� )
� � : (2.4)

A neutrino 
ux that mainly consists of (anti-)� � and sub-dominantly of (anti-)� e is expected
from the atmosphere [10]. The ratio of the neutrino 
avors is energy dependent. At low

energies, i.e., at the GeV scale, a 
avor ratio of
(� )
� � :

(� )
� e � 2 : 1 is expected. However,

the contribution of (anti-) � e decreases with increased energy as the muons produced in the
atmosphere are more likely to reach the surface of the Earth before they decay. Furthermore,
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2.1 Neutrinos

the creation of (anti-) � � is suppressed for low energies (GeV) due to the mass of the
charmed mesons and the� -lepton required to produce them [11].

Neutrinos produced in astrophysical objects such as active galactic nuclei (AGN) can be even
more energetic with energies up to EeV [7]. These neutrinos are often generated by proton
interactions. There are two potential main processes, but their relative contribution is still
to be determined. Protons can for example interact with other protons in a target gas in
the area in or around the astrophysical object. Furthermore, protons can also interact with
a radiation (photon) �eld, forming a delta resonance that subsequently decays into pions. In
either case, the resulting pions can then produce neutrinos as described before. Additionally,
neutrinos can also be produced in free neutron decays. A goal of current neutrino detectors
such as IceCube (cf. Section 3.1) is to determine the production mechanisms of neutrinos
in astrophysical sources [12].

Neutrino Interactions

Neutrinos themselves only interact via weak interaction and have relatively low interaction
cross sections [7]. In general, one can distinguish two types of neutrino interactions, charged
current (CC) mediated by a charged W boson and neutral current (NC) interactions where
an uncharged Z boson is involved. The di�erent types of interactions in matter are shown
in Figure 2.2.

(a) CC interaction (b) NC interaction

Figure 2.2: Diagrams of di�erent deep-inelastic neutrino interaction types in matter. Figure
from [13].

In the energy range of interest to IceCube (cf. Section 3.1), neutrinos most often interact
with individual quarks inside a nucleus through a process called deep-inelastic scattering
[10]. In a CC interaction, the deep-inelastic scattering of an incoming neutrino leads to an
outgoing charged lepton of the same 
avor as the neutrino and a hadronic cascade [7]. In
an NC interaction, both the incoming and the outgoing particles are neutrinos of the same

avor and a hadronic cascade is created.
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2.1.2 Neutrino Astronomy

As described above, neutrinos can be produced in di�erent astrophysical scenarios and their
properties make them very interesting messenger particles for astronomy [12].

On the one hand, neutrinos are electrically neutral [14]. Therefore, they do not get de
ected
by magnetic �elds on their way through the universe. Thus, the direction of their origin
can be inferred back when the incident neutrino direction is observed. The good direction
reconstruction possibilities are especially present for muon neutrinos interacting via a CC
interaction. For high energies, the angle between the incoming neutrino and the outgoing
muon is almost negligible. Additionally, the muon can travel long distances within the
detection medium. Thus, the CC muon neutrino interaction is sometimes referred to as the
'golden channel' for neutrino astronomy, allowing to search for point sources.

In addition to the absence of electrical charge, neutrinos have an overall small interaction
cross section [14]. Despite making it harder to detect neutrinos, this enables them to escape
particularly dense areas where for example
 rays are absorbed. Thus, neutrinos enable the
investigation of regions where
 rays cannot be used as messenger particles.

Furthermore, neutrinos are valuable particles for multi messenger astronomy [12]. For
example,
 rays can be produced by a decay of a neutral pion (� 0 �! 
 + 
 ). However,
from theoretical models it is likely that not only neutral pions are created but also equal
amounts of charged pions. As described before, these charged pions then decay into muons
and neutrinos. Therefore, there are models predicting that some
 ray sources are also
good candidate neutrino sources. The additional measurement of neutrinos from such a
source would help to understand the production mechanisms and local environment in this
astrophysical object even better.

Neutrino astronomy is a relatively new branch of astronomy but important observations
were possible using for example the IceCube Neutrino Observatory, which is explained in
more detail in Section 3.1. For example in 2013, a high-energy astrophysical neutrino 
ux
was discovered by IceCube [15]. Additionally, IceCube observed neutrinos from the galactic
plane with a signi�cance of 4.5� (2023) [16].

2.1.3 Neutrino Oscillations

In the time around the year 1970, the Homestake experiment started its data acquisition to
measure solar neutrinos [17]. These neutrinos were detected using the inverse� decay on
chlorine atoms:

37Cl + � e �! 37Ar + e� : (2.5)

The number of observed neutrino interactions was then compared to the expected number of
neutrinos derived from the standard solar model. It turned out that only approximately 30 %
of the predicted neutrinos were measured in the experiment. Following this result, at least
three hypotheses were put forward. Some scientists questioned the results of the Homestake
experiment, while some others suspected issues with the standard solar model. The third
hypothesis was based on the phenomenon of neutrino oscillations described already in 1957
by B. Pontecorvo. In this scenario, the electron neutrinos oscillate into another neutrino
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avor and will therefore not be detected by inverse� decay and can explain the observed
de�cit. Later on, experiments such as Kamiokande con�rmed the solar neutrino de�cit
making hypothesis number one unlikely. By detecting neutral current interactions of all

avors, the Sudbury Neutrino Observatory (SNO) experiment demonstrated that the results
were indeed compatible with neutrino oscillations [18]. The observation of an atmospheric
muon neutrino de�cit helped to con�rm the neutrino oscillation theory using an additional
source and neutrino 
avor [19]. With this, a massless neutrino as described in the standard
model of particle physics was no longer feasible.

To explain the mechanism behind neutrino oscillations, eigenstates need to be considered
[20]. On the one hand, the neutrino is produced and measured in its 
avor eigenstate, i.e. it
is observed either as a� e, � � or � � . On the other hand it propagates in its mass eigenstates
� 1, � 2 or � 3 that are di�erent from the 
avor eigenstates. The 
avor eigenstates can be
expressed as linear combinations of the mass eigenstates. In matrix notation, the linear
combination is given by a matrix vector product:

0

@
� e

� �

� �

1

A =

0

@
Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

A

0

@
� 1

� 2

� 3

1

A (2.6)

Here,U�i are the matrix elements describing the mixing between 
avor state� and mass
state i . This mixing matrix is also known as the Pontecorvo{Maki{Nakagawa{Sakata
(PMNS) matrix [20].

This 3x3 matrix is assumed to be a unitary matrix [20]. This implies that the 3 neutrino

avors are considered to be a full base. This unitary matrix can be described by 4 independent
and free parameters of which typically 3 are interpreted as weak mixing angles� 12, � 13 and
� 23. In a common parametrization of the PMNS matrix, these angles are de�ned by 3 Euler
angles of a rotation in 3D [20]. The last free parameter is a CP violating phase� CP. This
can be written as:

U =

0

@
c12c13 s12c13 s13e� i� CP

� s12c23 � c12s23s13ei� CP c12c23 � s12s23s13ei� CP s23c13

s12s23 � c12c23s13ei� CP � c12s23 � s12c23s13ei� CP c23c13

1

A (2.7)

Here,cij = cos � ij , respectivelysij = sin � ij [20].

The oscillation probability in vacuumP(� � ! � � ) at a certain distanceL from the initial
starting point can be calculated [20]. This uses the inner product of the required �nal state
h� � j and the time evolved state at position Lj (L )i . The result depends on the entries
of the PMNS matrix, i.e. on the respective mixing angles. Furthermore, this probability
also depends on the distanceL, the energyE and the squared mass di�erence� m2

ij of
the mass eigenstates. The masses come into play when making use of the relativistic
energy-momentum relation in the ultra relativistic limit, i.e.p >> m .

The investigation of neutrinos from di�erent sources, i.e. with di�erent initial 
avors and
energies are of great interest in the �eld of neutrino physics [20]. Experiments specializing
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in the detection of neutrinos of di�erent origins are sensitive to di�erent mixing angles and
mass splittings. Therefore, the mixing angles can be named after the respective neutrino
origin. The angle� 12 is also referred to as 'solar mixing angle',� 23 is the 'atmospheric
mixing angle' and� 13 can be interpreted as 'reactor mixing angle'.

There a still a lot of open questions in neutrino physics. For example, the octant of the
atmospheric mixing angle is not yet determined [21]. The knowledge of the octant will
improve the understanding of both neutrino compositions and the masses of neutrinos. Many
properties regarding the neutrino masses are still unknown [22], [23]. The absolute neutrino
mass is not accessible using neutrino oscillations and only upper limits can be estimated
using high precision measurements of the energy spectrum of the� decay [22]. However, in
certain cases, e.g. when matter e�ects come into play, it is possible to determine the sign
of the mass di�erences. Using the Mikheyev{Smirnov{Wolfenstein (MSW) e�ect for solar
neutrinos, it was determined that the mass of mass eigenstate 1 is lower than that of mass
eigenstate 2 [23]. However, it is still unknown if mass eigenstate 3 is heavier (normal mass
ordering) or lighter (inverted mass ordering) than the other mass eigenstates [20]. Both
ordering possibilities with the corresponding 
avor compositions are shown in Figure 2.3. It
may be possible to determine the mass ordering using atmospheric neutrino oscillations in
the Earth with future neutrino experiments like the IceCube Upgrade [23].

Figure 2.3: Sketch of neutrino mass ordering possibilities. The respective 
avor composition
is shown as color scheme. Figure from [24].

2.2 Cherenkov E�ect

As described in Section 2.1, neutrinos cannot be detected directly but by secondary particles
produced in their interactions. The Cherenkov e�ect described in this section is a common
tool for indirect neutrino detection [25].

In the case that a non-relativistic charged particle moves through a dielectric medium,
the atoms in the medium are temporarily polarized symmetrically around the particle [25].
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2.3 Photomultiplier Tubes

Figure 2.4: Schematic of the Cherenkov e�ect. Figure adapted from [26].

Due to deconstructive interference of the dipole radiation, no overall radiation is emitted.
However, when a charged particle moves faster than the local speed of light in the medium,
an e�ect known as Cherenkov radiation can be observed. A schematic of this e�ect is
shown in Figure 2.4. The information for the polarization of the medium travels with the
local speed of light. As the charged particle travels faster than this, an excess temporary
polarization of the medium is left behind the particle. The spherical wavelets produced by
the polarization interfere constructively on a cone, denoted by (A) in Figure 2.4, generating
a conical wavefront. Electromagnetic radiation is therefore emitted along the surface of a
second cone, the Cherenkov cone, perpendicular to the cone of constructive interference. The
opening angle of the Cherenkov cone, the Cherenkov angle� c, can be derived geometrically
and is given by:

cos� c =
1

� � n
: (2.8)

In this relation, n is the refractive index of the medium and� = v
c with particle velocityv

and speed of lightc [25].

The photon yield of the Cherenkov radiation can be calculated using the Frank-Tamm
formula [27]. For a relativistic charged particle traversing media such as water or ice,
approximately 250 photons per meter are emitted within a wavelength range of 300 to
500 nm. Therefore, the emission ranges from optical blue light to ultraviolet light. Such
photons can be detected using photomultiplier tubes as described in the following.

2.3 Photomultiplier Tubes

An important component for optical neutrino detection are photomultiplier tubes (PMTs).
To accurately understand and interpret the measured signals, the properties of PMTs must
be quanti�ed in detail. This section provides an overview of the basic working principle, as
well as the dark rates and typical photoelectron charge spectra.
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2 Basic Concepts

2.3.1 Working Principle

The general idea of a PMT is to convert a faint light signal into an measurable electrical
signal [28]. A photomultiplier consists of di�erent parts, mainly a photocathode, several
dynodes and an anode accommodated inside an evacuated glass tube. A successively larger
accelerating voltage is applied between the dynodes [28]. A corresponding schematic is
shown in Figure 2.5.

Figure 2.5: Schematic of a photomultiplier tube. An incident photon is converted to a
photoelectron at the photocathode and is subsequently ampli�ed. The voltage divider for
the 8 dynodes is included as well as a readout using a resistor. Figure from [29].

When a photon with an energy larger than the band gap of the material hits the photo-
cathode, the photon can be absorbed and an electron is released from the material, which
is known as the external photoelectric e�ect [28]. This emitted electron is then called a
photoelectron. Due to the applied voltage, the electron is accelerated to the �rst dynode.
There, further electrons are released from the material by ionization and excitation processes.
By the use of a voltage divider, the voltage to the next dynode is always higher than the
previous one. Therefore, it is ensured that the electrons are indeed accelerated further to
the following dynode. Through this repeated acceleration of a growing number of electrons,
an electron avalanche is created. After several dynodes, the electron avalanche can then be
converted into an measurable current at the anode. A voltage signal is typically readout in
the end using a resistor.

The ampli�cation factor g, also referred to as gain, of a photomultiplier tube withN dynodes
can be described mathematically using two di�erent coe�cients [30]:

g(V ) =
NY

i =1

di ci : (2.9)

The mean number of electrons released at dynode stage i is given by the secondary emission
coe�cient di . This number depends on the energy of the incident electron and therefore
depends on the applied high voltageV accelerating the electrons. However, due to the
geometry of the PMT itself, not all of these secondary electrons might reach the next
dynode. Therefore, an additional factor must be considered which is the inter-dynode
collection e�ciency ci . With these factors and the number of dynodes in the PMT, the
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2.3 Photomultiplier Tubes

average number of electrons at the anode per photoelectron can be calculated. This gain is
thus high voltage dependent.

The shape of a PMT signal depends on several properties such as the inner structure of
the speci�c PMT and the readout circuit [31]. A typical PMT signal, without further pulse
shaping, has a steep leading edge, often referred to as rising edge and a shallower trailing
edge, also called falling edge. The terms of rising and falling edge are derived from a PMT
pulse with positive amplitude. However, in many circuits, the outgoing PMT pulse has a
negative amplitude and the leading edge is termed rising edge nonetheless. This is the case
for the pulses analyzed in this thesis.

The characteristic shape of the PMT pulses is a superposition of di�erent e�ects. The PMT
can be interpreted as a current generator in parallel with both a resistor and a capacitor [32].
This includes the charging characteristics of the dynodes [33]. Another e�ect contributing
to the pulse shape is the angular and energy distribution of the secondary electrons [34].
The steep leading edge of the signal is created by electrons with maximum energy and
an ideal path inside the PMT, while electrons with less energy, respectively longer paths
inside the PMT contribute to the shallower trailing edge of the signal. The overall observed
signal at the anode is then a convolution of the signals at the individual dynodes and thus
becomes Gaussian for an in�nite number of dynodes. However, the raw PMT signal is
usually further processed. The resulting pulse shape can be characterized using its rise and
fall time, de�ned according to the rising and falling edge, and the total length of the signal.
Rise and fall times are de�ned by the time the signal needs to rise, respectively fall, between
10 % and 90 % of the positive pulse amplitude.

In most experiments that employ PMTs, the time resolution plays an important role [31].
For example in IceCube, the timing of a signal is crucial to determine the angle under which
a charged particle crossed the detector. The time between the incident light and the signal
arrival at the output of the PMT is called transit time (TT). The variation of it is called
Transit Time Spread (TTS) and can be interpreted as the single photon time resolution of
the PMT.

In an ideal case, every incident photon will lead to the emission of a photoelectron. However,
in a real system the percentage of photons producing photoelectrons depends on the
wavelength of the incident photon, the material of the photocathode and the optical
properties of the PMT entrance window [28]. The quantity describing this e�ciency is
called quantum e�ciency (QE). The quantum e�ciency of the PMTs used in this thesis is
given byQE375 =(27 :5 � 1:1) % at a wavelength of375nm and QE505 =(18 :1 � 1:3) % at
a wavelength of505 nm [35].

2.3.2 Dark Rate

When a PMT is shielded from external light sources, i.e. placed in a dark room, it will still
produce measurable signals [28]. This phenomenon is called dark noise which is a collective
name for several independent processes.
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2 Basic Concepts

Dark Noise from Photocathode and Dynodes

The most important source of dark noise at room temperature is thermionic emission of
electrons from the photocathode [28]. This emission is possible when the thermal energy of
the electron is larger than the work function of the cathode material. The work function
describes the energy that must be exceeded by an electron to be able to escape from the
material [36]. The released electron is then treated just as a real photoelectron and therefore
shows up as such at the PMT output. In principle, thermionic emission from the dynodes
is possible as well. As this e�ect depends on the thermal energy of the electrons in the
materials, thermionic emission is strongly temperature dependent and is therefore almost
negligible for PMTs operated at low temperatures.

When a photomultiplier tube is operated at a high gain, background noise can be produced
by �eld emission [28]. That means that electrons are released from the dynode material by
the applied strong electric �eld. Such high gain settings should be avoided to not reduce
the life time of the PMT.

Dark Noise from PMT Glass and Surrounding Materials

Important sources of dark noise at lower temperatures are radioactive decays within the
glass of the PMT itself and surrounding materials [28]. In this thesis, the PMTs are housed
in a pressure resistant vessel that consists of borosilicate glass. Sources of radioactive
decays in such glasses, i.e., in the PMT window and the pressure vessel, are40K as well
as elements from the decay chains of238U, 235U and 232Th [37]. 40K for example is a
naturally occurring radioactive isotope which has an abundance of 0.0117 % and a half-life
of 1:27� 109 years [38]. The full corresponding decay scheme of40K is shown in Figure 2.6.
The dominant decay channel is the� � decay, transforming the unstable40K into stable
40Ca [39]. The electron created in this decay has enough energy to generate photons via
the Cherenkov e�ect in the glass of the PMT. A corresponding calculation is provided in
Appendix A. In 11 % of the decays, electron capture (EC) occurs. This is related to the�
decay. Instead of a neutron decaying under the emission of an electron, an electron of the
atom is used to transform a proton into a neutron. As the now open space in the atom is
successively �lled by electrons from the shells above, the released energy is emitted as X-rays.

Figure 2.6: Decay scheme of40K. Electron capture is denoted by EC. Figure from [38].
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2.3 Photomultiplier Tubes

In certain materials, the absorption of energy from ionizing radiation can lead to the emission
of characteristic, visible, light in the de-excitation process of an atom [25]. The general term
of such an emission process is luminescence, while it is typically referred to as scintillation
when the excitation is caused by ionizing radiation. The production of scintillation light is
temperature dependent. At higher temperatures, the de-excitation of the atoms via fully
non-radiative processes is possible, reducing the amount of observed photons [37]. The prop-
erties of scintillation in borosilicate glass were investigated in more detail in [40], [41] and [37].

The photons generated either by Cherenkov radiation or more likely by scintillation can then
be detected by the PMT [37]. Backgrounds induced by radioactive decays and thermionic
emission are especially relevant for this thesis.

Additionally, muons as part of the secondary cosmic radiation can also produce Cherenkov
photons in the PMT glass and therefore induce background noise [28].

2.3.3 Photoelectron Charge Spectrum

Before a photomultiplier tube can be used e�ectively for single photon detection, it needs
to be calibrated [31]. For this purpose, typically a faint external light source is used. The
dim light source, e.g., a light emitting diode (LED), is operated in a pulsed mode, releasing
discrete light pulses. The PMT readout is triggered in coincidence with the released light
pulse. Then the charge observed in the PMT signal is calculated by integrating over the
signal in time and considering the impedance of the readout electronics. This is explained
in more detail in Section 4.2.2. From these individual signals, a charge spectrum, termed
the single photoelectron (SPE) charge spectrum, is built waveform by waveform (cf. Fig-
ure 2.7). As the photomultiplier has only a certain e�ciency, not every waveform will
contain a reasonable signal, thus some will only record the baseline of the PMT. These
events form a characteristic peak around zero charge in the SPE spectrum called the pedestal.

Another distinct feature in the SPE spectrum is the SPE peak. It contains real events that
were induced by a single photoelectron. The width of this peak is a measure for the total
electron yield throughout the ampli�cation process, and therefore, the resolution of a single
photoelectron. The gaing can be derived directly from the SPE peak position� SPE:

g =
� SPE

e
(2.10)

with elementary chargee.

When several photons arrive at the photocathode simultaneously and more than one pho-
toelectron is created, the resulting events will then be part of the multi-photoelectron
contribution [31].

A schematic representation of such an SPE charge spectrum and its individual components
as well as the corresponding charge acquisition is shown in Figure 2.7.
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2 Basic Concepts

Figure 2.7: Charge acquisition (left) and individual components adding up to a full SPE
charge spectrum (right). Waveforms that only contain noise (top left) contribute to the
pedestal of the SPE charge spectrum (right). Waveforms with actual signals (bottom left)
contribute to the SPE or higher PE peak. Figure from [31].

The ideal PMT responseSideal (q) to signals with charge q from a low intensity light source
can be described mathematically. The calculation explained here follows the reasoning
given in [42]. The mean number of photons arriving at the photocathode,m, follows a
Poisson distribution. The probabilityP, to create a certain number of photoelectrons at
the photocathode,n, is again described by a Poisson distribution considering the quantum
e�ciency QE of the PMT:

P(n; m � QE ) =
(m � QE )n � e� m�QE

n!
: (2.11)

In the ideal case, the pedestal is a delta function at zero charge� (q) and the SPE peak of
the spectrum can be described by a Gaussian distributionG1:

G1 =
1

� 1
p

2�
exp

�
�

(q � Q1)2

2� 2
1

�
: (2.12)

Here,Q1 is the position of the SPE peak and� 1 is the width, i.e. the standard deviation of
the SPE peak.

A higher nPE contributionGn can then be expressed as convolution of n single-photoelectron
Gaussian distributions assuming that the n photoelectrons and their subsequent ampli�cation
is independent:

Gn =
1

� 1
p

2�n
exp

�
�

(q � Q1n)2

2n� 2
1

�
: (2.13)

The overall ideal PMT response is then given by the convolution of Equation 2.11 and the
convoluted Gaussian distributionsG(q):

Sideal (q) = P(n; m � QE ) � G(q) =

= � (q) +
1X

n=1

(m � QE )ne� m�QE )

n!
1

� 1
p

2�n
exp

�
�

(q � nQ1)2

2n� 2
1

�
:

(2.14)
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In a real PMT, background noise must also be considered [42]. The pedestal in a real
photomultiplier tube cannot be described as a delta function, since the baseline of the PMT
contains noise that integrates to a non-zero charge. In practice, therefore, the pedestal is
better described as a zero-centered Gaussian with a standard deviation that characterizes
the PMT baseline 
uctuations. Additionally, some electrons might be poorly ampli�ed
within the PMT, for example when they miss the �rst dynode. Following [42], the poorly
ampli�ed electron contribution are reasonably described by an exponential function. Possible
improvements to the modeling of this contribution are still under investigation [43].

The overall real PMT response function is given again by a convolution of the ideal PMT
response with the background distribution [42]. This is a complex model that pro�ts from
further simpli�cations when used for �tting. The actual SPE models that are used in this
thesis are described in Section 5.1.2.

An SPE like spectrum can also be created using dark noise instead of a low intensity light
source [44]. This is especially important for this thesis as dark noise is used as calibration
basis. In the case of dark noise generated spectra, the most prominent features, such as
the SPE peak and the pedestal, remain. However, especially at low temperatures, when
thermionic emission is suppressed, scintillation and Cherenkov radiation from radioactive
decays play a more important role. Radioactive decays produce not only SPE like signals but
also signals containing multiple photoelectrons. Thus, a discernible multiple PE contribution
in the SPE spectrum is expected. In [44], it was demonstrated that a dark noise can
be used for calibration purposes at room temperature when the PMT is operated at the
recommended high voltage. This work further develops such a method in order to re�ne
and monitor the calibration of PMTs speci�cally used in the IceCube Upgrade at lower
temperatures.

3 Optical Detection of Neutrinos
In this section, the design and operating principles of the IceCube Neutrino Observatory will
be discussed. In addition, the IceCube Upgrade will be described with a main focus on the
multi-PMT digital optical module (mDOM).

3.1 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory is an experiment dedicated to investigate the origin
of astrophysical neutrinos and neutrino properties [45]. It is located at the Geographic
South Pole and uses the Cherenkov e�ect (cf. Section 2.2) to detect neutrinos indirectly.
Thus, it is an optical neutrino detector. The construction of this detector was �nished in 2011.

The natural ice at the South Pole is used as detection medium in IceCube [2]. The large ice
volumes and the corresponding high pressure in the deep ice ensure good optical properties.
For example, the absorption length in the ice exceeds 100 m for wavelengths around 400 nm
[46].

The detection of the Cherenkov light in IceCube is carried out by Digital Optical Modules
referred to as DOMs [45]. The main part of the DOMs is a 10 inch downward facing
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photomultiplier tube (PMT). The DOM furthermore contains readout electronics as well as
a 
asher LED board for calibration purposes. The PMT and all electronics are enclosed by
a glass pressure vessel. A picture of a DOM is shown in Figure 3.1.

Figure 3.1: Picture of a DOM used in IceCube. The PMT in the lower hemisphere faces
downward while the electronics are located in the upper hemisphere [47].

Figure 3.2: Left: General setup of the IceCube detector including the in-ice component with
DeepCore and the surface detector IceTop. Right: Footprint of the in-ice strings. Figure
from [2].

The whole in-ice component of the IceCube detector comprises a total of 5160 DOMs in
an instrumented volume of approximately 1km3 [45]. The DOMs are distributed across 86
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strings, i.e. each string holds 60 DOMs. The strings are arranged in a hexagonal pattern.
A schematic of the IceCube detector is shown in Figure 3.2. The modules are located at
depths between 1450 meters and 2450 meters ensuring good ice quality. Most strings have
horizontal spacings of 125 meters and the DOMs are positioned with a vertical distance of
17 m, making the setup sensitive to neutrinos with energies above 100 GeV. However, the
inner part of the detector consisting of 8 strings is more densely instrumented with only 7 m
of vertical spacing and approximately 70 m between the strings. This part of the detector is
referred to as DeepCore. This is used to study neutrino properties, such as oscillation prop-
erties (cf. Section 2.1.3) with high precision and search for low mass WIMP dark matter [48].

In addition to the in-ice component, the IceCube experiment also includes a surface detector
called IceTop [49]. Tanks containing two DOMs each are located above the corresponding
IceCube strings. These stations are used to characterize the cosmic ray spectrum and
composition, and as a veto for IceCube and DeepCore [49].

3.2 The IceCube Upgrade

The IceCube Upgrade is an extension to the existing IceCube Neutrino Observatory [4]. The
deployment is scheduled for the austral summer 2025/26.

Figure 3.3: Left: Schematic of the IceCube Upgrade embedded in the IceCube experiment.
Right: Layout of the 7 Upgrade strings with a closer view of the footprint and module
arrangement within one string. Figure from [50].

3.2.1 Setup

The Upgrade will consist of 7 additional strings positioned in the area of the DeepCore
detector, densely equipped with newly developed optical sensors, as well as new calibration
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